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Significant advances have been recently made in the development of the genetic and genomic platforms. This has greatly contributed to a better understanding of gene expression and regulation machinery. Consequently, this led to considerable progress in unraveling evidence of the genotype-phenotype correlation between normal/abnormal embryonic development and human disease complexity. For example, advanced genomic tools such as next-generation sequencing, and microarray-based CGH have substantially helped in the identification of gene and copy number variants associated with diseases as well as in the discovery of causal gene mutations. In addition, bioinformatic analysis tools of genome annotation and comparison have greatly aided in data analysis for the interpretation of the genetic variants at the individual level. This has unlocked potential possibilities for real advances toward new therapies in personalized medicine for the targeted treatment of human diseases. However, each of these genomic and bioinformatics tools has its limitations and hence further efforts are required to implement novel approaches to overcome these limitations. It could be possible that the use of more than one platform for genotype-phenotype deep analysis is an effective approach to disentangling the cause and treatment of the disease complexities. Our research topic aimed at deciphering these complexities by shedding some light on the recent applications of the basic and advanced genetic/genomic and bioinformatics approaches. These include studying gene-gene, protein-protein, and gene-environment interactions. We, in addition, aimed at a better understanding of the link between normal/abnormal embryonic development and the cause of human disease induction.
Keywords: genetic/genomic tools, gene expression and regulation, embryonic development, human diseases, Bioinformatics tools, Dual function genes, Molecular signaling
Editorial on the Research Topic 
Advances in genomic and genetic tools, and their applications for understanding embryonic development and human diseases



INTRODUCTION
The current Research Topic (RT) was aimed at deciphering the molecular signaling pathways’ interactions that orchestrate the complexity of embryonic development and human disease. Understanding these pathways should aid in developing targeted therapies. Several reports showed that many genes and/or microRNAs have a dual functional role during normal embryonic development and in human disease conditions (Miyaki et al., 2010; Ulveling et al., 2011; Hosseini-Farahabadi et al., 2013; Lan et al., 2019; Mahajan et al., 2021). Hence, discovering the missing links driving changes in gene expression and regulation during embryonic development to cause human disease induction has been a hot topic for many years (Loch-Caruso and Trosko, 1985; Nunes et al., 2003; Taylor et al., 2004; Lees et al., 2005; Kloosterman and Plasterk, 2006; Hashimoto et al., 2014; Degrauwe et al., 2016; Mazzoccoli et al., 2016; Tatetsu et al., 2016; Shah et al., 2018; Chahal et al., 2019; Prieto-Colomina et al., 2021). The themes of the RT attracted 61 research groups around the world to submit their work among which 32 manuscripts were peer-reviewed and accepted https://www.frontiersin.org/research-topics/10510/advances-in-genomic-and-genetic-tools-and-their-applications-for-understanding-embryonic-development. These included 26 original research articles, 3 case reports, 1 brief research report, 1 systematic review, and 1 opinion article (Table 1). The findings of these articles have certainly added to our knowledge and understanding of the field and have widely opened the door for more extended research to be carried out by other research groups worldwide. Without a doubt, several accepted manuscripts have achieved the main goals of the Research Topic. The main findings of these articles were classified into 3 main research themes and highlighted as follows:
TABLE 1 | A list of the accepted articles of the research topic summarizing the research area of each study, article’s title, article’s type, the model used, tool/platform used, main findings and the reference to each study.
[image: Table 1]UNRAVELING DISEASE COMPLEXITY USING EMBRYONIC AND IN VITRO MODEL SYSTEMS
The RT included eight articles under this category in which either a developmental gene was analyzed during embryonic development and in disease, a known developmental gene analyzed in human disease or stem cells were used as an in vitro experimental model. In a consortium study, Rieke and his colleagues Rieke et al., showed that SLC20A1 is involved in urinary tract and urorectal development. The study used morpholino to manipulate SLC20A1 function in the zebrafish embryo and the gene was analyzed in patients. The study showed that SLC20A1 was associated with bladder exstrophy-epispadias complex (BEEC, genitourinary malformations). Another research group in the RT used mouse embryonic retinal cells as their model and RNA-seq analysis to study perinatal glucose deprivation during early embryonic development and showed changes in gene expression during retinal neurogenesis. The study concluded that abnormal embryonic programming during retinogenesis could lead to retinopathy in patients with diabetes Özgümüs et al. Mice blastocysts transfected with lentivirus aiming at establishing placenta-specific knockdown or overexpression mouse model were used to study the role of Osteoprotegerin (OPG) in gestational diabetes mellitus (GDM). The study showed that OPG regulates glucose homeostasis during pregnancy through a negative feedback mechanism Huang et al. Polycystic ovary syndrome (PCOS) is another important disease studied in the RT using mitochondrial sequencing of patient oocytes. Transcriptomic dynamics analysis at the single-cell level using the weighted gene co-expression network analysis (WGCNA) approach was applied to show that abnormal mitochondrial function may contribute to a deteriorated oocyte quality in patients diagnosed with polycystic ovary syndrome (PCOS). The authors concluded that the oocyte quality might be affected by mitochondrial function Qi et al. Sall4 is a developmental gene that plays a crucial role in the pluripotency of embryonic stem cells (Chen et al., 2022). In this RT, SALL4 expression was analyzed in gastric cancer patients using gene set enrichment and found to be associated with the cancer progression through Wnt/β-catenin signaling pathway Yang et al. This study reiterated previously reported findings that there is a direct link between development and cancer (Papaioannou et al., 1984; Cheng et al., 2004; Tzukerman et al., 2006; Ma et al., 2010).
Human stem cells are an in vitro model system that offers great promise for developmental studies, disease research, and the emergence of targeted therapies. In our RT, mesenchymal stem cells (BM-MSCs) derived from the bone marrow of osteoarthritis (OA) patients were used to show that the expression of several chemokines, and pro- and anti-inflammatory factors were upregulated. The authors concluded that BM-MSCs could be used for cartilage differentiation and repair Jafri et al. Another study showed that Thymoquinone natural product has anti-inflammatory properties in BM-MSCs derived from OA patients suggesting a therapeutic potential of this natural product Kalamegam et al. Moreover, Wharton’s Jelly stem cell secretion was used in vitro to suppress human leukemia cells through cell cycle arrest and apoptosis induction Huwaikem et al.
In summary, the research theme discussed above showed that analyzing gene expression and regulation during embryonic development could give clues to human disease induction and progression. Several developmental genes have a functional dual role in development and disease including SLC20A1, Osteoprotegerin, and SALL4. Stem cell-based therapies or regenerative medicine represent a highly promising alternative route for disease cure.
APPLICATIONS OF ADVANCED GENOMICS AND BIOINFORMATICS TOOLS IN DISEASE
A considerable number of articles in the RT aimed at using a wide range of genomic/genetic and/or bioinformatics tools to decode the biological complexity and identify causal genes in human diseases were published (Table 1). These articles fall, in general, into the following areas:
Applications of advanced genomic tools in disease
Authors of articles published in this RT applied several advanced genomic tools including RNA-sequencing Jung et al. and Rieke et al., genome-wide association Bensenor et al., and whole exome-sequencing Naseer et al., Haque et al., and Ouyang et al. There was a tendency in several studies for using a combination of more than one genomic tool to critically discover the gene/marker/factor associated with the disease. For example, BHMT2 was identified as a new regulator for lipid metabolism in metabolic-associated fatty liver disease by combining RNA-seq analysis of the expression profile both in a mouse model and human patients Ma et al. In another study, RNA-seq was combined with the eQTL analysis to show the association of causal genes in Crohn’s disease Jung et al. Moreover, a combined exome and mitochondrial sequencing were successfully used for the rapid diagnosis of suspected pediatric mitochondrial disorders Ouyang et al. Next-generation sequencing (NGS) combined with simple short tandem repeat (STR) marker haplotypes were both used to identify a mutation in the adenomatous polyposis coli (APC) of Chinese kindred diagnosed with familial adenomatous polyposis (FAP) Zhan et al.
Targeted exome sequence (TES) was recommended in one of the RT studies as an effective approach for the genetic skeletal dysplasias (GSD) diagnosis Lv et al. Additionally, several studies identified novel genetic variants associated with many disorders and/or diseases such as developmental disorders Naseer et al., acute myocardial infarction Han et al., urolithiasis Chen et al., and endophenotypes in gestational diabetes Firneisz et al. Other RT studies identified copy number variants (CNVs) Zhou et al., gene mutations Krämer et al. and Zhan et al., and gene deletions Chelbi et al. and Song et al., with all, were shown to be associated with different human diseases.
An interesting RT study used a genomic CRISPR/Cas9 mutation repair approach and showed for the first time successful treatment of Hemophilia A in a mouse model Luo et al. This with no doubt gives hope to follow this approach for treatment in humans for Hemophilia A or any other mutation associated with other diseases.
Applications of advanced bioinformatics tools in disease
There have been significant advances in the use of bioinformatics tools and datasets available online that could be used for deciphering the complexity of human disease (Pereira et al., 2020). In our RT, these freely available online resources were used to decode the functional role of genes in human disease. For example, knowledge-based bioinformatics tools such as SwissTargetPrediction, WebGestalt, Open Targets Platforms and Ingenuity Pathway Analysis (IPA) were used to analyze the role of Sphingosine-1-phosphate in respiratory system diseases Bahlas et al., and to identify therapeutic targets for pulmonary arterial hypertension Li et al. Other tools such as Gene Expression Omnibus (GEO), Gene ontology (GO), Kyoto Encyclopedia of Gene, Genome (KEGG) enriched pathways, and STRING online database were applied to identify the functional interactions of the differentially expressed genes (DEGs) associated with the progression of stomach adenocarcinoma Yang et al.
In summary, the research theme described above focused on identifying causal genes, gene variants, copy number variants, mutations, or deletions associated with human diseases. A wide range of advanced bioinformatics tools was used to analyze the genomic data. Combined genomic/genetic/bioinformatics tools and model systems were applied to decipher the mechanistic complexity of the disease.
EVALUATION OF THE PROGNOSTIC VALUE OF GENE EXPRESSION
Gene ontology (GO), gene analysis using Kyoto Encyclopedia, genomes (KEGG) analysis, and gene enrichment analysis (GSEA) were all used to show that STEAP1 is a potential prognostic biomarker for lung adenocarcinoma (LAUD) Guo et al. Feng and his team used Cox regression analysis and LASSO algorithm on a considerable number of DNA replication-related genes to stratify the postoperative tumor-free margin (R0) treated pancreatic ductal adenocarcinoma (PDAC) patients with different recurrence risks. This study resulted in identifying novel DNA replication-related gene signatures Feng et al. A combined approach using NGS data, karyotyping, mutation detection analysis, and flow cytometry was shown to be a better protocol for targeted therapy of acute myeloid leukemia (AML) patients El Omri et al. In summary, this research theme showed that data collected from genomic and bioinformatics analysis were effectively used to evaluate the prognostic value of biomarkers in cancer.
DISCUSSION
We had two aims with this RT: the first was to study genes and/or microRNAs that play a dual function in embryonic development and disease and to deliver an update about the applications of the genomics and bioinformatics advanced tools for understanding the complexity of the disease. To a large extent, these aims were met and achieved in the RT. All accepted articles were divided into 3 categories. The results published in the first category of the RT supported the notion of previous reports showing that many genes function in a dual role manner in development and disease (Gong et al., 2011; Teven et al., 2014; Sohn et al., 2016; Stepicheva and Song, 2016; Mahajan et al., 2021; McMillen et al., 2021; Assidi et al., 2022). Other reports showed that during development components of the FGF, Wnt, Notch, BPM, and Hedgehog signaling orchestrate crucial cellular events including proliferation, migration, differentiation, epithelial-mesenchymal transition (EMT), morphogenesis and somite myogenesis patterning. When gene expression controlling these events is dysregulated, it leads to disease induction (Hansson et al., 2004; Logan and Nusse, 2004; Ma et al., 2010; Teven et al., 2014; Xiao et al., 2017; Abreu de Oliveira et al., 2022; Alrefaei and Abu-Elmagd, 2022; Towler and Shore, 2022). Although our RT did not receive microRNA-related manuscripts, it is well-established that microRNAs play an important role in physiology and disease (Sayed and Abdellatif, 2011; Bhaskaran and Mohan, 2014; Kalayinia et al., 2021).
Stem cell medical research aiming at developing therapies has been recently the promise for chronic disease treatment (Mousaei Ghasroldasht et al., 2022). The current RT has contributed to this important line of research through three studies in which human BM-MSCs and Wharton’s Jelly cells were used to treat osteoarthritis and leukemia respectively Jafri et al., Kalamegam et al., and Huwaikem et al. In addition, stem cells can be also used for cell transplantation methods to cure diseases. For example, in this RT, Luo et al., showed successful CRISPR-mediated targeting of a Hemophilia A mutation, which may eventually one day be offered in the clinic as a treatment option.
For the second aim/category of the RT, a considerable number of published studies applied a wide range of genomic tools to unravel the causal gene(s) in disease Naseer et al., Naseer et al., Haque et al., Jung et al., Krämer et al., Zhan et al., Luo et al., Lv et al., Ma et al., Ouyang et al., and Özgümüs et al.
There was, in addition, substantial use in these studies of many advanced bioinformatics tools aimed at analyzing the involved molecular signaling pathways controlling the disease induction and progression Jafri et al., Kalamegam et al., and Huwaikem et al. In several studies, there was a good use of the freely available gene expression datasets for disease analysis Chen et al., Firneisz et al., Guo et al., Li et al., Qi et al., Yang et al., Feng et al., Yang et al., and Bahlas et al. However, the use of these data presents many ethical challenges (Lathe et al., 2008; Shabani and Borry, 2015). For the most part, these efforts intend to improve and identify early disease prediction, diagnosis, progression, and prognosis.
CONCLUSION
Our Research Topic aimed at expanding our knowledge of the use of advanced genomic and bioinformatics tools. Results from several articles showed that genes could play a dual functional role in embryonic development and human disease. Stem cell-based therapy and CRISPR/cas9 mutation repair approaches are promising strategies for therapy. Several combined genomic approaches were successfully used to decipher disease induction mechanisms. Advances made in genomic and bioinformatic applications for understanding the complexities of human disease should be of great help to clinicians in personalized therapy.
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Osteoarthritis (OA) is a chronic degenerative joint disorder associated with degradation and decreased production of the extracellular matrix, eventually leading to cartilage destruction. Limited chondrocyte turnover, structural damage, and prevailing inflammatory milieu prevent efficient cartilage repair and restoration of joint function. In the present study, we evaluated the role of secreted cytokines, chemokines, and growth factors present in the culture supernatant obtained from an ex vivo osteochondral model of cartilage differentiation using cartilage pellets (CP), bone marrow stem cells (BM-MSCs), and/or BM-MSCs + CP. Multiplex cytokine analysis showed differential secretion of growth factors (G-CSF, GM-CSF, HGF, EGF, VEGF); chemokines (MCP-1, MIP1α, MIP1β, RANTES, Eotaxin, IP-10), pro-inflammatory cytokines (IL-1β, IL-2, IL-5, IL-6, IL-8, TNFα, IL-12, IL-15, IL-17) and anti-inflammatory cytokines (IL-4, IL-10, and IL-13) in the experimental groups compared to the control. In silico analyses of the role of stem cells and CP in relation to the expression of various molecules, canonical pathways and hierarchical cluster patterns were deduced using the Ingenuity Pathway Analysis (IPA) software (Qiagen, United States). The interactions of the cytokines, chemokines, and growth factors that are involved in the cartilage differentiation showed that stem cells, when used together with CP, bring about a favorable cell signaling that supports cartilage differentiation and additionally helps to attenuate inflammatory cytokines and further downstream disease-associated pro-inflammatory pathways. Hence, the autologous or allogeneic stem cells and local cartilage tissues may be used for efficient cartilage differentiation and the management of OA.

Keywords: osteoarthritis, stem cells, cartilage, xMAP technology, cytokines, chemokines, growth factors, chondrogenesis, ingenuity pathway analysis


INTRODUCTION

Osteoarthritis (OA) is a common inflammatory and degenerative disease of adult bone joints, and approximately 10–15% of the young and 60% of older people suffer from OA worldwide (Wittenauer et al., 2013). The disease is characterized by progressive cartilage degradation, subchondral sclerosis, and formation of osteophytes at joint margins leading to joint space narrowing as well as bone marrow lesions in advanced chronic OA (Rahmati et al., 2016). The patients with OA suffer from mild to severe chronic pain, which extensively reduces their efficiency and overall quality of life. The risk factors associated with OA include aging, obesity, genetic predispositions, certain occupations, and various co-morbid diseases, including diabetes, gout, septic arthritis, and rheumatoid arthritis (McWilliams et al., 2011; Eymard et al., 2015; Verbeek et al., 2017). The extracellular matrix (ECM) significantly contributes to cartilage development and maintenance of the biomechanical properties, and the OA is associated with progressive deterioration of ECM, and less cell turnover directly limits the self-repair ability of the cartilage.

Current clinical treatment of OA includes the use of analgesics and non-steroidal anti-inflammatory drugs (NSAIDs), which have some limitations for their long-term use, as they lead to gastrointestinal, renal, cardiac and neurological complications (Abraham et al., 2007). Therefore, numerous alternate approaches including bone marrow stimulating techniques such as osteochondral autologous graft (collected from the patient’s own iliac crest, tibia or fibula), allogenic graft (harvested from different patients) or synthetic graft (made of biocompatible materials) transplantations have been used to treat cartilage defects (Foldager, 2013). Autologous bone grafts are the most preferred approach for OA treatment as they significantly promote cartilage regeneration without the risk of developing infection and rejection. However, multiple arthroscopic incision sites may be needed to obtain a suitable autograft, which can increase the risk of nerve injury or damage. Allogenic grafts are also frequently used, but they carry a potential risk of immune rejection, infection, and delayed healing. Synthetic osteochondral grafts have been used for the treatment of osteochondral lesions (Pearce et al., 2012), and they provide a viable alternative option to both autologous and allogenic grafts but are still under evaluation for their large-scale clinical applications (Jia et al., 2017). Another significantly advanced approach for the healing of damaged articular cartilage is autologous chondrocyte implantation (ACI), which involves arthroscopic removal of a small piece of articular cartilage from the patient’s knee for self-repair. The removed biopsy is processed for the isolation and culture of chondrocytes to obtain the required number of cells for subsequent transplantation to the sites of the chondral defect. Initial clinical studies were encouraging, but there were certain disadvantages such as donor site injury due to removal of articular cartilage piece for chondrocyte extraction, loss of chondrocytic phenotype during culture expansion, and the procedure usually applies to more extensive lesions. While the intra-articular injection of viscous supplements (hyaluronic acid, autologous conditioned serum) is useful for the treatment of symptoms in mild to moderate knee OA, it also leads to painful side effects, including local swelling, inflammation, knee bursitis, and sometimes allergic reactions. The delivery of human stem cells to the damaged cartilage area to aid repair appears to be a better strategy for OA treatment. Several sources of human stem cells and scaffolds have been used to optimize the best human stem cell source and a suitable scaffold. The human stem cells derived from umbilical cord Wharton’s jelly grown on collagen-nano scaffolds have been proposed for the treatment of OA (Fong et al., 2012; Gauthaman et al., 2013). However, delivery of autologous bone marrow-derived mesenchymal stem cells (BM-MSCs) in a suitable vehicle by direct intra-articular injection may be a promising approach for the OA treatment, and also this is less invasive than open arthroplasty (Wang et al., 2015). Autologous or allogeneic MSCs isolated from bone marrow have also been implanted to facilitate regeneration of affected articular cartilage (Lee and Wang, 2017). MSCs, along with their differentiation ability, also demonstrate immunosuppressive properties mediated via secretion of a variety of soluble factors, including anti-inflammatory cytokines (Zhao et al., 2016). These essential characteristics of MSCs make them highly suitable for allogeneic cell therapy in OA.

To understand the possible role of cytokines in OA and its management, herein, we evaluated the secretory factors from an ex vivo osteochondral model, which was used in chondrogenic differentiation of the human bone marrow mesenchymal stem cells (BM-MSCs) for cartilage tissue regeneration.



RESULTS

BM-MSCs progenitors adhered well to the culture surface and demonstrated active proliferation. The cells reached 70–80% confluence within 14 days and were expanded in sub-cultures. The BM-MSCs showed characteristic spindle-shaped morphology, expressed MSC related CD markers and underwent differentiation into chondrocytes in the osteochondral explant model system used for the evaluation of chondrogenic differentiation of the human bone marrow mesenchymal stem cells (Abbas, 2017). Multiplex Luminex bead-based analysis of the cell culture supernatant revealed differential expression of various cytokines, chemokines, and growth factors in the experimental groups, and these results are provided in the form of different figures and heat maps (Figures 1–7).
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FIGURE 1. The schematic illustration of the ex vivo osteochondral model adopted in this study. Osteochondral plugs were obtained from patients undergoing total knee arthroplasty, and a central drill defect (2 mm) was made to simulate full-thickness cartilage damage. Cartilage shavings from healthy cartilage were homogenized to obtain cartilage pellets (CP). Three different groups were used in experiments. Group I – the osteochondral plug alone (control); Group II – the osteochondral plug filled with homogenized cartilage pellet (1.0 mm); Group III – the osteochondral plug filled BM-MSCs (1 × 106 cells) as a cell pellet and Group IV – the osteochondral plug filled with BM-MSCs (0.5 × 106 cells) and homogenized cartilage pellets (0.5 mm). Both control and the experimental groups were cultured using chondrogenic differentiation media (Lonza) for 28 days under standard culture conditions, with media additions every 72 h. The culture supernatants collected at D28 from both control and experimental groups were evaluated for secreted cytokines using Luminex based xMAP assay.
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FIGURE 2. Luminex xMAP assay for chemokines. The culture supernatants collected at D28 from both control and experimental groups were evaluated for secreted chemokines such as (A) MCP-1, (B) MIP-1a, (C) MIP-1b, (D) RANTES, (E) Eotaxin, and (F) IP-10. The secreted concentrations (pg/mL) of MCP-1, MIP-1α, MIP-1β, RANTES, Eotaxin, and IP-10 are expressed as mean ± SD. ∗P ≤ 0.05 compared to control group I and †P ≤ 0.05 compared to group II was considered to be statistically significant.
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FIGURE 3. Luminex xMAP assay for growth factors. The culture supernatants collected at D28 from both control and experimental groups were evaluated for secreted Growth Factors such as (A) G-CSF, (B) GM-CSF, (C) HGF, (D) EGF, and (E) VEGF. The secreted concentrations (pg/mL) of G-CSF, GM-CSF, HGF, EGF, and VEGF are expressed as mean ± SD. ∗P ≤ 0.05 compared to control group I and †P ≤ 0.05 compared to group II was considered to be statistically significant.
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FIGURE 4. Luminex xMAP assay for proinflammatory cytokines. The culture supernatants collected at D28 from both control and experimental groups were evaluated for secreted proinflammatory cytokines such as (A) IL-1b, (B) IL-2, (C) IL-5, (D) IL-6, (E) IL-8, and (F) TNF-a. The secreted concentrations (pg/mL) of IL-1b, IL-2, IL-5, IL-6, IL-8, and TNF-a are expressed as mean ± SD. ∗P ≤ 0.05 compared to the control group I and †P ≤ 0.05 compared to group II was considered to be statistically significant.
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FIGURE 5. Luminex xMAP assay for proinflammatory and anti-inflammatory cytokines. The culture supernatants collected at D28 from both control and experimental groups were evaluated for secreted cytokines such as (A) IL-12, (B) IL-13, (C) IL-15, (D) IL-17, (E) IL-4, and (F) IL10. Data were expressed as mean ± SD. ∗P ≤ 0.05 compared to the control group I and †P ≤ 0.05 compared to group II was considered to be statistically significant.
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FIGURE 6. Cluster analysis of cytokines, chemokines, and growth factors using genesis software. (A) Heatmap of the differentially regulated cytokines, chemokines, and growth factors in ex vivo Control (I), ex vivo + MSCs (II), ex vivo + Cartilage + MSCs groups (III and IV). (B) Hierarchical Clustering of the differentially regulated cytokines, chemokines and growth factors in ex vivo Control, ex vivo + MSCs and ex vivo + Cartilage + MSCs groups (C–E) K-Means clustering of the differentially regulated cytokines, chemokines and growth factors in ex vivo Control, ex vivo + MSCs and ex vivo + Cartilage + MSCs groups with both (F) Cytokine Secretion and (G) Centroid views of all the three K-Means Clusters obtained using Genesis Software.
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FIGURE 7. Ingenuity Pathway core analyses of the differentially regulated cytokines, chemokines and growth factors. (A) Heatmap of the differentially regulated Canonical Pathways in ex vivo + MSCs and ex vivo + cartilage + MSCs groups; (B) Hierarchical clustering of the differentially regulated canonical pathways in ex vivo + MSCs and ex vivo + Cartilage + MSCs groups compared to the ex vivo control group; (C) Heatmap of the differentially regulated diseases and bio-functions related to connective tissue disorders in ex vivo + MSCs and ex vivo + Cartilage + MSCs groups; (D) Hierarchical clustering of the differentially regulated diseases and bio-functions related to connective tissue disorders in ex vivo + MSCs and ex vivo + Cartilage + MSCs groups compared to the ex vivo control group; (E) Bar graphs showing the regulation of inflammatory response, inflammatory disease, connective tissue disorders, and immunological diseases by the differentially expressed cytokines, chemokines, and growth factors in the experimental groups compared to the control group. The dark blue color bar (Observation 1) shows Group II (CP) vs. Group I (control) comparison; the light blue bar represents Group III (BM-MSCs) vs. Group I (control) comparison (Observation 2) and the cadet blue bar shows Group IV (BM-MSCs + CP) vs. Group I (control) comparison (Observation 3).



Multiplex Luminex xMAP Assay of Chemokines

Chemokines such as monocyte chemoattractant protein-1 (MCP-1), macrophage inhibitory protein-alpha (MIP-α), macrophage inhibitory protein-beta (MIP-β), regulated on activation, normal T cell expressed and secreted (RANTES, C-C chemokines), Eotaxin, and interferon gamma-induced protein 10 (IP10), a C-X-C chemokine, levels were measured in supernatants from control, and experimental groups showed differential secretion pattern upon chondrogenic differentiation (Figures 2A–F). MCP-1 levels were higher in Group II (CP) and Group IV (BM-MSCs + CP), while it was decreased in Group III (BM-MSCs) compared to Group I (control). The increases in MCP-1 by 107.95 and 69.90% in Group II and Group IV, respectively, were statistically significant compared to the control (Group I) (Figure 2A). Also, compared to Group II (CP), both Groups III and IV demonstrated decreases in MCP-1 levels, and the reduction in Group III by 47.90% was statistically significant (Figure 2A). MIP-1α showed a mild increase in Group II by 13.43% and significant decreases in Group III and Group IV by 24.13 and 48.18% compared to control (Group I) (Figure 2B). Besides, compared to Group II (CP), both Groups III and IV demonstrated significant decreases by 33.11 and 54.31%, respectively (Figure 2B). MIP-1β showed reductions by 12.23, 30.93, and 56.03% in Groups II, III, and IV, respectively, compared to control (Group I). Of these, the reductions observed in Group III and IV were statistically significant (Figure 2C). Also, compared to Group II (CP), both Groups III and IV demonstrated significant decreases by 21.31 and 49.90% in Group III and IV, respectively (Figure 2C). The levels of RANTES were increased in Group II by 21.91% and Group III by 44.71%, while it was significantly decreased in Group IV by 27.62% compared to Group I (Figure 2D). Also, compared to Group II, RANTES showed a significant decrease in Group IV by 40.63% (Figure 2D). Eotaxin levels were significantly increased in Groups II and IV by 99.0 and 69.41%, respectively (Figure 2E). Compared to Group II, Eotaxin was significantly decreased in Groups III and IV by 44.92 and 14.87%, respectively (Figure 2E). IP-10 levels were reduced in Groups II, III, and IV by 51.31, 20.74, and 42.55%, respectively, and all these decreases were statistically significant (Figure 2F). Compared to Group II, the levels of IP-10 was significantly increased in Group III (by 62.78%) and mildly increased in Group IV by 19.99% (Figure 2F).



Multiplex Luminex xMAP Assay of Growth Factors

The following growth factors, namely granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), hepatocyte growth factor (HGF), epidermal growth factor (EGF) and vascular endothelial growth factor (VEGF) in general demonstrated differential secretion following chondrogenic differentiation (Figures 3A–E). G-CSF was significantly increased in Group II (CP) by 31.41% compared to Group I (control), while Group III (BM-MSCs) and Group IV (BM-MSCs + CP) were decreased by 18.82 and 14.66% respectively (Figure 3A). Also, compared to Group II, both Groups III and IV were significantly reduced by 38.23 and 35.06%, respectively (Figure 3A). GM-CSF was decreased in Groups II, III, and IV by 9.65, 15.33, and 37.37% respectively compared to the control (Group I). Of these, only the decrease in Group IV was statistically significant Also, compared to Group II, Group IV showed a significant reduction by 30.68% (Figure 3B). The levels of secreted HGF was significantly increased in Group II by 43.49% compared to the control (Group I). Also, compared to Group II, the HGF levels were significantly decreased in Groups III and IV by 32.67 and 31.77%, respectively (Figure 3C). EGF demonstrated a significant decrease in Group II by 34.70% and significant increases in Groups III and IV by 82.71 and 23.92%, respectively, compared to the control (Group I). Besides, compared to Group II, the EGF levels were significantly increased in Groups III and IV by 179.79 and 89.75%, respectively (Figure 3C). VEGF showed a significant increase in Group II (by 30.53%) and a significant decrease in Group III (by 24.34%) compared to the control (Group I). Also, compared to Group II, the VEGF levels were significantly decreased in Groups III and IV by 42.04 and 31.79%, respectively (Figure 3E).



Multiplex Luminex xMAP Assay of Pro-inflammatory and Anti-inflammatory Cytokines

The pro-inflammatory cytokines such as IL-1β, IL-2, IL-5, IL-6, IL-8, TNF-α, IL-12, IL-15, and IL-17 showed differential secretion patterns compared to the Control (Group I) (Figures 4A–F, 5A–D). IL-1β showed a significant increase in Group II by 57.82% compared to the control (Group I), while Group III showed a mild decrease, and Group IV demonstrated a similar level of IL-1β expression as control (Group I). However, when compared with Group II, both Groups III and IV showed significant decreases by 49.11 and 34.99%, respectively (Figure 4A). IL-2 showed a significant increase in Group II by 81.61% compared to Control (Group I). Compared to Group II, both Groups III and IV showed significant decreases by 43.35 and 61.82%, respectively (Figure 4B). IL-5 showed a significant increase in Group II by 71.07% compared to the control (Group I). However, compared with Group II, both Groups III and IV showed significant decreases by 43.55 and 29.16%, respectively (Figure 4C). The levels of IL-6 were significantly increased in Group II and Group IV by 87.41 and 55.77%, respectively, compared to control (Group I). Compared to Group II, there was a significant decrease in Group III by 38.25% (Figure 4D). IL-8 levels were increased in Group II by 35.18% and decreased in Groups III and IV by 13.4 and 41.72%, respectively. Also, compared to Group II, IL-8 was significantly decreased in Groups III and IV by 33.34 and 56.88% (Figure 4E). TNF-α demonstrated an increase in Groups II, III and IV by 79.72, 19.57, and 26.84%, respectively, compared to the control (Group I). Of these, only the increase in Group II was significant. Also, compared to Group II, TNF-α was significantly decreased in Group III and Group IV by a value of 33.46 and 29.42%, respectively (Figure 4F). IL-4 demonstrated increases in Groups II, III, and IV by 14.43, 77.03, and 53.44%, respectively. Of these, only the improvements in Group III and Group IV were significant (Figure 5E). Also, compared to Group II, the IL-4 levels were significantly increased in Group III and Group IV by 54.70 and 34.09% (Figure 5E). The concentration of IL-12 was significantly increased in Group II by 27.69% compared to control (Group I). Also, IL-12 was significantly decreased in Group III by 22.21% compared to Group II (Figure 5A). IL-13 showed an increase in Group II by 31.20%, while it was reduced in Group III by 26.76%. Compared to Group II, both Group III and IV showed significant decreases by 44.17 and 29.21%, respectively (Figure 5B). The levels of IL-15 showed mild increases in Group II (16.61%) and Group III (5.27%), while Group IV showed a slight decrease (14.74%), and these values were not significant (Figure 5C). The levels of IL-17 showed increases in Groups II, III, and IV by 64.02, 49.88, and 30.77%, respectively, compared to control (Group I) (Figure 5D).

The anti-inflammatory cytokine, namely IL-10, showed increased levels compared to the control. IL-10 demonstrated increases in Groups II, III, and IV by 17.70, 56.74, and 61.17%, respectively. Of these, only the increases in Group III and Group IV were significant (Figure 5F). Also, compared to Group II, the IL-10 levels were significantly increased in Group III and Group IV by 33.17 and 36.93% (Figure 5F).



Heatmap and Cluster Analyses Using Genesis

The mean cytokine secretion data were used to generate a heatmap that showed the fold changes in chemokines, growth factors the pro- and anti-inflammatory cytokines (Figure 6A). Blue and red colors indicate lower and higher secretion limits. The chemokines MIP-1α and MIP-1β showed decreased secretion in Group III. The fold changes with MCP-1 in Group III were similar to that of the control (Group I), while RANTES (CCL5) demonstrated an increase in Group III and a decrease in Group IV (Figure 6A). Of the growth factors, VEGF showed a reduction in Group III compared to both Groups I and II (Figure 6A). The pro-inflammatory cytokines (IL-8 and IL-15) were decreased in Group III, while the anti-inflammatory cytokine IL-10 was reduced in Group II and increased in Group III compared to Group I (Figure 6A). These increases or decreases in fold changes were in correlation with that of the Luminex cytokine results. Hierarchical clustering was determined based on the fold changes of the cytokines, and the inter and intra distances between various cytokines are demonstrated (Figure 6B). The K Means Clustering of the MAGPIX data revealed three significant clusters (Figures 6C,D) with IL-4, IL-10, and EGF clustering together (Figure 6C), and the remaining two clusters predominantly have the proinflammatory cytokines and growth factors (Figures 6D,E). Besides, both cytokine secretion and centroid views were generated using the Genesis Software (Figure 6G) to understand the secretory pattern of cytokines, chemokines, and growth factors in the experimental groups compared to the control group.



Ingenuity Pathway Analysis

IPA core analysis was performed to understand the various canonical pathways regulated by the differentially secreted cytokines, chemokines, and growth factors in Group II and Group III. Using comparison analysis module in IPA, we have identified differentially regulated canonical pathways such as OA Pathway, HMGB Signaling, TREM1 Signaling, IL-6 Signaling, LXR/RXR Signaling, Th17 Activation Pathway, Role of Pattern Recognition Receptors, Th1 and Th2 Pathways, Dendritic Cell Maturation, etc. (Figures 7A,B). The heat map and hierarchical clustering showed that the OA pathway signaling, IL-6 signaling, Th1, and Th2 Pathways were decreased significantly in Group III and IV compared to Group II (Figures 7A,B). The heatmap and hierarchical clustering of the diseases and bio functions related to the connective tissue disorders showed that the inflammation of the joint and the polyarthritis was decreased in relation to BM-MSCs and cartilage + BM-MSCs compared to Group II (Figures 7C,D). Furthermore, the diseases and bio-functions related to Inflammatory Response, Inflammatory Disease, Connective Tissue Disorders, and Immunological Diseases were decreased in Group IV (CP + BM-MSCs) compared to other experimental groups (Group II and Group III) (Figure 7E) as indicated by the length of each colored bar corresponding to their comparative involvement in diseases and their potential bio-functions.



DISCUSSION

OA is a common disease usually affecting persons aged 60 years or older (Kotlarz et al., 2009; Alkan et al., 2014) involving progressive degeneration of cartilage and severe inflammatory response leading to chronic pain and disability. The inflammatory processes are mediated by cytokines, a group of small proteins/polypeptides involved in the inflammatory and immunological responses. It is of prime importance to understand their expression profile in OA to facilitate the successful management of OA, including cell-based therapies. The use of an ex vivo model system of cells-laden osteochondral plugs has provided better insights on the secretory pattern of various chemokines, growth factors, pro- and anti-inflammatory cytokines which may play a vital role in the repair of damaged articular cartilage.

The higher levels of MCP-1 secreted in Group II could be due to the presence of homogenized cartilage pellets as MCP-1 is reported to be higher in the presence of cartilage damage, a common pathological occurrence in OA (Xu et al., 2015). A combination of BM-MSCs and CP significantly reduced the levels of MCP-1, indicating that stem cells have anti-inflammatory properties. Lower levels of macrophage inflammatory proteins (MIP-1α, MIP-1β) and RANTES as observed with Groups III and IV may in fact indirectly help survival of transplanted cells, as monocytes attraction to the OA joint and the immediate adverse inflammatory response which is a common phenomenon during direct cell transplantations will be minimal or absent (Sato et al., 2012). Lower secretory levels of eotaxin-1 in Group III and IV compared to the control indicates that MSCs possess anti-inflammatory property. Increased secretion of eotaxin-1 is reported in chronic inflammatory lesions of the bone, including rheumatoid arthritis (Kokkonen et al., 2010), and is associated with osteoclast migration and bone resorption (Kindstedt et al., 2017).

Interestingly, our results are in contrast compared to an earlier study, which analyzed eotaxin-1 secretion from the serum of healthy and OA patients where healthy controls secreted higher levels of eotaxin-1, and it was almost undetectable in OA patients (Beekhuizen et al., 2013). This could be attributed to (i) the differences in the samples studied such as serum and cell culture supernatant; (ii) the influence of in vivo inherent physiological counter mechanisms unlike the in vitro system and (iii) differences in the assay method between standard and Luminex based multiplex (present study) that were used to analyze the serum and culture supernatant respectively. IP-10 was decreased in all experimental groups compared to control; however, it was increased in comparison to Group II. In line with our studies, the serum samples of healthy patients were reported to have higher levels of IP-10 than in OA (Saetan et al., 2011). IP-10 is associated with progenitor cell mobilization, which then contributes to tissue repair, and their decrease in OA is associated with disease severity (Saetan et al., 2011).

G-CSF regulates hemopoiesis and is associated with survival, the proliferation of neutrophil progenitor cells as well as the release of mesenchymal progenitors. G-CSF accelerated cartilage regeneration in an osteochondral defect model of the patellar bone in a rodent model. There was an initial recruitment of neutrophils at the defect site, which was then followed by the infiltration of MSCs/progenitors that contributed to cartilage regeneration (Okano et al., 2014). GM-CSF is commonly associated with the mobilization of hematopoietic stem cells as well as activation of dendritic cells and macrophages (Truong et al., 2017). It was also demonstrated to increase MSCs at the microfracture sites of a full-thickness chondral defect and thereby enhance cartilage repair in vivo in New Zealand white rabbits (Truong et al., 2017). GM-CSF promotes repair of the damaged cartilage by stimulating proliferation of MSCs (Okano et al., 2014; Sasaki et al., 2017) whereas EGF binding to its receptor activates EGFR-mediated signaling which is crucial for the maintenance of chondrocyte number by protecting them from undergoing apoptosis during OA progression (Zhang et al., 2014; Jia et al., 2016). HGF was upregulated in OA cartilage and synovial fluids of patients compared to healthy subjects (Abed et al., 2015). In our study, HGF secretion was significantly lower in osteochondral defect groups that contained MSCs (Group III and Group IV). HGF induces the release of MCP-1, which mediates entry of monocytes/macrophages into the OA joints as well as promotes fracture healing by enhancing expression of bone morphogenetic protein (BMP) receptors (Imai et al., 2005).

Additionally, HGF, along with several soluble factors including IL-10, transforming growth factor-beta -1 (TGF-β), prostaglandin E2 (PGE2), indoleamine 2, 3 dioxygenase (IDO) and inducible NO synthase (iNOS) facilitates immunosuppressive action of MSCs (26). The presence of VEGF detected in this study is supported by previous studies, which have shown that it plays a role in inflammation-induced neovascularization of cartilage during OA development (Murata et al., 2008). Therefore, VEGF may be a potential therapeutic target to develop novel treatment for OA (Hamilton et al., 2016).

We found detectable concentrations of both pro-inflammatory and anti-inflammatory cytokines in the culture supernatant, suggesting that the cytokine-mediated pathways play a significant role in the pathophysiology of OA. The following pro-inflammatory cytokines, namely IL-1β, IL-2, IL-5, IL-6, IL-8, and TNF-α were increased in the present study (Figures 4A–F). IL-1β mediates the chondrocytic release of proteolytic enzymes such as matrix metalloproteinases and nitric oxide, which is known to have inflammatory activity (Chabane et al., 2008). IL-2 levels were reported to be higher in the synovial fluid of OA patients and were directly proportional to disease severity (Vangsness et al., 2011). IL-5, IL-6 along with TNF-α was reported to be increased in early stages of OA (Mabey and Honsawek, 2015). TNF-α is well known to upregulate the collagenases leading to cartilage destruction (Salminen et al., 2002). Pro-inflammatory chemoattractant cytokine IL-8 (also known as CXCL-8) produced by chondrocytes has been demonstrated to be overexpressed in synovial fluids of OA patients compared to controls (Pierzchala et al., 2011). It promotes OA progression by stimulating several critical pathophysiological events including the release of MMP-13 and neutrophil accumulation at the site of damaged articular cartilage (Borzì et al., 2004). In our study, we detected significantly lower concentrations of IL-8 in Group III and Group IV compared to Group I (control), suggesting that autologous MSCs and cartilage pellets may be utilized to control OA progression. It has been recently reported that the extracellular vesicles secreted by BM-MSCs were internalized into the OA chondrocytes and helped in the reduction of the pro-inflammatory cytokines such as IL-1α, IL-1β, IL-6, IL-8, and IL 17 as well as the TNF-α induced collagenase activity (Vonk et al., 2018).

We also detected the presence of pro-inflammatory cytokines, namely IL-12, IL-15, and IL-17 in culture supernatants (Figures 5A,C,D). IL-12 is secreted by infiltrating macrophages and synovial lining cells and shown to be involved in the maintenance of inflammation leading to articular damage in OA (Sakkas et al., 1998). IL-13 is reported to be increased in the synovial fluid of OA patients along with periostin secretion by the synoviocytes (Ishikawa et al., 2015). In the present study, both IL-12 and IL-13 were significantly reduced in the presence of stem cells indicating the anti-inflammatory property of BM-MSCs and hence, the advantage in using them for cartilage regeneration/repair. The levels of IL-15 and IL-17 are reported to be higher in OA patients and also are associated with the severity of pain in OA patients (Sun et al., 2013; Liu et al., 2015). Higher levels of IL- 17 in the synovial fluid of OA patients correlates with the end-stage disease with the presence of osteophytes, sclerosis, and significant joint space narrowing (Snelling et al., 2017). Interestingly, the levels of IL-15 and IL-17 were mildly decreased in the presence of BM-MSCs.

The cytokines IL-4 and IL-10 are reported to have anti-inflammatory properties, and their levels were found to be significantly increased in the groups that contained BM-MSCs. Both IL-4 and IL-10 are involved in the suppression of inflammation of the synovial membrane, slow down the progression of OA, and promote cartilage turnover (Mabey and Honsawek, 2015). The anti-inflammatory property does not depend directly on the MSCs but rather on the inflammatory status of the chondrocytes or synoviocytes and the local milieu to bring about the anti-inflammatory effect by acting on molecules and pathways downstream (Manferdini et al., 2013).

Heat map analyses were done using mean cytokine expression values following treatment with BM-MSCs, and BM-MSCs + cartilage demonstrated lower levels of pro-inflammatory cytokines, chemokines, and the growth factors. The canonical pathways and hierarchical clustering analysis indicated that treatment with BM-MSCs and BM-MSCs + cartilage was effective in decreasing both the secretion of several cytokines and growth factors as well as the signaling pathways involved in the progression of OA. Fischer’s test in IPA helps to identify the bio functions and canonical pathways that are significantly associated with the cytokines of interest to the disease. Most of the identified pathways following stem cells’ interaction in the management of OA were in line with an earlier study report (Ning et al., 2016), which included cytokines, p38 MAPK, and TNF receptors signaling (Ning et al., 2016).

The treatment of OA is still a challenge as the main most therapeutic measures help only in relieving pain and controlling inflammation rather than repairing damaged cartilage. Current OA treatment includes the use of non-steroidal anti-inflammatory drugs (NSAIDs), opioids, intraarticular corticosteroids, and other slow-acting symptomatic drugs such as glucosamine sulfate, chondroitin sulfate, and intraarticular hyaluronic acid (Hermann et al., 2018). However, none of these treatments are able to provide permanent benefit to OA patients. Therefore, novel therapies based on disease-modifying efficacy are urgently needed for OA patients. The direct transfer of in vitro differentiated chondrocytes or mesenchymal progenitors using suitable cell delivery matrices in both preclinical and clinical studies have shown improvement in cartilage repair (Freitag et al., 2016). In a clinical trial study, a single intra-articular injection of in vitro expanded bone marrow-derived MSCs was found to be effective in improving functional status in all patients and resulted in increased cartilage thickness in 3 out of 6 patients (Emadedin et al., 2012). The ex vivo osteochondral defect repair model, as used in the present study helps us in identifying the molecules that mediate inflammation in OA as well as the growth factors, chemokines, and cytokines, which directed both stem cells and native cartilage pellet toward cartilage differentiation. The insights obtained from the present study on differential expression of chemokines, cytokines and growth factors involved in cartilage tissue regeneration will provide decision-making and support in formulating a better treatment strategy for osteoarthritis. Additionally, it will further help us to select potential molecules for their evaluation in pre-clinical in vivo studies to develop superior diagnostic and treatment options for osteoarthritis.

However, certain limitations that we faced while conducting the present study should be noted to treat OA patients. Though the Luminex based multiplex cytokine analysis system is robust, we were unable to detect all the cytokines from the panel used, which could be due to their complete absence or minimal expression that falls below the detection limits. In the present study, we had used BM-MSCs harvested and expanded from OA patients that by itself could have contributed to the observed cytokine pattern, even though it recapitulates autologous stem cell transplantation. In future, we aim to study the cytokine profiles of MSCs derived from different sources at a relatively young age to further understand the possibilities of transplantation using allogeneic cells for cartilage tissue regeneration.



MATERIALS AND METHODS


Ethical Approval

The Ethical Committee for Scientific Research of King Abdulaziz University, Jeddah, Saudi Arabia, had approved our protocol (11–557) used in this study. Informed consent was taken from all patients undergoing total knee arthroplasty procedure at the department of orthopedic surgery at the King Abdulaziz University Hospital (KAUH), before the collection of bone marrow aspirates, osteochondral plugs, and cartilage from undamaged areas from six OA patients.



Sample Collection and BM-MSCs Isolation

The bone marrow aspirates were collected from OA patients undergoing knee surgery in heparinized test tubes (Becton Dickinson, Franklin Lakes, NJ, United States). BM-MSCs were established in culture using the earlier published protocol (Leyh et al., 2014; Abbas, 2017). Briefly, the bone marrow aspirate (2 ml) were directly plated in a T-175 cm2 flask (Greiner Bio-one) containing Dulbecco’s Modified Eagles Medium (DMEM; Sigma Aldrich, St. Louis, MO, United States) supplemented with 10% (v/v) gamma-irradiated fetal bovine serum (Sigma Aldrich), 2 mM GlutaMax (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) and antibiotic solution [penicillin (100 IU/ml; streptomycin (100 μg/ml); Sigma Aldrich]. The adherent cells were sub-cultured and expanded under standard culture conditions of 37°C and 5% CO2 and maintained in an incubator.



Preparation of Cartilage Pellet

The cartilage shavings were prepared according to the method as described by Abbas (2017). The cartilage shavings were obtained from the healthy areas of the cartilage from within the knee joints in patients undergoing total knee arthroplasty. They were washed thrice in PBS and homogenized using a tissue homogenizer under sterile conditions. The cartilage tissue homogenate was washed thrice in PBS and centrifuged to remove the flocculent tissue debris. The homogenized cartilage pellet (CP) was aliquoted to obtain approximately 0.5 mm sized pellets for subsequent use in experiments.



Osteochondral Defect Model for Cartilage Regeneration

Osteochondral bone pieces were obtained from patients undergoing total knee arthroplasty, and a central drill defect (2 mm) was made to simulate full-thickness cartilage damage and used as an ex vivo model to study cartilage repair as described before (Abbas, 2017) (Figure 1). Briefly, the osteochondral plugs with central drill defect were divided into four different groups and evaluated as follows: Group I – the osteochondral plug alone (control); Group II – the osteochondral plug filled with homogenized cartilage pellet (1.0 mm); Group III – the osteochondral plug filled with BM-MSCs (1 × 106 cells) as a cell pellet and Group IV – the osteochondral plug filled with BM-MSCs (0.5 × 106cells) and homogenized cartilage pellets (0.5 mm). Both control (n = 3) and the experimental groups (n = 3) were cultured using chondrogenic differentiation media (Lonza, Basel, Switzerland) for 28 days under standard culture conditions, with media additions every 72–96 h. The culture supernatants collected on the 28th day (D28) from both control and experimental groups were evaluated for secreted cytokines using Luminex based multiplex cytokine assay.



Luminex xMAP Assay for Cytokines, Chemokines, and Growth Factors

The cytokines, chemokines, and growth factor levels in culture supernatant were measured using Human Cytokine Magnetic 30-Plex Panel (Novex® Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s protocol. Briefly, 25 μl of antibody-containing magnetic beads for 30 different analytes were added to the assay wells of Mylar plate and washed twice with 1X wash buffer. Then 50 μl of incubation buffer (provided with assay kit) was transferred into each assay well. Freshly prepared standard solutions (1:3 serial dilution) and samples (undiluted culture supernatant) were prepared and added (100 μl) to the beads. The assay plate was incubated in an orbital shaker at 500 rpm for 2 h to enable the capture of the analytes. Following incubation, the secondary antibodies were added to assay plate and incubated for 1 h. Then streptavidin-RPE coupled detection antibodies were added, and the plate was incubated for 30 min, followed by three washings and resuspension in wash buffer. The assay plate was then analyzed using the MAGPIX® instrument (Luminex Corporation, Austin, TX, United States).



Ingenuity Pathway Analysis (IPA)

The differential expression of cytokines, chemokines, and growth factors calculated based on the fold change between the control and the experimental groups was used as an input for the Ingenuity Pathway Analysis (IPA) (Qiagen, United States). The core analysis module in IPA was used to deduce differentially regulated canonical pathways, upstream regulators, diseases and bio functions, and novel gene networks based on Fisher Exact Test (p-value cut off at 0.05). Besides, the comparison analysis module in IPA was used to deduce the differentially regulated canonical pathways and diseases and bio functions in the experimental groups compared to the control. The heatmaps of differentially regulated canonical pathways and diseases and bio functions related to the connective tissue disorders were generated using the IPA. The heatmaps, hierarchical clusters, and K Means Clusters of differentially regulated cytokines, chemokines, and growth factors were created using the Hierarchical Clustering Algorithm with the help of Genesis Software (Genesis 1.8.1) (Sturn et al., 2002).



Statistical Analyses

The raw data obtained from three replicates for individual analytes were analyzed by the Luminex xPONENT multiplex assay analysis software (Luminex Corporation, Austin, TX, United States) to calculate the absolute concentration in both control and experimental groups. Additionally, the level of each analyte calculated was further analyzed using GraphPad Prism Version 7 (GraphPad Software, San Diego, CA, United States) to compute the statistical significance using Student’s unpaired t-test. p ≤ 0.05 were considered to be statistically significant.
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Hereditary spastic paraplegias (HSPs) is a rare heterogeneous group of neurodegenerative diseases, with upper and lower limb spasticity motor neuron disintegration leading to paraplegias. NT5C2 gene (OMIM: 600417) encode a hydrolase enzyme 5'-nucleotidase, cytosolic II play an important role in maintaining the balance of purine nucleotides and free nucleobases in the spinal cord and brain. In this study we have identified a large consanguineous Saudi family segregating a novel homozygous splice site donor alteration in NT5C2 gene leading to spastic diplegia cerebral palsy, developmental delay and microcephaly. Whole exome sequencing (WES) was performed for the affected members of the family to study the novel mutation. WES data analysis, confirmed by Sanger sequencing analysis, identifies a homozygous splice site donor alteration of possible interest in NT5C2 (ENST00000343289: c.539+1G > T) at the sixth exon/intron boundaries. The mutation was further ruled out in 100 healthy control from normal population. The novel homozygous mutation observed in this study has not been reported in the literature or variant databases. The identified splicing alteration broadens the mutation spectrum of NT5C2 gene in neurodevelopmental disorders. To the best of our knowledge this is the first report from Saudi Arabia.




Keywords: NT5C2 gene, splice site mutation, developmental delay, microcephaly, spastic diplegia



Introduction

Hereditary spastic paraplegias (HSPs) is characterized as nonprogressive motor deficits as a result of cerebral abnormalities arise in the prenatal or perinatal stage. Signs and symptoms will found at early stage of life as result of loss of corticospinal motor function (Blackstone, 2012). Recently, it has been reported that the HSPs exist not only in “pure” forms but also in “complex” forms that are linked with other neurologic and extra neurologic conditions. Moreover, the HSPs are among the most genetically diverse neurologic disorders, with well over 70 distinct genetic loci, for which about 60 mutated genes have already been identified (Blackstone, 2018). The diagnosis of HSP is based on the presence of a clinical history of progressive spastic paraparesis in a pure form or associated with other neurological and systemic manifestations (with or without familial history), evidence of a genetic mutation in a locus related to a phenotype of HSP previously described in the literature, and exclusion of structural disorders or other genetic or acquired conditions that explain the clinical picture (Sedel et al., 2007; De Bot et al., 2010; Lo Giudice et al., 2014; Klebe et al., 2015; Pedroso et al., 2015; Souza et al., 2015). Generally, the clinical picture of an HSP is characterized by a subtle onset and slowly progressive course of spastic paraparesis described by patients as abnormal gait, leg stiffness, or gait instability. It is very difficult to HSP because the other neurological and systemic features that characterize complicated forms may precede the onset of spastic paraparesis (Harding, 1993; Sedel et al., 2007; Salinas et al., 2008; De Bot et al., 2010; Pedroso et al., 2015).

Cerebral palsy (CP) is characterized by large group of impairing disorders control of movement due to lesion or defect in the developing brain. This disease is common in childhood (Hughes and Newton, 1992), with prevalence of about 1 in 250 to 1,000 births (Pharoah et al., 1987). People with CP might have an issue with quality motor abilities or maintaining stability and walking, or have involuntary actions, including uncontainable motions of the hands or slobbering. CP is the most common severe motor disability in children, and its severity is demonstrated by the fact that 40% of children with the condition cannot walk independently (Korzeniewski et al., 2018; Christensen et al., 2014). In some cases patients have epilepsy and intellectual disability, and in some cases newborn with CP having abnormally small head size (microcephaly). This disorder can be split into four essential categories conferring to the movement disturbance: spastic, ataxic, athetoid, and mixed forms (Ninds, 2005). About 70–80% of cases are spastic CP, and it is subdivided into monoplegic, quadriplegic, diplegic, and hemiplegic types, depending on limbs that are affected. CP patients normally show increased hypertonia, deep tendon reflexes, and muscle weakness along with scissors gait as common feature. Spastic quadriplegia is the most severe form of spastic CP if accompanied by dysarthria. The most common mixed forms are spastic and athetoid movements cover 10–20% of total number of cases, but some other combinations may also possible (Rajab et al., 2006).

Genetic forms of CP cover around 2% of the population in Europe, and they are supposed to be caused by consanguineous marriage within families (Mitchell and Bundey, 1997). Also, any variation in genetic defects in nucleotide metabolism-related genes leads to the genetic forms of CP (Novarino et al., 2014). Microdeletions or microduplications have been reported in patients with diagnoses of cerebral palsy. Previous studies have reported between 10 and 12% detection rate of likely pathogenic CNV in patients with cerebral palsy. The genes included in these CNVs include KANK1, WDR45, HSPA4, and SPAST (Fahey et al., 2017). NT5C2 genes encode the 5'-nucleotidase, cytosolic II, protein, which is involved in the repairs of intracellular nucleotides composition of purine/pyrimidine in support with other nucleotidases. In addition, this enzyme has an important role in maintaining the stability of nucleotides, nucleosides, and free nucleobases of purine in the central nervous system. The NT5C2 gene catalyzes the adenosine hydrolysis along with monophosphate and inosine monophosphate-releasing adenosine which play a key role in promoting myelin formation in the central nervous system. Adenosine prevents proliferation of oligodendrocyte progenitor cells, stimulates their differentiation into mature oligodendrocytes, and controls the communication of neurons and glial cells with the help of axons (Elsaid et al., 2017).

In this study, we identified a homozygous splice site donor alteration in NT5C2. The homozygous mutation causes a loss of function mutations in this gene including other splice site donor mutations that have been linked to an autosomal recessive form of spastic paraplegia. Common features among patients include spasticity, gait abnormalities, speech delay, brain abnormalities, and ophthalmological signs. A single patient was also noted to have microcephaly (Novarino et al., 2014).


Case Report


Electroencephalography Report

A sleep EEG record revealed a background of predominately beta waves. Paroxysmal epileptic discharge was noted in both (IV-1 and IV-2) the affected individuals as shown in the pedigree Figure 1, primarily in the right central hemisphere proband.




Figure 1 | A pedigree of a consanguineous Saudi family. The available samples are marked (*) as satiric symbol.






Whole Exome Sequencing

The obtained variant call format (VCF) file contains 86,390 variants. We used different filter based on quality, frequency, genomic position, protein effect, pathogenicity, and based on previous known associations with the phenotype. Subsequently, homozygous gene variants were considered. Homozygous splice site donor alteration was of possible interest in the NT5C2 at the sixth exon/intron boundaries (ENST00000343289: c.539+1G > T) intron. WES results showed pathogenic mutation in the NT5C2 gene where G at position 539 is substituted by T in the intronic region, resulting in change of amino acid glycine residue into a tyrosin. Thus, the novel homozygous mutation in NT5C2 gene was found only in the affected members of the family.



Sanger Sequencing

Our results showed homozygous splice site donor alteration of possible interest in NT5C2 gene (ENST00000343289: c.539+1G > T) in both affected subjects IV-1 and IV-2 proband, whereas the parents III-1 and III-2 are heterozygous at this position. The change of bases results in a replacement of a conserved glycine residue into a tyrosine in the intron of the NT5C2 gene. The mutation spectrum in NT5C2 gene known so far is mentioned in the Table 1. None of the 100 unrelated healthy samples has this sequence variation. The both parents were heterozygous, which also confirms the mode of inheritance, as shown in Figure 2.


Table 1 | Mutation spectrum in NT5C2 gene known so far.






Figure 2 | Sanger sequence analysis: a and b (III-1 and III-2) are normal parents and normal female, while (IV-1 and IV-2) are affected children showing only homozygous where G at position 539 replaced by T in the intronic region resultantly amino acid glycine residue into a tyrosin in NT5C2.






Discussion

The NT5C2-related phenotype has earlier been clinically assigned to CP (MIM: 613162) and consanguineous marriage within the family we described has an important role in a genetic form of spastic CP (Bundey and Griffiths, 1977). This defect is caused by a homozygous splice site donor alteration of possible interest in gene NT5C2 (ENST00000343289: c.539+1G > T).

Dursun et al, 2009 reported five Turkish siblings suffering from CP with mental retardation. Novarino et al. identified a homozygous c.86G > A transition in the NT5C2 gene, resulting in p.R29X substitution. Two affected sisters from a consanguineous family segregating by spastic paraplegia-45 was identified by homozygosity for a 1-bp deletion (c.1225delA) in the NT5C2 gene, resulting in a frameshift and premature termination (Ser409Valfs436Ter). None of the unaffected family members were homozygous for this mutation. Novarino et al. also found homozygosity for an acceptor splice site mutation (c.988-1G > T) in the NT5C2 gene in two affected sisters from a consanguineous family. None of the unaffected family members were homozygous for this mutation. In the same study, they reported a homozygosity caused by c.445A > T transversion in the NT5C2 gene, resulting in p.Arg149Ter substitution. In addition, homozygosity for a donor splice site mutation (c.175+1G-A) was identified in two affected siblings (Novarino et al., 2014). Recently Elsaid et al. reported a consanguineous Qatari family having a novel homozygous c.1159+1G > T in NT5C2 splice site mutation (NM_012229.4/NM_001134373.2). Among all other patients reported so far with CP, they were unique in that they displayed persistent early in 2017,truncal hypotonia, dysarthria, and variable-sized patches of brownish skin staining at early stage of life (Elsaid et al., 2017). Straussberg describes the clinical, radiologic, and genetic findings in three affected members of the consanguineous family from Arab region CP belonging to that harbors a novel mutation in NT5C2 (c.1379T > C; p.Leu460Pro) (Elsaid et al., 2017). Moreover, recently exon rearrangement c.771 + 573_814-298del reported in the in NT5C2 loci in a family with a complex genetic hereditary spastic paraplegias (Darvish et al., 2017).



Conclusions

In conclusion, the genetic form of HSPs tends to be rare, but our report, suggests that consanguineous marriage plays an important role in the genetic form of spastic CP with intellectual disability and microcephaly. We reporting for the first time from Saudi Arabia a novel homozygous splice site donor alteration of possible interest in NT5C2 c.539+1G > T further explain the genetics involved in such type of disorders will provide an opportunity to understand the fundamental causes of CP in the future.



Materials and Method


Ethical Approval and Sample Collection

Samples from a consanguineous Saudi family were obtained by following appropriate local ethical approval protocols and guidelines from the King Abdulaziz University Hospital, Jeddah. Informed consent was taken from all the member of the family participated in this study according to the Declaration of Helsinki. To maintain the anonymity of the family, the datasets in this paper will not be publicly deposited. Requests to access the datasets should be directed to corresponding author. The study was done after the approval by the ethical committee of the Center of Excellence in Genomic Medicine Research, King Abdulaziz University, Jeddah. Magnetic resonance imaging (MRI) and electroencephalography (EEG) were performed to exclude any infection or trauma. DNA was extracted from blood samples by using the MegNA Pure 24 system from Roche Life Science. Detailed disease history was taken and pedigree was drawn using information from the family. The samples were prepared for exome sequencing after checking the quality and concentration according to the Agilent Sure Select Target Enrichment Kit preparation guide. The blood samples were collected from all 4 members of the family (2 affected children and 2 parents) and 100 healthy people of Saudi origin as control group as shown in pedigree (Figure 1). Affected individuals were under treatment and medical examination at King Abdulaziz University Hospital, Jeddah.


Patient 1

Patient 1 (IV-1) is 5 years old, and he was born by normal vaginal delivery at full term without any complication. He has one brother and two relatives affected with the same problem. Clinical examination showed that he generally looks well, his head circumference is 45 cm, and his central nervous system shows hypertonia in the lower limbs and brisk deep tendon reflexes. He started speaking and walking at age 2. The CT scan of his brain showed density in the left frontal cerebrospinal fluid, an extra axial lesion, and a left frontal subarachnoid epidermal cyst. His thyroid profile was normal, as was a complete blood count. A sleep EEG record revealed a background of predominately beta waves. Paroxysmal epileptic discharge was noted in IV-1 the affected individuals, primarily in the right central hemisphere proband. The facial appearance of the individuals participated in the study are shown in Figure 3.




Figure 3 | (A) is the facial apperance of proband IV-1 and (B) is the facial apperance of poband IV-2.





Patient 2

Patient 2 (IV-2) is 3 years and 4 months old, and he was born by normal vaginal delivery at full term without any complication. He showed a delay in speaking and walking. The patient shows hyperactivity, and a MRI examination was normal. EEG record during sleep revealed a background of predominately beta waves. Paroxysmal epileptic discharge was also noted in IV-2 the affected individuals, primarily in the right central hemisphere proband.




Magnetic Resonance Imaging Testing

A hypointense lesion was noted in T1W and in T2W MRI images in the left frontal area, and it measured 5.4 cm by 2.10 cm. It is extra-axial to the brain and causes some mass effect on the left frontal lobe with no midline shift. The ventricle's and basal cistern's normal posterior fossa were normal. The gray-white matter junction and brain stem were normal. These findings are consistent with a cystic collection in the left frontal area.



Whole Exome Sequencing

WES was done to identify the pathogenic mutation related to this disorder phenotype, we prepared samples and did WES using the Illumina HiSeq 2000/2500 system. We set up our sampling by following the Agilent SureSelect Target Enrichment Kit preparation guide (Capture Kit, SureSelect v.6). The libraries were sequenced utilizing the Illumina HiSeq 2000/2500 system. The variants were clarified by using various parameters, such as quality, quantity, frequency, genomic position, effect on protein, and pathogenicity. Diverse bioinformatics investigations were made to distinguish causative variant co-segregating for NT5C2 phenotypes as an autosomal recessive manner. To use the BWA Aligner (http://bio-bwa.Sourceforge.Net/), the crude information FASTQ files were adjusted. Copy number variation, insertion, and deletion were distinguished by utilizing SAMtools (http://samtools.Sourceforge.Net/). The hg19 human reference data base was used as reference (National Center for Biotechnology Information assembly GRCh37, http://genome.Ucsc.Edu/). Furthermore, the data were plotted against the information in the dbSNP (http://www.Ncbi.Nlm.Nih.Gov/snp/) and 1000 Genomes databases (http://www.1000genomes.Org/data). The separated variants were anticipated using autosomal recessive inheritance types (homozygous or compound heterozygous state) provided for the reported history of the affected family. Because the affected patients are related, the homozygous variants were very important. We aimed at finding a novel homozygous transformation in the protein coding districts of all genes that had been related to one of the siblings, and produced one reasonable candidate in the NT5C2 gene.



Sanger Sequencing

After WES, targeted primers were designed for Sanger sequencing as was done previously (Naseer et al., 2018). Primer for the targeted region was designed for Sanger sequencing NT5C2F: 5'-TGATGCTTTCCCTTCTGTGA-3' NT5C2R: 5'-GCAATGTGGCATCTCTCACT-3'. As a result of Sanger sequencing, raw sequence data files were obtained in the AB1 sequence trace format. Each sequence trace file was aligned to the corresponding reference sequence using the BioEdit software packages. We searched for the observed variations in the NCBI database for SNPs. Moreover, this pathogenic variants were also sequenced in the unrelated 100 control sample from the Saudi population.
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Background: Familial adenomatous polyposis (FAP) is an autosomal dominant disorder characterized primarily by the development of numerous adenomatous polyps in the colon and a high risk for colorectal cancer. FAP is caused by germline mutations of the adenomatous polyposis coli (APC) gene. The proband in this family was a 39-year-old female patient with the pathologic diagnosis of adenomatous polyps, and then a five-generation kindred with FAP was characterized in the following years. This article identified an APC mutation, and demonstrated the practical use of APC-linked STR markers, which could be used to reduce misdiagnosis of prenatal diagnosis or preimplantation genetic diagnosis resulted from contamination or allele drop-out.

Methods: Next-generation sequencing (NGS) was used to identify the possible APC mutations in an affected individual from a family with autosomal dominant colon cancer. Targeted sequencing then used to identify additional related individuals with the mutation. Three short tandem repeat (STR) loci, D5S299, D5S134, and D5S346, were used for PCR-based microsatellite analysis of the APC gene in the extended family.

Results: We identified an APC: p.W553X mutation. The STR haplotype at the APC locus, A1B4C1, was shared by all clinically affected individuals with the APC: p.W553X mutation. In addition, the APC: p.D1822V variant was observed in 40% affected individuals and in two unaffected individuals.

Conclusion: We described a protein truncation mutation, APC: p.W553X; demonstrated the value of APC-linked STR markers (D5S299, D5S134, and D5S346) haplotypes; and suggested the potential role of these haplotypes in detecting loss of heterozygosity of the APC gene.

Keywords: familial adenomatous polyposis, APC gene, STR marker, next generation sequencing, mutation


INTRODUCTION

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder characterized primarily by the development of numerous adenomatous polyps in the colon and a high risk for colorectal cancer (Koskenvuo et al., 2016). Without a proper diagnosis to ensure heightened colon surveillance and timely surgical intervention, affected individuals are likely to develop colorectal adenocarcinoma. FAP is a clinically heterogeneous disorder, including variation in the age of onset, presence of extracolonic lesions, and the number, distribution, and histology of colorectal adenomas. Even within a single affected pedigree, there is also significant clinical variability.

Familial adenomatous polyposis is caused by germline mutations of the adenomatous polyposis coli (APC) gene, located on chromosome 5q21-22 (van der Luijt et al., 1995; Grover et al., 2012). The coding region of APC encompasses 8532 bp that was distributed among 15 exons. APC gene mutations have been identified in 60–80% of all FAP families and remain unknown in 20–30% (Friedl et al., 2001). Large deletions that evade detection by conventional DNA screening methods, mutations located in introns, regulatory regions or splice-acceptor site, and mutations in other unidentified genes are possible explanations for this low APC gene mutation detection rate (Stekrova et al., 2007; Zhang et al., 2016, 2017; Wang et al., 2017). The use of next-generation sequencing (NGS) has revolutionized the way of mapping a mutation and identifying its molecular identity, leading to massive improvements in our understanding on the role of nucleic acids functions (Doitsidou et al., 2016; Del Vecchio et al., 2017). Targeted sequencing of candidate cancer genes and whole-exome and whole-genome sequencing, coupled with encouraging clinical results based on the use of targeted therapeutics and biomarker-guided clinical trials, are fueling further technological advancements of NGS technology (Khotskaya et al., 2017). Nevertheless, the use of informative polymorphic markers linked to the APC gene may still be valuable in the diagnoses of FAP family members.

Short-tandem repeats (STR) are highly polymorphic two-to-five base pair CA repeat units interspersed throughout the genome. The information provided by polymorphic markers can be markedly increased by constructing haplotypes-defined patterns of alleles at closely linked polymorphic loci. STR markers D5S318 (Wijnen et al., 1991; Gonzalez et al., 2005), D5S299 (van Leeuwen et al., 1991; Wijnen et al., 1991), D5S82 (Breukel et al., 1991; Wijnen et al., 1991), D5S134 and D5S346 are located within 1–10 cM of the APC gene (Wijnen et al., 1991; Flintoff et al., 2001). Of these, D5S134 is within 1 cM of the 5′ end of the gene, and D5S346 is tightly linked within 30–70 kb of the 3′ end of the gene (Wong et al., 1996; Barth et al., 1997). If a particular haplotype of these markers can be linked to the FAP phenotype in a pedigree, genetic diagnosis of pre-symptomatic individuals is possible without requiring an identified APC gene mutation. Furthermore, if a particular haplotype can be linked to a pathogenic APC gene mutation, misdiagnosis of prenatal diagnosis or preimplantation genetic diagnosis resulted from contamination or allele drop-out could be avoided.

In this large kindred, we firstly confirmed the disease through the pathology results. Then we analyzed the whole data of a five-generation kindred with 100 control individuals to find and verify disease related mutations. We used NGS to identify possible APC mutations, and employed APC-linked STR marker analysis to complete the molecular investigation of the five-generation family with the APC mutations.



METHOD


Patients

The proband (III-17), a 39-year-old female patient with the pathologic diagnosis of adenomatous polyps by local hospital, went to the First Affiliated Hospital of Medical School of Zhejiang University for further treatment. Colonoscopy revealed that the surface of her colon and rectum segment was covered with polyps. There were about 55 polyps per 5 cm in the ileocecal region and about 25 polyps per 5 cm in the relatively sparse area. Then the patient underwent total colorectal resection and gastroduodenostomy with ileal pouch. Microscopic examination showed that the largest polyp, at a distance of 29 cm from the upper incision, showed tubular adenoma change with grade II-III epithelial dysplasia. The rest of the polyps showed tubular adenoma change with grade I-II epithelial dysplasia. Pathological diagnosis was FAP. After the recovery, this patient came to Women’s Hospital, School of Medicine, Zhejiang University, for genetic counseling of preimplantation genetic diagnosis, and became the first to be characterized with APC: p.W553X mutation and APC: p.D1822V variant in this family. Figure 1 shows the pedigree of a five-generation family with FAP. The diagnosis of FAP in affected individuals was based on colonoscopy or histological verification after colectomy. Affected individuals are shaded black (II-11, III-11, III-15, III-17, III-30, and IV-1). The clinical and molecular characterization of individual family members is shown in Table 1. In all, 30 descendants of the first generation and nine biologically unrelated spouses were studied at the molecular level.


TABLE 1. Clinical characteristics of individual family members.
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FIGURE 1. Pedigree and haplotype analysis with STR markers D5S299, D5S134, D5S346. Individual III-17 (arrow) is the proband. By PCR and electrophoresis, D5S299 alleles are designated A1-4; D5S134 alleles, B1-4; and D5S346 alleles, C1-4. Haplotype A1B4C1 (bold) segregates with the disease phenotype.




Morphological Analysis

Individual III-17 underwent a preventive total colectomy in 1998, and the 85 cm resected colon and rectum was studied. Individual III-15 underwent a total colectomy in 1997, and the 65 cm resected colon was studied. The tissues were fixed in 4% paraformaldehyde and embedded in wax. Sections 5 μm thick were stained with hematoxylin and eosin, and observed using an Olympus BX51 microscope.



Detection of APC Gene Mutation

DNA sample was obtained from affected individual III-17 (Figure 1), a 39 year old female with prior colectomy, and sequenced using microarray-based NGS. A custom Sequence Capture 2.1 M Human Array from Roche NimbleGen (Madison, United States) was designed to capture a total of 1.5 Mb of DNA containing 3093 exons (including 100 bp of flanking DNA) of 222 genes associated with common genetic diseases, including APC. The preparation of libraries was consistent with published standard operating protocols (Gnirke et al., 2009). In each pooled batch, 10 to 33 samples were sequenced simultaneously on Illumina HiSeq2000 Analyzers (Illumina, San Diego, United States) for 90 cycles. Image analysis, error estimation, and base calling were performed using Illumina Pipeline software (version 1.3.4). Raw sequence reads were screened following established filtering criteria. Clean reads with a length of 90 bp were aligned to the reference human genome from the NCBI database (GRCh37) using the Burrows Wheeler Aligner (BWA) Multi-Vision software package with output files in BAM format. The BAM data were used for reads coverage in the target region and sequencing depth computation, SNP and INDEL calling, and CNV detection. The APC mutation detected in the proband was not found in 100 control individuals. Direct DNA sequencing was used to determine the FAP mutation status of additional family members.



Sanger Sequencing

Sanger sequencing was then carried out to confirm the identified mutations by exome sequencing. Specific primers for amplifying exon 13 of the APC gene (NM_001127511) were designed using the Primer 3.0 (primer sequencing: 13-Forward CAG CCT CCC AAA GTG ATA GG, and 13-Reverse ATG GCT AAA AGA AGG CAG CA). DNA was amplified in a 20 μl reaction volume: 10 μl of PCR mix (2× HS Taq PCR Mix, Takara, Japan), 0.2 μM of each primer, 100 ng genomic DNA and 7.2 ul of DNase/RNase free water. The PCR cycling profile was as follow: initial denaturation at 94°C for 5 min, followed by 30 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s, and a final extension at 72°C for 10 min. The PCR products were checked on 2% agarose (w/v) gel. Sequence analysis was run on an ABI 3730XL DNA Analyzer (Applied Biosystems, United States).



Polymorphism in Codon 1822 Confirmed by Restriction Enzyme BpiI

APC: p.D1882V was assayed in all family member and 37 control individuals by restriction enzyme BpiI (5′-GAAGAC(N)2↓-3′, 3′-CTTCTG(N)6↓-5′).



Linkage Analysis

Three short tandem repeat (STR) loci, D5S299 (GDB:180445), D5S134 (GDB:196678), and D5S346 (GDB:181171), were used for PCR-based microsatellite analysis of the APC gene. After amplification, PCR products were separated by 8% native polyacrylamide gel electrophoresis at 800 v for 4–5 h and DNA fragments detected with silver staining. Based on a decreasing migration rate of PCR product, the amplification products of D5S346 were named A1, A2, A3, and A4; D5S134 products were named B1, B2, B3, and B4; D5S299 were named C1, C2, C3, and C4.



RESULTS


Morphological Analysis


III-17

There were approximately 15 small polyps with a diameter range of 0.1–0.6 cm. Histologically, these polyps were typical tubular adenomas or microadenomas with low grade intra-epithelial neoplasia (Figures 2A,B). The characteristic single dysplastic crypts (unicryptal adenomas), the initiation of adenomas, were occasionally found in the colon mucosa (Figures 2C,D).
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FIGURE 2. Adenomatous polyps in colorectum of individual III-17 and III-15. (A–D), Polyps in III-17. (E–H) Polyps in III-15. (A,B,E,F) Typical tubular adenomas or microadenomas. (C,D,G,H) Characteristic single dysplastic crypts.




III-15

There were more than 500 polyps with diameters ranging from 0.1 to 2.0 cm in the colon. Histologically, these polyps appeared as tubular adenomas or microadenomas (Figure 2E∗50). Most adenomas showed low grade intra-epithelial neoplasia except for the largest one which was high grade (Figure 2F∗200). The characteristic single dysplastic crypt (unicryptal adenomas) was occasionally found in the colonic mucosa (Figures 2G∗100, H∗200).



Mutation Detection

Microarray-based NGS of the proband (individual III-17 in Figure 1) revealed a novel heterozygous mutation, TGG > TGA (Figure 3). This nonsense mutation substitutes a stop codon for a tryptophan codon (W553X). Direct sequencing identified the same mutation in 11 additional individuals across three generations of the extended family (II-11, III-13, III-15, III-30, IV-1, IV-5, IV-6, IV-9, IV-11, IV-15, and IV-25 in Figure 1), five of whom (II-11, III-15, III-17, III-30, and IV-1) manifest clinical findings of familial adenomatous polyposis, others could not finished the examinations because of the young age or disagreement of their parents.
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FIGURE 3. Confirmation of novel G-to-A mutation (arrow) by DNA sequencing. (A) The affected proband (III-17); (B) An unaffected family member.


The proband’s STR haplotype at the APC locus, A1B4C1, was shared by all clinically affected individuals as well as all individuals, affected and unaffected, with the APC: p.W553X mutation (Figure 1).

Interestingly, the APC: p.D1822V variant was observed linked to the A1B3C3 haplotype but was not seen in individual II-6, who passed on this haplotype to his two children. These two children had also inherited clinical findings of FAP from their affected mother (II-5) as well as (by indirect evidence) the A1B3C3 haplotype and the APC: p.W553X mutation. This result implied that the APC: p.D1822V variant had arisen anew in individual II-6 linked to the A1B3C3 haplotype and was present presumably as a gonadal mosaic, which was consistent with previous studies (Iwaizumi et al., 2015; Kahyo et al., 2017).



DISCUSSION

Familial adenomatous polyposis is a hereditary colorectal cancer syndrome that arises from germline mutations in the APC tumor suppressor gene (Lamlum et al., 1999). This study describes a novel c.1659G > A mutation that creates a stop codon at a tryptophan codon–W553X–in the APC protein. The resulting truncated protein product lacks all axin- and β-catenin-binding sites and is therefore presumed defective in the regulation of β-catenin phosphorylation and ubiquitination (Fearnhead et al., 2001). Such a truncated protein might instead function as an activator for Wnt signaling which provides a strong selective advantage by affecting cell proliferation, migration, apoptosis and possibly differentiation of intestinal stem cells (Zhang et al., 2012).

We identified this mutation in 12 individuals among 30 tested in a multi-generational family with familial adenomatous polyposis. Of these twelve, five are clinically affected by the disorder. Among the seven asymptomatic mutation carriers, one (III-13) is 41 years old, while the others are all under 21 years of age. 95% of individuals who have inherited an APC mutation will manifest clinical findings by age 35 years, while only 50% will have manifested findings by age 16 years (Petersen et al., 1991; Aihara et al., 2014). Thus, because of the asymptomatic 41 year old, this family displays incomplete penetrance (Evans et al., 1993). Halling et al. reported two families with truncated mutations at codons 1982–1983 and 1982 with desmoid tumors, which are observed in 10% of FAP families (Halling et al., 1999) but with incomplete penetrance for the development of intestinal polyps 0.16 Even when there is complete penetrance, considerable variation can be seen among FAP patients, both in the spectrum of extracolonic features and in the extent of intestinal polyposis (Fearon, 1997; Koskenvuo et al., 2016). Dinucleotide repeat microsatellite markers D5S299, D5S134, and D5S346, are located immediately adjacent to the APC gene (Koorey et al., 1992; Gray et al., 2011). In this study, all five clinically affected individuals in our FAP extended family shared the same haplotype for these markers: A1B4C1. All were confirmed to carry the APC: p.W553X mutation. Seven additional family members (III-13, IV-5, IV-6, IV-9, IV-11, IV-15, and IV-25) were found to have the same A1B4C1 haplotype. The presence of the APC: p.W553X mutation in these individuals confirmed the accuracy of the haplotyping. These seven individuals are at high risk for developing colorectal cancer and should receive appropriate surveillance, including annual colonoscopy 0.1 This includes the individual who is asymptomatic at 41 years of age (III-13), as non-penetrance cannot be assumed with certainly, and the two adolescent individuals (IV-9 and IV-15). This does not yet include the 5 year old individual (IV-25) as screening does not begin until 10–15 years of age. These STR markers can also be used to detect loss of heterozygosity of the APC locus in tumor tissue from colon cancer as well as from other tumors where loss of the APC gene is implicated, such as gastric cancer, non-small cell lung cancer, renal cell cancer, endometrial cancer, and squamous cell carcinoma.

We observed that the frequency of the APC: p.D1822V variant allele in this family was not higher than in the healthy control population (10% vs. 18.9%), consistent with its reported lack of clinical significance (Ruiz-Ponte et al., 2001; Tranah et al., 2005). This missense variant changes a hydrophilic asparate to a hydrophobic valine residue between the fourth and fifth of the seven 20-amino-acid repeats involved in the binding and down-regulation of β-catenin (Polakis, 1997). Efficient β-catenin down-regulation requires a minimum of three of the seven binding repeats (coinciding with the 3′ limit of the mutation cluster region), suggesting that the APC: p.D1822V polymorphism does not have an appreciable effect on β-catenin degradation (Tranah et al., 2005). This variant is reported in the exome variant server with a frequency of 21%.

Obviously, STR linkages were prominent in this large kindred, but there were no extended evidences for whether these STRs were really useful to search for detecting new APC mutations in other families. They would be useful in LOH (loss of heterozygosity) research, but this would be so when we investigate somatic change in tumors arising in the patients of W553X carriers. Besides, in our study, we were hoping for new discoveries in this FAP family; however, most of these genes were not targeted to FAP and indeed there were no new related findings.

In summary, microarray-based NGS and direct sequencing identified a novel mutation, APC: p.W553X, in a large Chinese kindred with familial adenomatous polyposis. In addition, the value of APC-linked STR marker (D5S299, D5S134, and D5S346) haplotypes was demonstrated in tracking inheritance of APC alleles, and their use in uncovering loss of heterozygosity of the APC gene suggested for future studies.
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Background: Upregulation of the six-transmembrane epithelial antigen of prostate-1 (STEAP1) is closely associated with prognosis of numerous malignant cancers. However, its role in lung adenocarcinoma (LUAD), the most common type of lung cancer, remains unknown. This study aimed to investigate the role of STEAP1 in the occurrence and progression of LUAD and the potential mechanisms underlying its regulatory effects.

Methods: STEAP1 mRNA and protein expression were analyzed in 40 LUAD patients via real-time PCR and western blotting, respectively. We accessed the clinical data of 522 LUAD patients from The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) to investigate the expression and prognostic role of STEAP1 in LUAD. Further, we performed gene ontology (GO) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, and gene set enrichment analysis (GSEA) to elucidate the potential mechanism underlying the role of STEAP1 in LUAD. The protein-protein interaction (PPI) network of STEAP1 was analyzed using the Search Tool for the Retrieval of Interacting Genes (STRING) database, and hub genes with significant positive and negative associations with STEAP1 were identified and their role in LUAD prognosis was predicted.

Results: STEAP1 was significantly upregulated in LUAD patients and associated with LUAD prognosis. Further, TCGA data indicated that STEAP1 upregulation is correlated with the clinical prognosis of LUAD. GO and KEGG analysis revealed that the genes co-expressed with STEAP1 were primarily involved in cell division, DNA replication, cell cycle, apoptosis, cytokine signaling, NF-kB signaling, and TNF signaling. GSEA revealed that homologous recombination, p53 signaling pathway, cell cycle, DNA replication, apoptosis, and toll-like receptor signaling were highly enriched upon STEAP1 upregulation. Gene Expression Profiling Interactive Analysis (GEPIA) analysis revealed that the top 10 hub genes associated with STEAP1 expression were also associated with the LUAD prognosis.

Conclusion: STEAP1 upregulation potentially influences the occurrence and progression of LUAD and its co-expressed genes via regulation of homologous recombination, p53 signaling, cell cycle, DNA replication, and apoptosis. STEAP1 is a potential prognostic biomarker for LUAD.

Keywords: STEAP1, LUAD, Kyoto Encyclopedia of Genes and Genomes, The Cancer Genome Atlas, gene set enrichment analysis


INTRODUCTION

Lung cancer has one of the highest rates of incidence and mortality among all types of malignant tumors (Bray et al., 2018). Non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancers (El-Zein et al., 2017; Colling et al., 2019). Lung adenocarcinoma (LUAD), the most common type of NSCLC and accounting for approximately 40% of all lung cancers, is one of the leading causes of respiratory cancer-associated deaths (Maemura et al., 2018; Kleczko et al., 2019). With the use of highly sensitive low dose computerized tomography (CT) to detect lung cancer, and an increase in the overall awareness about the prevention and diagnosis of early NSCLC, the prognosis of NSCLC patients has significantly improved (Hasan et al., 2014; Kassem et al., 2019). Nevertheless, owing to the insidious nature of NSCLC progression, most of the patients still present at an advanced stage upon diagnosis. Consequently, most of these patients cannot be surgically treated and respond poorly to radiotherapy and chemotherapy, resulting in a <15% chance of 5-year survival (Molina et al., 2008; Li et al., 2018). The advent of targeted therapy holds promise among NSCLC patients, especially among LUAD patients; however, the poor prognosis still remains a concern. Therefore, it is important to identify new biomarkers for early stratification and diagnosis of high-risk lung cancer patients with a poor prognosis.

Six-transmembrane epithelial antigen of prostate-1 (STEAP1), also known as PRSS24, belonging to the STEAP family, is a cell surface antigen overexpressed in various tumors and is closely associated with the prognosis of numerous malignant tumors (Grunewald et al., 2012a; Ihlaseh-Catalano et al., 2013; Lee et al., 2016; Barroca-Ferreira et al., 2018). STEAP1 is upregulated in prostate cancer and associated with a high Gleason score, seminal vesicle invasion, and biochemical recurrence (BCR) (Ihlaseh-Catalano et al., 2013). Targeting STEAP1 expression may potentially inhibit the proliferation of and induced apoptosis in prostate cancer cells (Gomes et al., 2014, 2018). However, STEAP1 downregulation has been reported in endometrial carcinoma, and STEAP1 upregulation is associated with a better patient prognosis rather than STEAP1 downregulation (Sun et al., 2019). In contrast, some studies have indicated that STEAP1 upregulation is associated with reduced growth and migration of endometrial cancer cells (Sun et al., 2019). Furthermore, STEAP1 is reportedly upregulated in Ewing’s tumor and colorectal cancer, and the prognosis of patients with high STEAP1 expression levels was better than that of patients with low expression levels (Grunewald et al., 2012c; Lee et al., 2016; Nakamura et al., 2019). STEAP1 is aberrantly expressed in multiple tumors and is associated with the occurrence, development, and prognosis of malignant tumors, indicating that STEAP1 might be a potential diagnostic and therapeutic marker for cancers. In addition, Zhuang et al. (2015) first reported that STEAP1 is upregulated in lung cancer tissues. However, the role and potential value of STEAP1 in LUAD has not been reported. This study aimed to analyze the expression and clinical significance of STEAP1 in LUAD and to explore the role of STEAP1 in the occurrence and progression of LUAD and the potential mechanism underlying its regulatory functions.



MATERIALS AND METHODS


Clinical Samples

Tumor and tumor-adjacent normal tissue (5 cm proximity) specimens were obtained from 40 LUAD patients, who received surgical treatment at the Department of Thoracic Surgery, Affiliated Hospital of Zunyi Medical University from April 2018 to March 2019. The clinical characteristics of the 40 patients are shown in Table 1. This study was approved by the Ethics Committee of Affiliated Hospital of Zunyi Medical University. All of the patients provided written informed consent, and no other special treatment was administered before surgery.


TABLE 1. Clinicopathological characteristics of the 40 LUAD patients.
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Quantitative Real-Time PCR Analysis

Total RNA was extracted from tissues, using Trizol reagent (Invitrogen, United States) and transcribed to cDNA by using the reverse transcription kit (Takara, Japan) in accordance with the manufacturer’s instructions. Real-time PCR was then carried out with GAPDH as the internal control, using the following primers: STEAP1: 5′-GGCGATCCTACAG ATACAAGTTGC-3′ (forward); 5′-CCAATC CCACAATTCCCAGAGAC-3′ (reverse); GAPDH: 5′-AACGGATTTGGTCGTATTG-3′ (forward); 5′-GGAAGATGGTGATGGGATT-3′ (reverse) (Feng et al., 2013; Gomes et al., 2013). This experiment was performed in triplicate.



Western Blotting

Total protein was extracted from tissues and quantified using the BCA kit (Solarbio, China) in accordance with the manufacturer’s instructions. Extracted proteins were then resolved via SDS-PAGE (10% resolving gel) and electro-transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with 5% skimmed milk on the shaker for 1 h and subsequently probed with a rabbit anti-human STEAP1 antibody (1:1000, HuaBio, China). Protein bands were probed using HRP-labeled secondary antibody (1:5000, Bioss, China). Tubulin was used as the internal control. Immunoblots were visualized using a Gel doc imaging system (Bio-Rad, China). This experiment was performed in triplicate.



Data Curation and Bioinformatics Analysis

In May 2019, the gene expression data of 535 LUAD tissues and 59 normal lung tissues with the type of HTSeq-FPKM, and the clinical data of 522 LUAD patients were downloaded from TCGA1 (Table 2). Among the 594 samples in TCGA, there were 57 paired LUAD tissues and adjacent normal lung tissues. Furthermore, STEAP1 expression data were downloaded from the data sets of GSE2514 and GSE10072 in the Gene Expression Omnibus (GEO) database. The clinicopathological parameters and prognostic data of the patients in TCGA were used to screen and the cases with unknown or incomplete parameters and lack of prognostic follow-up data were excluded.


TABLE 2. Clinicopathological characteristics of the 522 LUAD patients from TCGA database.
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Screening of STEAP1 Co-expressed Genes

R (v.3.5.2) was used to screen the LUAD transcriptome expression matrix from TCGA databases to identify the genes co-expressed with STEAP1. Pearson’s correlation coefficient (r) was used to investigate the correlation between STEAP1 and co-expressed genes (Wang et al., 2015). |r| > 0.35 and P < 0.001 indicated a moderate correlation between STEAP1 with co-expressed gene.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analysis

To investigate the biological role of STEAP1 and its mechanisms regulating LUAD progression, we performed gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis for genes co-expressed with STEAP1 as previously reported (Zhou et al., 2019). GO analysis was performed with the terms of biological process (BP), molecular function (MF), and cellular component (CC). STEAP1 co-expressed genes were imported into the Metascape database and the species was set to Homo sapiens (P < 0.05) to determine the BP, MF, and CC, and KEGG pathway analysis was conducted as previously described (Wang L. et al., 2019). Gene set enrichment analysis (GSEA) is performed to explore gene expression data from basic data. Gene expression data in TCGA was divided into high and low expression groups in accordance with the median expression level of STEAP1 to investigate the effect of different levels of STEAP1 expression on each gene to explore the mechanism underlying the role of STEAP1 in LUAD progression. Each analysis arranged the genome 1,000 times and STEAP1 expression levels were considered phenotypic markers. Furthermore, nominal P-values and enrichment scores (NES) were considered to classify enrichment pathways for each phenotype as previously described (Wu and Zhang, 2018).



Construction of Protein-Protein Interaction Network and Identification of Hub Genes

Search Tool for the Retrieval of Interacting Genes (STRING), a functional protein association networks database2 is an online database to analyze the interactions among multiple genes and generate network relationships. Herein, to explore the role of STEAP1 co-expressed genes, the online database of STRING was applied to analyze associations among the Protein-Protein Interaction (PPI) network of STEAP1 co-expressed genes in LUAD, and the species was set to Homo sapiens and a combined score >0.7 was considered statistically significant (Szklarczyk et al., 2015; Zhang et al., 2020). Furthermore, the PPI network thus generated was imported into Cytoscape 3.6.1 software and the top 10 genes were screened out as the hub genes, using the CytoHubba plug-in to further assess the biological function of STEAP1 in accordance with the value of hub genes (Yang et al., 2019). The online tool Gene Expression Profiling Interactive Analysis (GEPIA)3 was used to analyze the expression of hub genes and their effect on the prognosis of LUAD patients (Tang et al., 2017).



Statistical Analysis

Perl and R were used for data processing and statistical analysis. STEAP1 expression and its association with the clinicopathological features of patients were analyzed via Wilcoxon signed-rank test and logistic regression analysis. Cox regression analysis and the Kaplan–Meier test were performed to analyze the correlation between clinicopathological features and the overall survival (OS). Genes co-expressed with STEAP1 were screened via Pearson’s correlation analysis.




RESULTS


STEAP1 Was Highly Expressed in LUAD Tissues

STEAP1 expression was analyzed via qRT-PCR and western blotting in 40 tumor and tumor-adjacent normal tissue specimens from LUAD patients (Figures 1A,B). The present results show that among the 40 samples, STEAP1 was significantly upregulated in 31 cases (75%) and 34 cases (85%) of LUAD patients, respectively (P < 0.05). Assessment of 535 specimens of LUAD tissue and 59 tumor-adjacent normal tissue specimens in TCGA database revealed that STEAP1 was significantly upregulated in LUAD tissues rather than in the adjacent non-cancerous tissues (Figure 1C, P < 0.05). Moreover, we analyzed STEAP1 expression in 57 pairs of matched specimens of tumor tissue and tumor-adjacent normal tissue from TCGA database from one patient (Figure 1D, P < 0.05). GEO analysis (GSE2514 and GSE10072) confirmed that STEAP1 was significantly upregulated in LUAD tissues (Figures 1E,F, P < 0.05).
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FIGURE 1. Increased expression of STEAP1 in LUAD. (A) qRT-PCR was performed to detect the expression of STEAP1 mRNA in tumor and adjacent tissues of 40 LUAD patients. (B) The protein expression of STEAP1 in tumor and adjacent tissues of 40 LUAD patients was detected visa western blotting. (C) STEAP1 mRNA levels in LUAD tissues in TCGA database. (D) STEAP1 mRNA expression levels in tumor and adjacent tissues of 57 patients with LUAD in TCGA database. (E,F) STEAP1 mRNA levels in LUAD tissues in GEO database (GSE2514 and GSE10072). The data are indicated as mean ± standard deviation (SD). Normal, Normal lung tissue; LUAD, lung adenocarcinoma tissue; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus.




STEAP1 Upregulation Was Correlated With the Clinical Stage, T Stage, and LNM in LUAD Patients

STEAP1 upregulation in the tumor tissue specimens of 40 LUAD patients significantly correlated with an advanced T stage and lymph node metastasis (LNM) (Figures 2A,B, P < 0.05). Furthermore, analysis of LUAD data from TCGA database revealed a significant correlation between STEAP1 upregulation and an advanced clinical stage, T stage, and LNM (Figures 2C–E, P < 0.05). Univariate logistic regression analysis revealed that in LUAD patients from TCGA data, STEAP1 expression levels were correlated with the clinicopathological features of the patients (Table 3). STEAP1 upregulation was significantly correlated with the clinical stage (OR = 2.2; I vs. II, and OR = 2.4; I vs. III), TNM stage (OR = 1.5; T1 vs. T2, and OR = 2.0; T1 vs. T3), and LNM (OR = 2.2; N0 vs. N1, and OR = 2.3; N0 vs. N2). Together, these results suggest that LUAD patients with high STEAP1 expression levels were more likely to have an advanced LUAD stage and a poor prognosis than those with low STEAP1 expression levels.


TABLE 3. Relationship between STEAP1 expression and clinicopathological features from TCGA database analyzed by logistic regression analysis.
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FIGURE 2. Six-transmembrane epithelial antigen of prostate-1 (STEAP1) expression levels were associated with the clinicopathological characteristics and prognosis of LUAD patients. (A,B) The expression level of STEAP1 was associated with T stage and lymph node metastasis in 40 LUAD patients. (C–E) The expression level of STEAP1 was associated with clinical stage, T staging and lymph node metastasis for LUAD patients in TCGA database. (F) LUAD patients with high STEAP1 expression in TCGA database had a lower overall survival than patients with low STEAP1 expression. T, T Stage; N, Lymph node metastasis.




Survival Analysis and Multivariate Analysis

Kaplan–Meier survival analysis revealed that the prognosis of LUAD patients with high STEAP1 expression levels was worse than that of patients with low STEAP1 expression levels (Figure 2F, P < 0.001). Univariate analysis revealed that the clinical stage, T stage, and LNM significantly correlated with the overall survival of patients with LUAD (Table 4A), whereas multivariate analysis revealed that the clinical stage and LNM were independent factors for a poor prognosis among patients with LUAD (Table 4B).


TABLE 4. Associations between overall survival (OS) and clinicopathologic features of LUAD patients from TCGA database analyzed by cox regression (A), and multivariate survival model after variable selection (B).
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Identification of STEAP1 Co-expressed Genes

We selected 488 eligible genes co-expressed with STEAP1 in the LUAD transcriptional data downloaded from TCGA public database. Among these, 298 genes were positively associated with STEAP1 expression, while 190 genes were negatively associated with STEAP1 expression (Supplementary Table S1). A heat map was generated considering the top 20 genes positively and negatively correlated with STEAP1 expression (Figure 3).
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FIGURE 3. Positively and negatively correlated genes within STEAP1 co-expressed genes. (A) The heat map shows the top 20 positively and negatively related genes. (B) The top 3 positively and negatively related genes. Positive, positive correlation; Negative, negative correlation; Cor, correlation coefficient.




GO and KEGG Enrichment Analysis Revealed Pathways Regulated by STEAP1 in LUAD

The potential role of STEAP1 in LUAD progression was analyzed via GO and KEGG analysis. GO analysis included the analysis of biological process (BP), molecular function (MF), and cellular component (CC). We found that genes co-expressed with STEAP1 were primarily involved in cell adhesion, cell division, cytokine production, cytokine signaling, and DNA replication (Figures 4A–C). KEGG pathway analysis revealed that STEAP1 co-expressed genes were enriched in cell cycle regulation, the IL-17 signaling pathway, ECM receptor interaction, apoptosis, the NF-kB signaling pathway, and the TNF signaling pathway (Figure 4D). Furthermore, GSEA revealed that homologous recombination, the p53 signaling pathway, cell cycle, DNA replication, apoptosis, and the toll-like receptor signaling pathway were significantly enriched upon STEAP1 upregulation (Figure 5). Together, these results suggest that STEAP1 upregulation potentially regulates LUAD progression via homologous recombination, p53 signaling, cell cycle, DNA replication, and apoptosis.
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FIGURE 4. Analysis of STEAP1 co-expressed genes by GO and KEGG. (A) BP. (B) MF. (C) CC. (D) KEGG. GO, gene ontology; BP, biological process; MF, molecular functions; CC, cellular components; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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FIGURE 5. Analysis of related signaling pathways associated with the genes co-expressed with STEAP1 by GSEA. (A) Homologous recombination. (B) p53 signaling pathway. (C) Cell cycle. (D) DNA replication. (E) Apoptosis. (F) TOLL-like receptor signaling pathway. ES, enrichment score; NES, normalized ES; NOM P-value, normalized P-value.




Potential Role of STEAP1-Related Hub Genes in Protein-Protein Interaction Network Equations

The potential biological function of STEAP1 was inferred by analyzing the roles of its co-expressed genes. A PPI network was constructed (Figure 6A) and the top 10 hub genes were identified on the basis of their degree of connectivity in the PPI network: CDK1, UBE2C, CCNA1, CCNB1, CCNB2, MAD2L1, BIRC5, BUB1, NCAPG, and KIF4A (Figure 6B and Table 5). The expression of the potential hub genes in LUAD and their prognostic values were analyzed via GEPIA. We found that these hub genes were upregulated in LUAD patients (Figure 7). While the 10 hub genes were associated with the OS of LUAD patients, the expression of CDK1, CCNB1, CCNB2, BIRC5, and BUB1 was associated with disease-free survival (DFS) in LUAD patients (Figure 8).


TABLE 5. The top 10 hub genes in the protein-protein interaction (PPI) network.
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FIGURE 6. Protein-protein interaction (PPI) network constructed by STEAP1 co-expression genes. (A) PPI network. (B) Ten hub genes in PPI network. Red, positive correlation genes; green, negative correlation genes; orange and yellow, hub genes.
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FIGURE 7. Expression of Hub genes of LUAD in the GEPIA database. (A) CDK1. (B) UBE2C. (C) CCAN2. (D) CCNB1. (E) CCNB2. (F) MAD2L1. (G) BIRC5. (H) BUB1. (I) NCAPG. (J) KIF4A. LUAD: lung adenocarcinoma; Red, lung adenocarcinoma tissue; Gray, normal lung tissue. *P < 0.05.
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FIGURE 8. Ten hub genes are associated with overall survival (OS) and disease-free survival (DFS) in LUAD patients in GEPIA database. (A) CDK1. (B) UBE2C. (C) CCAN2. (D) CCNB1. (E) CCNB2. (F) MAD2L1. (G) BIRC5. (H) BUB1. (I) NCAPG. (J) KIF4A.





DISCUSSION

Six-transmembrane epithelial antigen of prostate-1 is reportedly aberrantly regulated in numerous cancers, including prostate cancer, Ewing’s sarcoma, breast cancer and colorectal cancer, and is associated with the prognosis of cancer patients (Grunewald et al., 2012c; Ihlaseh-Catalano et al., 2013; Gomes et al., 2014; Lee et al., 2016; Barroca-Ferreira et al., 2018; Nakamura et al., 2019; Sun et al., 2019; Xie et al., 2019). Compared with tumor-adjacent normal tissues and benign prostatic hyperplasia (BPH) tissue, STEAP1 was upregulated in prostate cancer and prostatic intraepithelial neoplasia (PIN). Furthermore, STEAP1 expression levels are positively associated with the Gleason score and BCR (Ihlaseh-Catalano et al., 2013; Gomes et al., 2014). In contrast, STEAP1 was upregulated in the normal human endometrium and downregulated in most endometrial cancer tissue specimens. STEAP1 downregulation is associated with the degree of malignancy, tumor differentiation, and lymph node metastasis in endometrial cancer. Furthermore, the prognosis of patients with endometrial cancer with high STEAP1 expression levels was significantly better than that of patients with low STEAP1 expression levels (Sun et al., 2019). Moreover, STEAP1 was downregulated in breast cancer tissues and negatively correlated with the TNM stage, tumor grade, and lymph node metastasis in breast cancer patients. Kaplan–Meier analysis previously revealed that breast cancer patients with low STEAP1 expression levels tended to have a poor prognosis (Xie et al., 2019). Additionally, Zhuang et al. first reported that STEAP1 is upregulated in lung cancer tissue; however, no further assessment was conducted (Zhuang et al., 2015). This study shows that STEAP1 is upregulated in LUAD tissue, which is associated with the TNM stage and LNM. These results were further confirmed using the RNA-seq data from TCGA and GEO databases. Together, these results suggest that STEAP1 is a potential prognostic biomarker for LUAD.

The cell cycle is closely associated with the tumorigenesis and cancer progression. For instance, Wang et al. reported that the p53/p21 signaling pathway potentially inhibits SPAG5 expression, thereby regulating the proliferation and migration of LUAD cells (Wang T. et al., 2019). Similarly, Tan et al. reported that TNKS1BP1 was upregulated in LUAD and promoted cell cycle transformation (S phase accumulation and M phase decrease), and was associated with a poor prognosis of cancer patients. Furthermore, they reported that TNKS1BP1 regulates genome stability by influencing homologous recombination (Tan et al., 2017). Through Metascape analysis, this study shows that STEAP1 is involved in processes closely associated with tumorigeneses, such as cell division, cytokine production, cytokine signaling, and DNA replication. Further, KEGG analysis indicated that genes co-expressed with STEAP1 were involved in the cell cycle, the IL-17 signaling pathway, ECM receptor interaction, apoptosis, the NF-kB signaling pathway, and the TNF signaling pathway. These results were further validated via GSEA, which revealed that STEAP1 upregulation was associated with homologous recombination, the p53 signaling pathway, cell cycle, DNA replication, apoptosis, and the Toll-like receptor signaling pathway. STEAP1 silencing reportedly inhibited the activity and proliferation of LNCaP cells and induced apoptosis in prostate cancer by affecting p53, p21, Bax, Bax/Bcl-2, Caspase-9, FasL, Caspase-8, and Caspase-3 (Gomes et al., 2018). Furthermore, STEAP1 silencing inhibited proliferation, clonal formation, and invasion in vitro and in vivo in Ewing’s tumor. Moreover, STAT1 activation would be inhibited upon STEAP1 knockout (Grunewald et al., 2012b). Interference of STEAP1 inhibited proliferation but promoted apoptosis and increased the production of reactive oxygen species (ROS) in colorectal cancer cells. Considering the potential underlying mechanism, STEAP1 silencing inhibited the expression of nuclear erythroid 2-related factor (NRF2) in colorectal cancer cells (Nakamura et al., 2019) but promoted cell cycle transformation (G-S phase), thereby promoting cell proliferation and enhancing cell invasion, migration, and tumorigenesis in nude mice. Furthermore, STEAP1 knockdown inhibited the expression of E-cadherin but promoted the expression of N-cadherin, Vimentin, Snail, Slug, Twist, MMP2, and MMP9 (Sun et al., 2019). Therefore, based previous and the present data, we believe that STEAP1 potentially promotes the occurrence and progression of LUAD through its effects on the cell cycle, DNA replication, and apoptosis.

The 10 hub genes identified herein in the PPI network were closely associated with the cell cycle and potentially play a pivotal role in LUAD pathogenesis. CDK1 upregulation has been reported in LUAD and is reportedly associated with a poor patient prognosis (Liu W. T. et al., 2018). Further, nadroparin potentially inhibits the growth of LUAD-derived A549 and CALU1 cells by downregulating CDK1 (Carmazzi et al., 2012). In a related study, inhibition of UBE2C, an upregulated marker of esophageal squamous cell carcinoma, inhibited the growth of esophageal squamous cell carcinoma by modulating the expression of CCNB1, which was one of the ten hub genes identified in our previous study (Palumbo et al., 2016). CCNA2 is reportedly upregulated in NSCLC tissues and associated with a poor patient prognosis (Ko et al., 2013). Furthermore, CCNB2, MAD2L1, BUB1, and NCAPG are significantly upregulated in hepatocellular carcinoma (HCC) tissues and are implicated in the growth and metastasis of HCC cells (Li et al., 2017, 2019; Xu et al., 2017; Liu K. et al., 2018). BIRC5 is reportedly upregulated in ovarian cancer cells, and its inhibition impeded the growth and migration of ovarian cancer cells (Wang et al., 2018). KIF4A, another hub gene identified herein, is reportedly upregulated in colorectal cancer tissues and cell lines and was significantly associated with patient clinicopathological features including OS and DFS herein. Interestingly, KIF4A exerted its tumorigenic effects by regulating the cell cycle and cell proliferation (Hou et al., 2018). Together, these results show that the hub genes identified herein play a role in the occurrence and progression of numerous tumors by regulating various signaling pathways. These results also support our hypothesis that upregulation of CDK1, UBE2C, CCNA2, CCNB1, CCNB2, MAD2L1, BIRC5, BUB1, NCAPG, and KIF4A is potentially associated with a poor prognosis of LUAD patients. However, we could not unravel the complex interactions among these hub genes and STEAP1, and our results warrant further experimental verification to confirm their interplay in LUAD.



CONCLUSION

The present results show that STEAP1 is upregulated in LUAD and is associated with the clinicopathological features and prognosis of LUAD patients. Moreover, STEAP1 potentially promotes the occurrence and progression of LUAD by regulating homologous recombination, the p53 signaling pathway, cell cycle, DNA replication, and apoptosis, thus serving as a potential prognostic biomarker for LUAD.
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The relationship between urolithiasis and vitamin D receptor (VDR) gene variants is still under debate according to the available published literature. To assess correlations between VDR gene variants ApaI (rs7975232), BsmI (rs1544410), FokI (rs2228570), and TaqI (rs731236) and urolithiasis susceptibility, we performed the present study through meta-analysis. The PubMed, Cochrane Library, China National Knowledge Infrastructure, EMBASE, Web of Science, and Wanfang databases were searched to retrieve qualified case-control studies. Finally, 31 reports were selected for the present meta-analysis. The results demonstrated that the VDR gene TaqI TT genotype was related to decreased risk of urolithiasis in the overall population (TT vs. Tt+tt: P = 0.011, OR = 0.824, 95% CI = 0.709–0.957). In ethnicity subgroup analysis, we found that the TaqI variant was obviously correlated to urolithiasis risk among Asians and Caucasians (P < 0.05). Additionally, significant urolithiasis risk was identified in adults. However, the FokI, BsmI, and ApaI variants did not have an increased risk of developing urolithiasis. Trial sequential analysis results were on a sufficiently large number of participants and did not require more research to confirm associations. Our research suggested that the VDR gene variant TaqI was correlated with urolithiasis susceptibility and that the t-allele might be the risk gene and T-allele the protective gene in VDR TaqI variant.

Keywords: urolithiasis, variant, vitamin D receptor, meta-analysis, trial sequential analysis


INTRODUCTION

Urolithiasis is a disease with a prevalence rate of 1 to 5% around the world, and relapse is common after treatment. The 10 year recurrence rate of urolithiasis is up to 50% (Moe and Li, 2018). Epidemiologic research from Europe shows that 4 to 10% of adults get urolithiasis at least one time in their lives, which indicates that urolithiasis is one of the most common diseases threatening human health (Rivers et al., 2000). Causes of urolithiasis are complex and might be related to many factors such as environment, age, habits, genetic factors, metabolic disorders, etc. As more and more mature gene technologies come into use, various genes related to urolithiasis are gradually being discovered.

Vitamin D receptor (VDR) belongs to the superfamily of transcription factor nuclear receptors and is a soluble protein that exists in many nuclei and cell membranes (González-Castro et al., 2019). VDR is mainly distributed in the kidney, small intestine, skin, and bones. In addition, VDR expression is also found in human immune cells (macrophages, monocytes) and many tumor cells (Ou et al., 2014). The high variance of the VDR gene is the most important genetic factor that determines the host's ability to respond to the immune system. VDR gene variants are thought to be related to susceptibility to urolithiasis. So far, at least 25 VDR variants have been found. Among them, FokI (rs2228570), TaqI (rs731236), BsmI (rs1544410), and ApaI (rs7975232) are most intensively studied. VDR gene is located in 12q13.11 on the chromosome. Among the four VDR variants (FokI, ApaI, TaqI, and BsmI), three of them occur in the intron sections: the TaqI, ApaI, and BsmI variants, while only the FokI variant changes the codon (Ou et al., 2014; González-Castro et al., 2019). On account of the location of the gene, the influence of each variant can be different; for example, BsmI and TaqI variants can influence the translation efficiency and/or stability of the RNA, but they do not modify the structure of the VDR protein (Miyazawa and Suzuki, 2011). Variants of VDR have been found to be a significant risk factor for urolithiasis (Rivers et al., 2000; Stamatelou et al., 2003). At present, more and more epidemiologic investigations are centered on the relationship between urolithiasis risk and VDR gene variants, but the conclusions remain controversial (Aji et al., 2012; Cakir et al., 2016; Huang et al., 2019). For the above reasons, this meta-analysis was carried out to investigate whether susceptibility to urolithiasis was correlated to the VDR gene variants on the basis of widely collected investigations.



MATERIALS AND METHODS


Literature Search

A comprehensive search of the PubMed, Cochrane Library, China National Knowledge Infrastructure, EMBASE, Web of Science, and Wanfang databases and manual search were carried out to find relevant studies. Search strategies were: (VDR OR vitamin D receptor) AND (kidney stone disease OR calcium kidney stones OR urolithiasis) AND (variant OR SNP OR genotype OR polymorphism). We searched published studies up to Jan 30, 2020. In addition, we also traced back the relevant references of relevant studies and manually searched relevant articles as well as degree papers.



Criteria for Inclusion and Exclusion
 
Inclusion Criteria

(1) Case-control studies that focused on the relationship of VDR gene variants and urolithiasis; (2) research included VDR gene BsmI, ApaI, TaqI and FokI variants; (3) frequencies of alleles or genotypes in control groups and case groups could be exacted from the articles; (4) the distribution of genotypes of controls were in accord with Hardy-Weinberg equilibrium (HWE).



Exclusion Criteria

(1) Reviews, meta-analysis, letters, case reports; (2) studies published repeatedly; (3) results not based on VDR FokI, BsmI, ApaI, and TaqI variants; (4) works with incomplete data or where data were not available.




Data Extraction and Literature Quality Evaluation

The Newcastle-Ottawa Scale (NOS) was applied to estimate the quality of relevant articles. If the score was more than or equal to 5 points, the quality of the article was considered to be high. Two people independently extracted data from included documents depending on the formal criteria and then carefully checked the results against each other. If disagreement arose, then the document would be sent to another person for evaluation and review. The data extraction included the first author's name, population ethnicity and area of origin, publication date, sample size of total cases and controls, hypercalciuria in the urolithiasis group, age group, genotype distribution of four VDR gene variants, and genotyping methods. The genetic nomenclatures used in this meta-analysis were according to the recommendations of the Human Genome Variation Society (HGVS) and the American College of Medical Genetics and Genomics (ACMGG) (see Table 1).


Table 1. Genetic nomenclature used in this meta-analysis according to the recommendations of the Human Genome Variation Society (HGVS) and the American College of Medical Genetics and Genomics (ACMGG).
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Statistic Analyses

The odds ratio (OR) and 95% confidence interval (95% CI) were used for the analyses. The Cochran's Q-Test and heterogeneity coefficient I2 were applied to measure the heterogeneity. If I2 < 50% and P > 0.1, it was considered that the studies had no heterogeneity overall, and a fixed-effect model was used; otherwise, a random-effect model was applied. The contrast models were the allele model, dominant model, co-dominant model, homozygote model, and recessive model. Associations of VDR variants and urolithiasis under different genetic models were, respectively, analyzed by STATA 12.0 software.

We used Egger's test to evaluate the publication bias. If the P-value of Egger's test is more than 0.05 and the funnel plot is symmetrical, it can be considered that there is no significant evidence of publication bias.

We performed a sensitivity analysis to assess whether individual studies affected the overall results. In the end, it was found that after removing each one of the studies in turn, the combined odds ratio (OR) of the remaining studies was within the 95% CI in the meta-analysis. The above results showed that the combined OR of this meta-analysis had good stability.

For subgroup analysis, we divided all subject data into different subgroups so that comparisons could be made between subgroups. Subgroup analysis can be performed on different types of subjects (e.g., different ethnic or age groups). Ethnicity was categorized as Caucasian, Asian, or African. In the present study, we performed subgroup analysis by different ethnicity, age, and calciuria level group.



Trial Sequential Analysis (TSA)

The TSA was performed using TSA v0.9.5.10 Beta software developed by the Copenhagen Clinical Trial Center in Denmark. This study sets the OR reduction to 20%, the first type of error α = 0.05, and the second type of error β = 0.2 to calculate the required information size (RIS). When the size of the population is accumulating but is less than the expected amount, a trial sequential monitoring boundary (TSMB) is set based on the RIS. We performed this analysis according to the RIS and TSMB. When the cumulative Z-value crosses the TSMB, the results are considered statistically significant. At the same time, it can be considered that the sample size is sufficient.




RESULTS


Features of Recruited Studies

A total of 31 articles (Jackman et al., 1999; Ruggiero et al., 1999; Chen et al., 2001a,b; Nishijima et al., 2002; Ozkaya et al., 2003; Shaogang et al., 2003; Relan et al., 2004; Rendina et al., 2004; Shao-Qun et al., 2004; Bid et al., 2005a,b; Gunes et al., 2006; Liu et al., 2007; Moyano et al., 2007; Seyhan et al., 2007; Wang et al., 2009, 2012; Li Zhengming and Shi, 2010; Mittal et al., 2010; Mossetti et al., 2010; Seo et al., 2010; Aji et al., 2012; Basiri et al., 2012; Ruan et al., 2012; Guha et al., 2015; Aykan et al., 2016; Cakir et al., 2016; Goknar et al., 2016; Subaşi et al., 2017; Huang et al., 2019) reporting the relationship between VDR ApaI, BsmI, FokI, or TaqI gene variants and urolithiasis susceptibility were recruited through the search strategy (Figure 1 and Table 2). The data we needed were extracted fully (Table 2). Of these 31 articles, 12 articles studied the BsmI (rs1544410) variant, 19 articles the FokI (rs2228570) variant, 17 articles the TaqI (rs731236) variant, and 13 articles the ApaI (rs7975232) variant. The distribution of genotypes from these 31 studies were all in accordance with HWE.


[image: Figure 1]
FIGURE 1. Flowchart illustrating the search strategy for VDR variants and the urolithiasis risk.



Table 2. Main characteristics of recruited studies.
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Association of Urolithiasis Susceptibility With VDR TaqI Variant

The effects of the TaqI variant on urolithiasis susceptibility were investigated in 17 studies, comprising 2,155 cases and 2,326 controls. We found that a significant protective association was observed between urolithiasis susceptibility and the TaqI TT genotype in the overall population (TT vs. Tt+tt: P = 0.011, OR = 0.824, 95% CI 0.709–0.957; Figure 2A and Table 3).


[image: Figure 2]
FIGURE 2. Forest plots of VDR TaqI variant and urolithiasis: (A) overall for tt vs. TT, (B) Asian population for TT vs. Tt+tt, (C) Caucasian population for tt vs. TT, and (D) adults for TT vs. Tt+tt.



Table 3. Meta-analysis results.
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In subgroup analyses, significant urolithiasis risk was identified among Asians (Tt vs. TT: P = 0.016, OR = 1.332, 95% CI = 1.055-1.683; TT vs. Tt+tt: P = 0.030, OR = 0.782, 95% CI = 0.626–0.977; Figure 2B) and among Caucasians (t vs. T: P = 0.032, OR = 1.162, 95% CI = 1.013–1.332; tt vs. TT: P = 0.032, OR = 1.380, 95% CI 1.029–1.852; Figure 2C). Furthermore, lower urolithiasis risk was observed among adults (OR = 0.809, 95% CI = 0.684–0.957, P = 0.013; Figure 2D). However, patients with hypercalciuria did not exhibit a significant risk of urolithiasis.



Association of Urolithiasis Susceptibility With VDR ApaI Variant

The ApaI variant was investigated in 13 articles. The numbers of cases and controls were 1946 and 2004, respectively. In this meta-analysis, we observed that VDR ApaI variant had no association with risk of urolithiasis in the overall population (AA vs. aa: P = 0.970, OR = 0.996, 95% CI 0.807–1.229; Figure 3A and Table 3).


[image: Figure 3]
FIGURE 3. Forest plots of VDR TaqI variant and urolithiasis: (A) overall for ApaI AA vs. aa and (B) overall for BsmI BB vs. bb.


In ethnicity subgroup analysis, no relationship was observed among Asians and among Caucasians. In the subgroup of calciuria level, we did not find significant urolithiasis susceptibility among hypercalciuric cases (aa vs. AA+Aa: P = 0.966, OR = 0.994, 95% CI 0.745–1.325; Table 3). In subgroup analyses by age, we did not identify any correlation among adult patients (aa vs. AA+Aa: P = 0.179, OR = 1.127, 95% CI 0.947–1.342; Table 3).



Association of Urolithiasis Susceptibility With VDR BsmI Variant

Twelve studies (1,481 cases and 1,477 controls) considering the relationship between susceptibility to urolithiasis and VDR BsmI variant were selected for this study. In this meta-analysis, we found that VDR BsmI variant was not correlated with urolithiasis susceptibility in the overall population (BB vs. bb: P = 0.745, OR = 0.957, 95% CI 0.734–1.247; Figure 3B and Table 3).

Among Caucasian and Asian populations, VDR BsmI was again not correlated with urolithiasis susceptibility (Caucasian: BB vs. bb: P = 0.729, OR = 0.916, 95% CI 0.557–1.506; Asian: BB vs. bb: P = 0.828, OR = 0.941, 95% CI 0.544–1.628; Table 3), and neither were there any obvious correlations in subgroup analysis of age group and calciuria level group (Adult: bb vs. BB+Bb: P = 0.988, OR = 1.002, 95% CI 0.761–1.320; Hypercalciuria group: bb vs. BB+Bb: P = 0.223, OR = 1.411, 95% CI 0.811–2.458; Table 3).



Association of Urolithiasis Susceptibility With VDR FokI Variant

For VDR FokI variant, 19 research papers, including 2,847 cases and 2,919 normal controls, were selected. In our meta-analysis, urolithiasis risk had no relationship with VDR FokI variant in the overall population (ff vs. FF: P = 0.720, OR = 1.064, 95% CI 0.759–1.490; Table 3).

We performed stratification analyses by ethnicity, but no association was observed among Caucasians and Asians (Caucasian: ff vs. FF: P = 0.569, OR = 0.740, 95% CI 0.263–2.084; Asian: ff vs. FF: P = 0.277, OR = 1.200, 95% CI 0.864–1.666; Table 3). In subgroup analyses by age and calciuria level group, we found no correlation between urolithiasis susceptibility and the FokI variant (Adult: FF vs. Ff+ff: P = 0.340, OR = 0.861, 95% CI 0.633–1.171; Hypercalciuria group: FF vs. Ff+ff: P = 0.819, OR = 0.923, 95% CI 0.511–1.701; Table 3).



Sensitivity Analyses

Sensitivity analyses were implemented by removing each one investigation from the meta-analysis at a time. Moreover, the pooled ORs did not change markedly [1.01 (Lower Limit) < OR < 1.37 (Upper Limit)], which suggested that our results were reliable (Figure 4).


[image: Figure 4]
FIGURE 4. Sensitivity analysis of the pooled ORs and 95% CIs for TaqI variant (tt allele vs. TT allele).




Publication Bias

Egger's test and Begg's funnel plots were applied to assess publication bias (dominant contrast of pooled analysis: P = 0.661 for ApaI; P = 0.836 for BsmI; P = 0.953 for FokI; P = 0.464 for TaqI). The final results indicated no publication bias for results relating urolithiasis risk to VDR gene variants in the included studies.



Trial Sequential Analysis Results

We carried out TSA to reduce the risk of type I error and to assess the RIS. The final results based on the TaqI variant suggested that the size of the 11th study crossed the TSA boundary, and the positive conclusion was obtained in advance, which is consistent with the above meta-analysis results, even though the sample size did not reach the required information size (Figure 5; TaqI: 4,702 cases). Therefore, it can be asserted that TaqI variant TT carriers had a lower risk of urolithiasis than tt carriers and that the evidence was reliable. However, for the ApaI, BsmI, and FokI variants, the sample size did not reach the required information size (Figure 6A; BsmI: 4,306 cases; Figure 6B; ApaI: 4,074 cases; Figure 6C; FokI: 5,819 cases). Hence, more case-control studies are still needed to confirm the relationship between the BsmI, ApaI, and FokI variants and urolithiasis susceptibility.


[image: Figure 5]
FIGURE 5. Results of TSA with TaqI variant. The required information size was calculated based on a two-sided α = 5%, β = 15% (power 80%), and a relative risk reduction of 20%.



[image: Figure 6]
FIGURE 6. Results of TSA with BsmI, ApaI, and FokI variants. The required information size was calculated based on a two-sided α = 5%, β = 15% (power 80%), and a relative risk reduction of 20%. (A) for ApaI; (B) for BsmI; and (C) for FokI.





DISCUSSION

Urolithiasis is a common urological disease. It is affected by a variety of genetic and external factors, including natural factors, social environment, dietary habits, local diseases of the urinary system, and systemic metabolic disorders. Many of these are difficult to control, such as climate, latitude and sunlight, water quality, sex, etc. (Imamverdiev and Guseinzade, 2015). Studies have shown that hot conditions, reduced dietary fiber intake, and high intake of animal protein are important risk factors for urolithiasis (Gouru et al., 2018).

There is a direct link between diet and urolithiasis, and studies have found that excessive intake of high-fat foods has a catalytic effect on the formation of urolithiasis (Shimizu et al., 2012). Because of the high protein content of high-fat foods, it is easy to convert into excreted uric acid, and the appearance of high uric acid can lead to urolithiasis (Lee et al., 2008). Additionally, the amino acids in high-fat foods tend to lead to more obvious urine calcium. Due to a large intake of high-fat food, there will be a large amount of calcium excreted in the urine, which will cause the appearance of urolithiasis (Rotily et al., 2000).

Vitamin D (VD) is a fat-soluble substance that is produced due to exposure of the skin to ultraviolet rays from sunlight and is therefore called a “sunshine vitamin” (Philippa et al., 2009). In fact, VD is also a steroid hormone in the human body. Normal people can produce VD from sunlight exposure when they exercise outdoors. However, some groups of people, such as the white-collar workers, especially those living in the Northern hemisphere, have limited exposure to the sun, and their main source of VD is food (Nelson et al., 2015).

VDR is a pronuclear protein and belongs to a member of a superfamily that is composed of steroid hormone/thyroid hormone receptors (Ergon et al., 2017). Additionally, it is a nuclear macromolecule that mediates the biological effects of 1,25-(OH) D, which is a type of activated vitamin D substance (Shamran et al., 2017). As we all know, 1,25-(OH) D has a variety of biological functions in our body, such as regulating immune response, controlling cell proliferation and differentiation, and maintaining a mineral balance (Ruggiero et al., 1999). The most important function of 1,25-(OH) D is adjusting the metabolism of phosphorus and calcium in kidney, intestine, and bone, and it is mainly mediated by VDR (Ergon et al., 2017; Shamran et al., 2017). In urolithiasis, oxalate, phosphate, and calcium salt are the main components of urinary stones, and 85% are from calcium oxalate (Jurutka et al., 2000). Therefore, urolithiasis is closely related to calcium. As a regulatory gene for the metabolism of calcium, VDR is likely to be associated with susceptibility to urolithiasis.

Our meta-analysis systematically investigated correlations between urolithiasis susceptibility and VDR variants. For the TaqI variant, the TT genotype was significantly associated with decreased urolithiasis risk, while the Tt and tt genotypes elevated urolithiasis susceptibility. Therefore, the t-allele might be the risk gene, and the T-allele might be the protective gene. For the ApaI, BsmI, and FokI variants, we did not find any associations with urolithiasis risk.

In the age subgroup analysis, we found a decreased risk of susceptibility to urolithiasis associated with the VDR TaqI variant. The results suggested that TT genotype carriers were at a lower risk compared to tt genotype and Tt genotype carriers in adults. Thus, the TT genotype might be the proactive factor for urolithiasis susceptibility, while the Tt and tt genotype might be risk factors in urolithiasis.

In terms of the mechanism, the TaqI variant does not modify the VDR protein structure but can influence the translation efficiency and/or stability of the RNA, which might affect the development of urolithiasis (Jurutka et al., 2000; Uitterlinden et al., 2004). Yamagata et al. (1999) found that in peripheral blood mononuclear cell (PBMC) the VDR mRNA levels of allele t were significantly higher than those of allele T. Furthermore, Carling et al. (1998) found that individuals exhibiting the tt genotype had significantly higher VDR mRNA levels than those with the TT genotype (Carling et al., 1998). Therefore, it can be considered that people with the t alleles might have increased susceptibility to urolithiasis.

This meta-analysis included 31 case-control studies with 4,144 controls and 3,782 patients, while a previous study by Zhang et al. (2013) only had 23 articles with 2,303 controls and 2,046 cases. Zhang et al. found a decreased risk of urolithiasis associated with the ApaI and TaqI variants. Nevertheless, we did not find any significant association between urolithiasis susceptibility and the ApaI variant. Even in the racial subgroup analysis, there was no significant correlation among the Asian and Caucasian populations. Our meta-analysis included more studies than Zhang's study. Furthermore, in TSA, the cumulative Z-curve crossed the boundary of the TSA, which showed that our meta-analysis had a sufficient number of cases and controls. This may cause the difference between our results and those of Zhang.

Moreover, our meta-analysis also had some advantages. Firstly, our research carried out TSA to analyze the results of the study and the adequacy of the evidence. The TSA results showed that the results of the effect tests on the whole population, Asians, and Caucasians under different genetic models were based on sufficient evidence. Secondly, we carried out subgroup analysis on the basis of a range of related factors. Thirdly, we included more than 30 articles in our meta-analysis. Compared with previous studies, this meta-analysis contained a larger sample size, containing 7,926 subjects, with 3,782 urolithiasis patients and 4,144 non-urolithiasis participants, which was sufficient to draw a reliable conclusion. Fourthly, the subgroup analysis was sufficient. In addition, after Begg's test and sensitivity analysis, the pooled results and conclusions are proved to be credible to evaluate the relationship between urolithiasis risk and VDR variants.

Heterogeneity is very important and may affect meta results and result in error. In the present meta-analysis, the contrast model of ApaI and FokI variants had significant heterogeneity. Thus, we carried out the subgroup analysis of other related factors in order to decrease the sources of heterogeneity. The heterogeneity decreased in subgroup analysis by ethnicity and age.

There were still some limitations to this study that cannot be avoided. First, some unpublished studies with negative results might not be included. Second, this study did not reveal gene–environment and gene–gene interactions due to a lack of enough original information from included studies. Therefore, more multicenter investigations with a large sample are still needed in future to study the association between urolithiasis risk and VDR variants.

In conclusion, the results from this systematic review and meta-analysis indicated that urolithiasis susceptibility was associated with the TaqI variant. The Tt and tt genotypes could elevate the incidence of urolithiasis, while the TT genotype decreased urolithiasis risk. Therefore, the t-allele might be the risk gene and T-allele the protective gene in the VDR gene variant TaqI. However, no associations were observed in the ApaI, BsmI, and FokI variants. Our results also remind us of the necessity of early screening for urolithiasis in TaqI variant t-allele carriers.
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INTRODUCTION

Genome-wide association studies (GWASs) are reliable tools to identify novel gene variant–trait (disease) associations. Recently high ranked journals published exciting reviews on the potential in the health predictions based on GWAS results (Tam et al., 2019). This indicates a renewed interest in the clinical use of polygenic risk and hazard scores (PRS and PHS) for prevalent diseases.

Despite the potential of PRS/PHS that can be applied to evidence the genetic component of specific clinical and treatment phenotypes is suggested to be substantial (Lambert et al., 2019; Loscalzo, 2019; Meigs, 2019; Srinivasan et al., 2019) we are not aware of any clinical praxis guideline in the diabetes mellitus (DM) field today that would have had been implemented to help clinical decisions based on GWAS findings.

This indicates a slow progression of clinical utilization of the genetic association study results. This slow transition to clinics is particularly contrasting when compared to standard diabetes care which is improved greatly due to the number of newly introduced glucose-lowering drugs and also to the novel follow-up/diagnostic techniques (Davies et al., 2018).

There is an enormous context gap between the everyday routine clinics and the 3,730 published (all traits) GWASs identified a total of 37,730 single nucleotide variants (SNVs) and 52,415 unique SNV–trait associations (till January, 2019) (Tam et al., 2019).



POLYGENIC RISK AND HAZARD SCORES

The most often proposed clinical use of complex genetic data obtained from GWAS is the development of polygenic risk or hazard scores (PRSs/PHSs) (Sarraju and Knowles, 2019). Genome-wide PRS and PHS scores are summed up of genetic risks associated to many individual independent genetic effects and developed to predict a clinical outcome, e.g., a development of a disease with polygenic background (Khera et al., 2018; Florez, 2019).

The literature outlined that the effect of individual gene variants on complex common disease phenotype is relatively weak and in these cases the PRS might be useful (Lambert et al., 2019; Loscalzo, 2019; Meigs, 2019; Srinivasan et al., 2019). Effect sizes of common genetic variants for T2DM are modest ever since the early GWAS era and are usually ranging from 10 to 35% (Lyssenko and Laakso, 2013). Consistently the OR is typically in between 1.1 and 1.3 and the OR for the identified common gene variants for T2DM remains below 1.7 (Prasad and Groop, 2015).

However, due to that GWASs require high sample sizes the studied prevalent disease eventually may be composed of largely heterogeneous subgroups (Ahlqvist et al., 2018). In addition as the sample sizes are increasing further novel rare and/or small effect variants might be found. The task is further complicated by social, population diversity, sex differences, economic, and ethical challenges. Till now the genetic risk predictions have had no added value to prediction models for T2DM based on simple clinical risk factors, provided that GRS have been applied to the “general” population (Meigs et al., 2008). There is a shift in the understanding with a key element that rather the principal disease traits (i.e., sub-phenotypes or “endophenotypes”) should be put into the focus of the genetic prediction models than the “general population” to gain success in the clinical application of GRS. It is estimated that only 30% of (T2DM) patients might fall within the top 10% of a disease trait (“cluster”) associated GRS (Florez, 2019). Therefore, we may conclude that significant associations and the added value of the genetic prediction models may remain hidden with the “usual approach” when the analysis is only applied to less narrow, more heterogenous, “too general” populations, instead of assessing disease subtypes or key traits referring to specific mechanisms. Others also concluded that T2DM genetic risk score is not sufficient to improve health or health-economic, rather the better identification of metabolic sub-phenotypes with stronger genetic background might improve the opportunities for health translation (Meigs, 2019).

Few authors already argue that it is essential to stratify people based on genomic DNA variation and for some common diseases, including coronary artery disease and atrial fibrillation, PRSs reached to a point when it is appropriate to implement into clinical care (Khera et al., 2018). In addition to PRS studies that are designed to identify high-risk groups recently there is also an intriguing discussion about the potential value for the use in evaluating therapeutic response (Gibson, 2019). Nevertheless, the same reviews are also outlining that when PR scores identify the upper two deciles of the risk distribution it is on the cost of declining sensitivity. PRS sensitivity (defined as the approximate proportion of cases captured by the PRS at a given PRS percentile) usually drops below 50% in such typical cases as estimated from a PRS created from many thousands of variants in a population of hundreds of thousands of individuals, such as the UK Biobank (Gibson, 2019).



GWAS FINDINGS AS “CLINICALLY CRUDE DATA”

From the clinician's perspective the genetic findings of GWASs might be interpreted as “crude” data. A refined disease subgroup definition and a more precise phenotyping might be applied to get closer to a more meaningful clinical association (Ahlqvist et al., 2018; Meigs, 2019). We highlight that in case of a few—already identified disease associated—gene variants the genetic effect sizes may be substantially higher provided that we assess more precisely defined clinical traits and treatment modalities. This approach that might potentially be applicable only for a few gene variants, but could help more in the clinical use of genetic information.



ASSOCIATION OF MTNR1B RS10830963 GENE VARIANT AND DIABETES MELLITUS TRAITS


Type 2 Diabetes Mellitus (T2DM) Development

The MTNR1B rs10830963 associated effects on non-autoimmune diabetes mellitus (DM) traits are discussed as an example, more specifically the differences in the genetic effect sizes for T2DM development and GDM development/therapy.

The odds ratios (ORs)—referring to the genetic effect sizes—associated to the rs10830963 variant are very moderate for T2DM development (1.09–1.12-fold per G allele) (Lyssenko et al., 2009; Prokopenko et al., 2009).



Gestational Diabetes Mellitus (GDM) Development

In contrast, independent case-control genetic studies report OR values between 1.29 and 2. for GDM development in Middle European (Vejrazkova et al., 2014; Rosta et al., 2017), Mediterranean Hispanic (García de la Torre et al., 2019), Middle Eastern (Alharbi et al., 2019) Asian (Wu et al., 2016) and Russian (Popova et al., 2017) pregnant populations. The MTNR1B rs10830963 associated effects appeared to be more preponderant provided that the mean pre-pregnancy BMI was above 25 kg/m2 (Wu et al., 2016). Furthermore the OR values for GDM development were particularly high (1.96) when BMI was above 30 kg/m2 (Alharbi et al., 2019) even after adjustment to BMI. This indicates substantially higher MTNR1B rs10830963 associated genetic effect sizes when GDM compared to T2DM development and therefore suggests additional pregnancy specific factors.




ASSOCIATION OF MTNR1B RS10830963 GENE VARIANT AND PREVENTION AND THERAPY OF GDM

We found that the genetic effect sizes are further increased (OR = 5.2 for G allele carriers) on the need for antenatal insulin therapy (AIT) initiation in Hungarian GDM patients (Firneisz et al., 2018) above the pre-pregnancy BMI threshold of 29 kg/m2. Furthermore, it was independently reported (Grotenfelt et al., 2016) that the rs10830963 G risk allele carrying significantly decreased the odds with a similar effect size (OR for intervention failure in G allele carriers >5) of responding to an early (from the 13th gestational week) medical nutrition therapy and lifestyle intervention in high-risk (pre-pregnancy BMI ≥ 30 kg/m2 and/or prior GDM) Finnish pregnant women. In addition the MTNR1B rs10830963 variant is reported to augment the effect of lifestyle risk factors and dietary habits (in particular sausage consumption) on GDM development (Popova et al., 2017).

These three reports independently indicate clinical consequences associated to the MTNR1B rs10830963 risk genotype in the prevention strategies and also the treatment of high risk disease subpopulations.



DIFFERENCE IN GENETIC EFFECT SIZES AND POTENTIAL EXPLANATIONS

The high effect sizes in precisely identified patient sub-populations might be potentially useful for guiding the clinical practice, although it might be relevant for only around 30% of the entire disease population in T2DM (Florez, 2019). A novel approach of associating clinical utility to the crude GWAS findings and the MTNR1B rs10830963 associated genetic effects to distinct endophenotypes within the diabetes mellitus spectrum might demonstrate consistently similar features (Figure 1).
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FIGURE 1. The association of MTNR1B rs10830963 gene variant with different clinical traits in non-autoimmune diabetes mellitus and the corresponding odds ratios.


One possible pregnancy specific factor to explain this phenomenon might be the robust increase (>3x at the end of pregnancy compared to levels before the 24th gestational week) in the night time maternal serum melatonin (physiological ligand of the MTNR1B encoded MT2 receptor) concentrations (Nakamura et al., 2001). The continuous rise of the night time maternal serum melatonin levels from the 24 to 28th gestational week accords with the time-frame of the routine diagnostic OGTT during pregnancy. The expression of MTNR1B mRNA is generally very low in all tissues, yet a higher expression (HPA RNA-seq normal tissues) is found in the placenta where it is also expressed at protein level (MT2) (Li et al., 2018). One may hypothesize that the exceptionally high maternal ligand concentrations during the 3rd trimester are somehow causally related to the multiplied effect sizes associated to the rs1083096 receptor gene variant in GDM development and treatment.

In addition, the difference in age ranges of the study participants in T2DM GWAS (35–70 years of age) vs. GDM genetic association studies (substantially younger, reproductive age) might also contribute to the attenuated MTNR1B rs10830963 associated genetic effect sizes reported for T2DM compared to GDM development. This could potentially be due to the age-associated decline in melatonin production and melatonin receptor expression (Hill et al., 2011) and the ab ovo disrupted central clock driven circadian melatonin output in metabolic diseases in the elderly (Belancio et al., 2014).

If we systematically narrow the studied population to precisely defined subgroups (T2DM development < GDM development < AIT initiation in GDM with BMI over 29 kg/m2), we experience a step-wise increase in the genetic effect size (Figure 1).



THE POTENTIAL SIGNIFICANCE OF MTNR1B RS10830963 IN GDM COMPLICATIONS

Provided that the observation is approached reversely, from the point of genetic associations to the complications in populations with high enough proportion of undiagnosed/untreated GDM patients (“natural disease course”) then we should—in theory—arrive back to the MTNR1B rs10830963 variant. Recently, a large GWAS reported maternal genetic effects for the neonatal birth weight that were independent of offspring genetics (Beaumont et al., 2018). Among the identified maternal signals the MTNR1B rs10830963 was characterized by the lowest p-value association with neonatal birthweight and had the highest genetic effect size out of the more than 8 million gene variants assessed in the united EGG and UKBB meta-analysis. It is meaningful that this study population was unadjusted to glycemia during pregnancy/presence of GDM (which was not systematically excluded using an OGTT during pregnancy), despite these maternal conditions are well-known to be associated with offspring birth weight. We should hypothesize that this birth weight increasing genetic effect also occurs when the neonatal outcome is expressed in birth weight percentiles and therefore the maternal MTNR1B rs10830963 might be associated with higher occurrence of large for gestational age (LGA) one of the most known GDM complications.



DISCUSSION

The wider clinical use of genetic data in complex diseases could be determined by

• The risk allele frequency (RAF) in the population,

• The genetic effect size related to a clinically significant outcome

• And the appropriate definition of the sub-population (“endophenotype”) in which the prediction of the therapeutic response is aimed.

The proportion of MTNR1B rs10830963 risk G allele carriers reached/exceeded the 50% in the populations reported on Figure 1 that might indicate a rationale for population based screening programs of high risk GDM pregnancies in these regions. Our response as clinicians should already be triggered in any case when a meaningful outcome, such as antenatal insulin treatment in GDM is assessed in a precisely defined clinical trait and the exposure results in an OR value over 5, even in the case of a single risk gene variant without the use of a challenging PRS/PHS. AIT need in GDM might still be a complex trait from the genetic point, however we think that—unlike T2DM development—this genetic complexity could be characterized by a gene variant with the major effect (MTNR1B rs10830963) in populations where it occurs with high enough MAF (such as European, Asian and Middle-Eastern origins).

Interestingly, in parallel with identifying the upper two deciles in the risk distribution in this case this model employing a single, but high effect gene variant could still keep the pick-up rate (equivalents to the sensitivity) above 50%, in contrast to PRS which—in general—still faces the problem of declining sensitivity (defined as the approximate proportion of cases captured by the PRS at a given percentile) as the cost that the higher precision and OR values could only be gained with increased number of gene variants (Gibson, 2019).

We may conclude that an approach employing even a single gene variant might potentially be more informative in predicting the therapeutic responses provided that this model is used in a narrow, clinically well-defined “endophenotype” in patients already diagnosed with a prevalent disease if the genetic effect size is high enough and the variant is not rare.

However, we suspect that such clinical conditions might not be that frequent and therefore the described approach could be considered as auxiliary to the PRS which appears to be more of clinical use (even if it is currently limited) when the aim is to assess the genetic risk in largely different, broader, more heterogeneous populations with individually weak effect gene variants.

Three independent genetic studies confirmed that the maternal MTNR1B rs10830963 risk variant is consistently associated with major forms of clinical consequences (Florez, 2019), such as

• Early prevention failure in high risk pregnant (Grotenfelt et al., 2016)

• Therapy (AIT need) in high risk GDM (Firneisz et al., 2018) subpopulations and

• A neonatal complication related trait in the general population (Beaumont et al., 2018).

Therefore we may not only hypothesize that the precision medicine approach (employing the MTNR1B rs10830963 gene variant) in predicting the AIT need in a narrow subpopulation of patients already diagnosed with GDM might result in better and earlier identification of patients who would require antenatal insulin therapy (Firneisz et al., 2018), but also—consistently with the findings of the maternal GWAS on neonatal birthweight (Beaumont et al., 2018)—we may potentially expect the reduction of complications (e.g., macrosomia/LGA rate).

Nevertheless, as an ultimate gold standard first step in clinics an RCT should be conducted to confirm that this genetic precision medicine based approach might result in any of the expected clinical benefits at all.



AUTHOR CONTRIBUTIONS

GF conceived the opinion and wrote the manuscript. KR, JR, JH, AK-W, AS, and ÁN reviewed the manuscript.



FUNDING

The publication costs were covered by the Semmelweis University, Budapest, Hungary.



REFERENCES

 Ahlqvist, E., Storm, P., Karajamaki, A., Martinell, M., Dorkhan, M., Carlsson, A., et al. (2018). Novel subgroups of adult-onset diabetes and their association with outcomes: a data-driven cluster analysis of six variables. Lancet Diabetes Endocrinol. 6, 361–369. doi: 10.1016/S2213-8587(18)30051-2

 Alharbi, K. K., Al-Sulaiman, A. M., Shedaid, K. M. B., Al-Shangiti, A. M., Marie, M., Al-Sheikh, Y. A., et al. (2019). MTNR1B genetic polymorphisms as risk factors for gestational diabetes mellitus: a case-control study in a single tertiary care center. Ann. Saudi Med. 39, 309–318. doi: 10.5144/0256-4947.2019.309

 Beaumont, R. N., Warrington, N. M., Cavadino, A., Tyrrell, J., Nodzenski, M., Horikoshi, M., et al. (2018). Genome-wide association study of offspring birth weight in 86 577 women identifies five novel loci and highlights maternal genetic effects that are independent of fetal genetics. Hum. Mol. Genet. 27, 742–756. doi: 10.1093/hmg/ddx429

 Belancio, V. P., Blask, D. E., Deininger, P., Hill, S. M., and Jazwinski, S. M. (2014). The aging clock and circadian control of metabolism and genome stability. Front. Genet. 5:455. doi: 10.3389/fgene.2014.00455

 Davies, M. J., D'Alessio, D. A., Fradkin, J., Kernan, W. N., Mathieu, C., Mingrone, G., et al. (2018). Management of hyperglycaemia in type 2 diabetes, 2018. A consensus report by the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetologia 61, 2461–2498. doi: 10.1007/s00125-018-4729-5

 Firneisz, G., Rosta, K., Al-Aissa, Z., Hadarits, O., Harreiter, J., Nadasdi, A., et al. (2018). The MTNR1B rs10830963 variant in interaction with pre-pregnancy BMI is a pharmacogenetic marker for the initiation of antenatal insulin therapy in gestational diabetes mellitus. Int. J. Mol. Sci. 19, 3734–3747. doi: 10.3390/ijms19123734

 Florez, J. C. (2019). “A global overview of precision medicine in type 2 diabetes,” in EASD Virtual Meeting (Barcelona).

 García de la Torre, N., Valerio, J., Barabash, A., del Valle, L., Assaf-Balut, C., Bordiu, E., et al. (2019). “A genetic risk score combining four risk genes for diabetes modulate the effect of a mediterranean diet on the incidence of gestational diabetes”, in EASD Virtual Meeting (online presentation) (Barcelona).

 Gibson, G. (2019). On the utilization of polygenic risk scores for therapeutic targeting. PLoS Genet. 15:e1008060. doi: 10.1371/journal.pgen.1008060

 Grotenfelt, N. E., Wasenius, N. S., Rono, K., Laivuori, H., Stach-Lempinen, B., Orho-Melander, M., et al. (2016). Interaction between rs10830963 polymorphism in MTNR1B and lifestyle intervention on occurrence of gestational diabetes. Diabetologia 59, 1655–1658. doi: 10.1007/s00125-016-3989-1

 Hill, S. M., Cheng, C., Yuan, L., Mao, L., Jockers, R., Dauchy, B., et al. (2011). Declining melatonin levels and MT1 receptor expression in aging rats is associated with enhanced mammary tumor growth and decreased sensitivity to melatonin. Breast Cancer Res. Treat 127, 91–98. doi: 10.1007/s10549-010-0958-0

 Khera, A. V., Chaffin, M., Aragam, K. G., Haas, M. E., Roselli, C., Choi, S. H., et al. (2018). Genome-wide polygenic scores for common diseases identify individuals with risk equivalent to monogenic mutations. Nat. Genet. 50, 1219–1224. doi: 10.1038/s41588-018-0183-z

 Lambert, S. A., Abraham, G., and Inouye, M. (2019). Towards clinical utility of polygenic risk scores. Hum. Mol. Genet. 28, R133–R142. doi: 10.1093/hmg/ddz187

 Li, C., Zhou, Y., Qiao, B., Xu, L., Li, Y., and Li, C. (2018). Association between a melatonin receptor 1B genetic polymorphism and its protein expression in gestational diabetes mellitus. Reprod. Sci. 26, 1382–1388. doi: 10.1177/1933719118765983

 Loscalzo, J. (2019). Network medicine and type 2 diabetes mellitus: insights into disease mechanism and guide to precision medicine. Endocrine 66, 456–459. doi: 10.1007/s12020-019-02042-4

 Lyssenko, V., and Laakso, M. (2013). Genetic screening for the risk of type 2 diabetes: worthless or valuable? Diabetes Care 36 (Suppl. 2), S120–126. doi: 10.2337/dcS13-2009

 Lyssenko, V., Nagorny, C. L., Erdos, M. R., Wierup, N., Jonsson, A., Spegel, P., et al. (2009). Common variant in MTNR1B associated with increased risk of type 2 diabetes and impaired early insulin secretion. Nat Genet. 41, 82–88. doi: 10.1038/ng.288

 Meigs, J. B. (2019). The genetic epidemiology of type 2 diabetes: opportunities for health translation. Curr. Diab. Rep. 19:62. doi: 10.1007/s11892-019-1173-y

 Meigs, J. B., Shrader, P., Sullivan, L. M., McAteer, J. B., Fox, C. S., Dupuis, J., et al. (2008). Genotype score in addition to common risk factors for prediction of type 2 diabetes. N. Engl. J. Med. 359, 2208–2219. doi: 10.1056/NEJMoa0804742

 Nakamura, Y., Tamura, H., Kashida, S., Takayama, H., Yamagata, Y., Karube, A., et al. (2001). Changes of serum melatonin level and its relationship to feto-placental unit during pregnancy. J. Pineal Res. 30, 29–33. doi: 10.1034/j.1600-079x.2001.300104.x

 Popova, P. V., Klyushina, A. A., Vasilyeva, L. B., Tkachuk, A. S., Bolotko, Y. A., Gerasimov, A. S., et al. (2017). Effect of gene-lifestyle interaction on gestational diabetes risk. Oncotarget 8, 112024–112035. doi: 10.18632/oncotarget.22999

 Prasad, R. B., and Groop, L. (2015). Genetics of type 2 diabetes-pitfalls and possibilities. Genes 6, 87–123. doi: 10.3390/genes6010087

 Prokopenko, I., Langenberg, C., Florez, J. C., Saxena, R., Soranzo, N., Thorleifsson, G., et al. (2009). Variants in MTNR1B influence fasting glucose levels. Nat. Genet. 41, 77–81. doi: 10.1038/ng.290

 Rosta, K., Al-Aissa, Z., Hadarits, O., Harreiter, J., Nadasdi, A., Kelemen, F., et al. (2017). Association Study with 77 SNPs confirms the robust role for the rs10830963/G of MTNR1B variant and identifies two novel associations in gestational diabetes mellitus development. PLoS ONE 12:e0169781. doi: 10.1371/journal.pone.0169781

 Sarraju, A., and Knowles, J. W. (2019). Genetic testing and risk scores: impact on familial hypercholesterolemia. Front. Cardiovasc. Med. 6:5. doi: 10.3389/fcvm.2019.00005

 Srinivasan, S., Jablonski, K. A., Knowler, W. C., Dagogo-Jack, S., Kahn, S. E., Boyko, E. J., et al. (2019). A polygenic lipodystrophy genetic risk score characterizes risk independent of BMI in the diabetes prevention program. J. Endocr. Soc. 3, 1663–1677. doi: 10.1210/js.2019-00069

 Tam, V., Patel, N., Turcotte, M., Bosse, Y., Pare, G., and Meyre, D. (2019). Benefits and limitations of genome-wide association studies. Nat. Rev. Genet. doi: 10.1038/s41576-019-0127-1

 Vejrazkova, D., Lukasova, P., Vankova, M., Vcelak, J., Bradnova, O., Cirmanova, V., et al. (2014). MTNR1B genetic variability is associated with gestational diabetes in czech women. Int. J. Endocrinol. 2014:508923. doi: 10.1155/2014/508923

 Wu, L., Cui, L., Tam, W. H., Ma, R. C., and Wang, C. C. (2016). Genetic variants associated with gestational diabetes mellitus: a meta-analysis and subgroup analysis. Sci. Rep. 6:30539. doi: 10.1038/srep30539

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Firneisz, Rosta, Rigó, Nádasdi, Harreiter, Kautzky-Willer and Somogyi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 30 April 2020
doi: 10.3389/fgene.2020.00396





[image: image]

Single-Cell Transcriptomic Analysis Reveals Mitochondrial Dynamics in Oocytes of Patients With Polycystic Ovary Syndrome

Lingbin Qi1†, Boxuan Liu2†, Xian Chen1, Qiwei Liu3, Wanqiong Li4, Bo Lv1, Xiaoyu Xu1, Lu Wang1, Qiao Zeng5*, Jinfeng Xue1* and Zhigang Xue1,4*

1Department of Regenerative Medicine, Tongji University School of Medicine, Shanghai, China

2Precision Medicine Center, The Second People’s Hospital of Huaihua, Huaihua, China

3Department of Gynecological Minimal Invasive Center, Beijing Obstetrics and Gynecology Hospital, Capital Medical University, Beijing, China

4Reproductive Medicine Center, Tongji Hospital, Tongji University, Shanghai, China

5Center of Reproductive Medicine of Ji’an Maternal and Child Health Hospital, Ji’an, China

Edited by:
Ahmed Rebai, Centre of Biotechnology of Sfax, Tunisia

Reviewed by:
Said Assou, Université de Montpellier, France
Salma Ben-Salem, Cleveland Clinic, United States

*Correspondence: Zhigang Xue, xuezg@tongji.edu.cn; Jinfeng Xue, xuejinfeng@me.com; Qiao Zeng, zengqiao@cellpro.com.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Genomic Medicine, a section of the journal Frontiers in Genetics

Received: 15 January 2020
Accepted: 30 March 2020
Published: 30 April 2020

Citation: Qi L, Liu B, Chen X, Liu Q, Li W, Lv B, Xu X, Wang L, Zeng Q, Xue J and Xue Z (2020) Single-Cell Transcriptomic Analysis Reveals Mitochondrial Dynamics in Oocytes of Patients With Polycystic Ovary Syndrome. Front. Genet. 11:396. doi: 10.3389/fgene.2020.00396

Polycystic ovary syndrome (PCOS), characterized by polycystic ovarian morphology, ovarian follicular maturation arrest, and hormonal disorders, affects numerous women in the reproductive age worldwide. A recent study has found that mitochondria are likely to play an essential role in oocyte quality. However, it is still unclear whether oocyte development failure is associated with mitochondria in patients with PCOS. We analyzed the single-cell RNA sequencing data from the previous study, including data from 14 oocytes from 7 healthy fertile women and 20 oocytes from 9 patients with PCOS at the germinal vesicle (GV) stage, metaphase I (MI) stage, and metaphase II (MII) stage. We revealed the transcriptomic dynamics by weighted gene co-expression network analysis (WGCNA) and investigated the differences between stages using PCA and Deseq2 analyses to identify the differential expression genes (DEGs). Gene ontology (GO) was performed using clusterProfiler R package and Metascape. Our results indicated that specific gene modules were related to different stages of oocyte development using WGCNA. Functional enrichment analysis and gene co-expression network analysis found significant enrichment of the mitochondrial regulation genes at the GV stage. PCA (principal component analysis) and differential gene expression analysis suggested that GV was significantly different from the MI and MII stages between the two groups. Further analysis demonstrated that the upregulated differentially expressed genes at the GV stage of patients with PCOS mainly related to mitochondrial function, such as COX6B1, COX8A, COX4l1, and NDUFB9. Meanwhile, these genes tended to be activated at the MII stage in healthy cells, suggesting that some mitochondrial functions may be prematurely activated at the GV stage of PCOS oocytes, whereas this process occurs at the MII stage in healthy oocytes. Collectively, our study showed that aberrant mitochondrial function at the GV stage may contribute to a decline in oocyte quality of PCOS patients.

Keywords: polycystic ovary syndrome, mitochondrial dynamics, oocyte, single-cell sequence, transcriptomic analysis


INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common disorder affecting 5–20% of the women of reproductive age worldwide. PCOS is mainly characterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology (PCOM) (Azziz et al., 2016). The interaction between insulin resistance (Dunaif, 2006), hyperinsulinemia (Landay et al., 2009), and gonadotropin disturbance (Hsu et al., 2009) can induce PCOS, but the pathogenesis is still unclear. Currently, the treatment strategies for PCOS mainly include medical treatment, ovarian surgery, and in vitro fertilization (IVF) therapy (Child et al., 2001; Harborne et al., 2003; Hendriks et al., 2007; Requena et al., 2008; Witchel et al., 2019). Women diagnosed with PCOS, who undergo IVF treatment, show a high probability for pregnancy and reach the mean level of the pregnancy rate (Nahuis et al., 2011). However, several serious problems exist. Besides the high risk of ovarian hyperstimulation syndrome and preeclampsia, oocyte amounts and quality obtained from patients with PCOS undergoing IVF are worse than those from healthy fertile women (Fauser et al., 2004; Ahmadi et al., 2013).

Mitochondria are the center of energy metabolism, and can both supply enough energy for cells and regulate cellular survival and development (Chan, 2006; Martinou and Youle, 2011; Spinelli and Haigis, 2018). Accumulating evidence has shown that mitochondria play an essential role in oocyte maturation, influencing oocyte and subsequent embryonic development (Babayev and Seli, 2015; May-Panloup et al., 2016). Mitochondrial dysfunction affects oocyte maturation, which can consequently decrease female fertility (Harvey, 2019). It can be inferred that a decline in oocyte quality in patients with PCOS may be related to abnormal mitochondrial function. However, the intracellular alterations and mitochondria-associated mechanism in oocytes of PCOS are still unclear owing to the limitations in patient material and technologies.

In this context, we analyzed the single-cell RNA-seq (scRNA-seq) data of healthy and PCOS oocytes from different stages of its maturation, including germinal vesicle (GV), metaphase I (MI), and metaphase II (MII). Combined with the bioinformatics algorithms, we determined the mitochondrial dynamics in PCOS oocytes and explored whether aberrant mitochondrial function is associated with the failure of oocyte development in patients with PCOS.



MATERIALS AND METHODS


Data Retrieval

The scRNA-seq data for analyses were obtained from parts of a previous study published by our group, inclusion criteria and ethical statements have been previously described (Liu et al., 2016). Briefly, ovarian stimulation and oocyte retrieval were performed according to the published protocols (Fauser et al., 2004). Each picked up oocyte was transferred to a tube containing lysis buffer and stored at −80°C for further analysis. We conducted single-cell RNA-sequencing followed by the published Smart-seq2 protocol (Picelli et al., 2013) and sequence based on illumina HiSeq 2500.

For calculating the expression of genes, the adaptor contaminants and low-quality based on the scRNA-seq reads were trimmed by Trimmomatic (V0.33) (Bolger et al., 2014), then the clean reads were aligned to hg38 reference genome using STAR (version 2.7.1a) (Dobin et al., 2013). The number of mapped reads in the BAM file of each sample was counted, then the gene expression was defined using read count (Figure 1A). Additionally, normalized counts Fragments Per Kilobase Million (FPKM) was calculated based on the previous paper (Trapnell et al., 2014). According to the protocol, the read count was used for DESeq2 to calculated the differentially expressed genes (DEGs), FPKM was used for WGCNA analysis (Figure 1B).
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FIGURE 1. The schematics of the study design. (A) The progress of data alignment. After acquiring the raw data of Smart-seq2, the adaptor contaminants and low-quality reads were trimmed. Then, number of mapped read in the BAM file of each sample were aligned to read count and FPKM. (B) The progress of the study. scRNA-seq data were obtained at different oocyte development stages (GV, MI, and MII) from healthy women and patients with PCOS, the processed data were used for WGCNA, differential gene expression analysis and GO enrichment analysis to detect the dynamic changes of transcriptome.




Weighted Gene Co-Expression Network Analysis (WGCNA)

To investigate the gene expression network during the maturation process of oocytes, we performed WGCNA (V1.68) (Langfelder and Horvath, 2008) and determined the relationship of gene co-expression in different stages between healthy individuals and individuals with PCOS. The criteria of filtering were clustering height above 15000 or below 10. The power used in WGCNA was set according to the SoftThreshold, and we plotted module detection via dynamic tree cutting. For the demonstration of the relationship between different modules, results were visualized using module and eigengene relation heatmap, and the gene co-expression network was extracted and further processed using MCODE in Cytoscape software (V3.7.2) (Shannon et al., 2003). For a distinct and precise representation of the data, genes contained in the significantly relevant modules were extracted and analyzed using Metascape (Zhou et al., 2019).



Gene Clustering and Differential Expression Analysis

To explore the clusters in different stages, we used the principal component analysis (PCA) and visualized the dotplots by selecting the top two principal components. Differential gene expression analysis was performed using the DESeq2 package (V1.24.0) (Love et al., 2014). Briefly, read counts were input to build dds objects, and DEGs were extracted from the dds results. DEGs at different stages were illustrated using a volcano plot according to the EnhancedVolcano package (V1.2.0) (Blighe et al., 2019). Genes with a p-value < 0.05 and absolute fold change ≥2 were regarded as differentially expressed genes.



Gene Ontology (GO) and KEGG analysis

To detect the genome-wide expression profiles between healthy and PCOS oocyte, we performed gene set enrichment analysis (GSEA) for hallmark gene sets and GO gene sets separately (Mootha et al., 2003; Subramanian et al., 2005) using datasets of whole samples in these groups. Gene ontology enrichment analysis was conducted using the clusterProfiler package (V3.12.0) (Yu et al., 2012). Before analysis, we transferred gene names from “symbol” to “entrezid” according to org.Hs.eg.db package (V3.8.2) (Marc, 2019). We harvested genes using biological progress (BP) subontology. Terms with the p-value < 0.05 were considered and enriched as significant. Dotplot and gene-concept networks were illustrated using the enrichplot package (V1.4.0) (Yu, 2019). Relative expression of selected genes involved in GO terms was calculated using samples filtered by clustering height above 15000 or below 10 and Boxplots were illustrated using the ggplot2 package (V3.2.1) (Ginestet, 2011). Genes involved in particular GO sets were highlighted in the KEGG pathway using clusterProfiler package (V3.12.0) (Yu et al., 2012).



Statistical Analysis

Statistical analyses in Figure 5 were performed by GraphPad Prism (V8.2.1). The FPKM data of selected mitochondria-related genes were used for testing by unpaired, two tailed Mann-Whitney U tests. p-value < 0.05 were regarded as statistically significant and marked with asterisk.



RESULTS


WGCNA Reveals Different Genetic Dynamics of Maturation Between Healthy and PCOS Oocytes

The scRNA-seq data of 6 GV oocytes, 5 MI oocytes, 3 MII oocytes from 7 healthy fertile women and 7 GV oocytes, 4 MI oocytes, 9 MII oocytes from 9 PCOS patients were analyzed. The clinical variables of these 16 donors confirmed the phenotype of PCOS patients, including significant decreased of antral follicle, LH, LH/FSH, testosterone, sex hormone-binding globulin (SHBG) and ovarian volume (p-value < 0.05) (Table 1). For exploring the genetic program macroscopically, we profiled 63129 genes from these 35 samples using WGCNA and 16 gene co-expression modules were identified (Figure 2A). Particularly, we found that the blue module was the most significant and correlated with the GV stage, while the yellow module was the most significant and correlated with the MI stage, and magenta module was the most significant and correlated with the MII stage (Figure 2B). GO functional enrichment of hub genes in these three modules were analyzed using Metascape (Zhou et al., 2019). In the blue module, genes were mainly involved in the ncRNA metabolic process, mitochondrion organization and others, while chemotaxis, pid p53 downstream pathway and others were abundant in the yellow module, and reversible hydration of carbon dioxide, cell-cell adhesion and others were highly represented in the magenta module (Figures 2C–E, Supplementary Figure S1, and Supplementary Table S1).


TABLE 1. The clinical variables of healthy donors and PCSO patients.
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FIGURE 2. WGCNA analysis of healthy and PCOS oocytes in different stages. (A) The dendrogram of gene modules built by WGCNA. Bars represent the correlation between genes in different developmental stage of oocyte and gene modules. Red means positively correlation and up-regulated at this stage; blue means negatively correlation and down-regulated at this stage. (B) Module-trait relationship between different gene modules. Number in each cell represent the degree of correlation, and red means positively correlation at this stage; blue means negatively correlation at this stage. Different colors represent the diverse specific gene modules detected by WGCNA. C-E. Network of enriched GO terms of genes containing in blue module (C), yellow module (D) and magenta module (E) separately, colored by GO cluster ID. (F) The results of Gene set analysis (GESA) for hallmark gene sets (up) and GO biological processes gene set (down). The enrichment score (ES) means value of maximum deviation from 0 of the running sums and each line on the button represent the different genes of gene set. (G) Co-expression network of hub genes containing in blue module illustrated by the Cytoscape. The large size and the bright color of nodes represented high MCODE score of genes.


To find the biological pathways which play a key role during the dynamic progression of oocyte development, the gene set enrichment analysis (GESA) was performed and oxidative phosphorylation was significantly enriched in PCOS group using both hallmark gene sets and GO gene sets, suggesting the significant difference in mitochondrial function between healthy and PCOS oocytes (Figure 2F). Furthermore, only hub genes in blue module which related to GV stage enriched with mitochondrial function terms (Figure 2C). Therefore, we further analyzed the genes in co-expression network of blue modules using Cytoscape MCODE algorithm. The hub genes with high MCODE score were related to many important functions during the meiosis and oocyte maturation, including regulation of microtubule and centrosome (RMDN3, CETN2) (Salisbury et al., 2002; Gomez-Suaga et al., 2017), DNA repair and replication (POLE) (Frigola et al., 2017), oocyte maturation and cleavage (ANAPC7, CSTF1) (Elkon et al., 2013; Wild et al., 2018), nucleic acid binding (ZNF548, DDX19A) (Li et al., 2015; Nasri et al., 2019). Notably, a subset of genes related to mitochondrial functions was identified, including MRPL22, AIFM1, ADA, ATP5L, NDUFA1, NDUFA2 which are broadly involved in nucleoside triphosphate metabolic processes, mitochondrial oxidation respiratory and energy generation (Figure 2G). Overall, these results suggested that mitochondrial function may have an essential impact in GV stage progression.



Significant Difference in Transcriptome Variations Between Healthy and PCOS Oocytes at the GV Stage

To further explore the discrepancy between healthy and PCOS oocytes in the GV, MI, and MII stages, we clustered genes using PCA. We identified that the clusters were markedly different in GV oocytes between the healthy and PCOS groups, while similar clusters in most of the oocytes at the MI and MII stages between the two groups were not observed (Figure 3A). We collected the highly-differential genes at diverse stages from healthy and PCOS oocytes and visualized the data by volcano plots (Figure 3B and Supplementary Table S2). By setting the standard of p-value < 0.05 and fold change ≥2, a total of 2426, 1298, and 1181 DEGs were identified in the GV, MI, and MII stages, respectively. Prominent DEGs were identified in each stage, for instance, the downregulation of CYP26A1, MTRNR2L1, ELOA and upregulation of FAM53A, PPP1R35, BLM at GV, MI, MII stages in PCOS oocytes, respectively (Figure 3B). It has been reported that CYP26A1, MTRNR2L1, ELOA, and FAM53A were all related with ovarian carcinomas, and CYP26A1 may acts as a meiosis-inhibiting factor and related with the gonadal retinoic acid-degradation (Rodriguez-Mari et al., 2013). In addition, DEGs from different stages showed more independence and less overlap between each other (Figure 3C and Supplementary Table S3). These results suggest that different development stages are relatively isolated on the transcriptome level, and variations in the GV stage are the most significant.
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FIGURE 3. Single-cell RNA-seq transcriptome profiling of healthy and PCOS oocytes. (A) PCA plot of single-cell transcriptomes at GV (left), MI (middle), and MII (right) stage. (B) Volcano plot shows significant DEGs of oocytes in GV (left), MI (middle), MII (right) stage between healthy and PCOS group. (C) Venn diagram shows the overlap of the DEGs in different stages.




An Aberrant Status of Mitochondrial Energy Metabolism in PCOS Iocytes

To further investigate the mechanism of differences between healthy and PCOS oocytes at the GV stage, we performed GO analysis using DEGs identified by DEseq2 and found the most of significant enrichment functions of DEGs at the GV stage were mitochondria-related processes, such as ATP synthesis coupled electron transport, mitochondrial respiratory chain complex assembly and similar, however, these terms were not present at the MI and MII stages (Figure 4A). Using GO enrichment analysis, we found that upregulated genes in GV oocytes of patients with PCOS were highly related to mitochondrial energy metabolism (Figure 4B), while upregulated genes in the healthy samples were relevant to oocyte development (Figure 4C), suggesting the mitochondrial function abnormality is likely to be an important reason which lead to the difference between PCOS and healthy oocytes at GV stage.
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FIGURE 4. GO analysis for DEGs in different stage. (A) Gene connect plot shows the high differential biology progress in GV (left), MI (middle), and MII (right) stage between healthy and PCOS oocytes. The node size represented count of genes enriched in GO terms, color represented the fold change between groups. (B) Gene ontology of up-regulated genes in PCOS oocytes at GV stage. (C) Gene ontology of down-regulated genes in PCOS oocytes at GV stage. The dot size represented the count of genes enriched in GO terms; color represented the p-value adjust of terms.


To reveal the dynamics of mitochondria-related genes at different stages, we compared genes which related to mitochondrial function and were variably expressed at the GV stage between healthy and PCOS oocytes using boxplot (Figures 4A, 5). We found that genes such as COX6B1, COX8A, COX4l1, and NDUFB9 that were highly expressed at the GV stage in PCOS oocytes tended to be activated at the MII stage in healthy oocytes (Figure 5). To investigate the specific function of these genes in mitochondria, we further performed KEGG pathway analysis and found that these genes are involved in most parts of the oxidative phosphorylation process (Figure 6). Based on these findings, we suggest that some mitochondrial functions may be prematurely activated at the GV stage of PCOS oocytes, whereas this process occurs at the MII stage in healthy oocytes.
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FIGURE 5. Boxplot shows the dynamics of 9 high differential mitochondria-related genes at different stages between healthy and PCOS oocytes. The FPKM value represent the expression of genes. The line in the box means the media of available samples and p-value < 0.05 was regarded as statistical significance and marked with the asterisk (*). Dots represented the oocytes used in each group. FPKM: fragments per kilobase per million.
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FIGURE 6. Representative oxidative phosphorylation pathways constructed by KEGG. Red genes represent up-regulated in PCOS oocytes at GV stage.




DISCUSSION

Previous single-cell transcriptome study of PCOS oocyte reported by Liu et al. (2016) showed genes related to oocyte meiosis and maturation were differentially downregulated and DNA repair-related genes were upregulated at early stages and these DEGs were the potential reasons caused PCOS oocytes disorder. In the present study, we compared the transcriptomic profiles between healthy and PCOS oocytes and found one of the main differences during oocyte development was mitochondrial function, such as upregulated expression of oxidative phosphorylation related genes using GESA analysis. Through detected specific gene modules and dynamic characteristics of co-expression genes using WGCNA, the mitochondria-related genes were identified as hub genes in the gene module related to GV stage. These results were also confirmed using PCA and differential gene expression analysis, the transcriptomic profile was significantly different at GV stage suggesting that the DEGs at the GV stage are vital during the oocyte development process between women with PCOS and healthy women, and these DEGs are mainly related to mitochondrial functions. Additionally, our results also suggested that mitochondrial function, especially the oxidative phosphorylation process, may be prematurely activated at the GV stage in PCOS oocytes, which differ from the healthy oocytes which activated at MII stage. Overall, we give further insight into the mitochondrial dynamics during oocyte maturation and we find that mitochondrial aberrant activation at GV stage may be one of the important factors contributing to reduced oocyte quality in patients with PCOS.

Polycystic ovary syndrome is one of the most common and severe diseases affecting the female reproductive health, a decline in oocyte quality is more susceptive to occur in PCOS patients, and so far, the pathogenesis of PCOS is still unclear (McCartney and Marshall, 2016). The assisted-reproductive technology (ART) presents a way of rescue for PCOS patients, present treatment for PCOS patients includes ovarian stimulation for receiving MII oocyte with subsequent fertilization in vitro (Tang et al., 2006; Shalom-Paz et al., 2012), nevertheless, the mature follicular obtained through ovarian stimulation will less than that in women without PCOS for unknown reasons (Liu et al., 2016). The process from GV to MII stages is a key pathway for oocyte development. Although gene abundance have no statistical difference among diverse stages (Wang et al., 2020), dynamic biological process such as differential expression of mitochondria-related genes can be observed. Moreover, the number of mitochondria increases to more than 100,000 in MII oocytes, which is a 1000-fold higher than that in the GV oocytes (Jansen and de Boer, 1998; Darbandi et al., 2017). Thus, the state of mitochondrial function along with cell death and proliferation can also influence oocyte maturation. As the center of energy metabolism and cell apoptosis in most cell types (Vakifahmetoglu-Norberg et al., 2017; Spinelli and Haigis, 2018), mitochondria disorder leads to the failure of human oocyte development (Kristensen et al., 2017; Chiaratti et al., 2018).

In this study, we systematically analyzed the changes in the oocytes of patients with PCOS and healthy fertile women at different developmental stages using single-cell transcriptome sequencing. We found that some genes related to gonadal and oocyte development, such as CYP26A1 which is upregulated in oocytes during prophase-I meiotic arrest and downregulate when meiosis resumed (Rodriguez-Mari et al., 2013), was downregulated in PCOS oocytes at GV stage. Moreover, We revealed the transcriptomic dynamics during oocyte maturation and found that the mitochondrial function may be prematurely activated since the highly expressed genes at the GV stage of PCOS oocytes show a close relationship with mitochondrial function such as mitochondrial energy metabolism, oxidative phosphorylation process and similar, which differ from the healthy oocytes that these genes were activated at MII stage. It was found that the function of mitochondria is quiescent during follicular development, and energy is mainly provided by the surrounding granular cells (May-Panloup et al., 2016). The premature activation of mitochondria likely leads to the production of harmful metabolites, such as excessive oxygen free radicals, which could induce irreversible damage to the maturating oocyte further resulting in the oocyte retardation (Van Blerkom, 2004; Wang et al., 2009).

However, it should be noted that there are some limitations in this study. Since the women with PCOS often have ovulation disorders which mainly cause infertility (Mahan, 2008), it’s difficult to obtain oocytes from them. Therefore, the number of oocyte samples used in this study is relatively smaller than other oocyte gene expression researches (Li et al., 2019). In addition, the differential expression of mitochondria-related genes presented in this study was quantified by sequencing and data analysis. Further independent validations such as quantitative RT-PCR and functional researches are needed to comprehensively understand the role of the mitochondrial function in the progress of oocyte maturation.

In conclusion, our findings highlight that the transcriptomic dynamics of PCOS oocytes and aberrant mitochondrial function at the GV stage of oocyte development in patients with PCOS were observed. These results deliver novel meaningful insights into the oocyte quality decline in patients with PCOS.
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Novel Missense Variant in Heterozygous State in the BRPF1 Gene Leading to Intellectual Developmental Disorder With Dysmorphic Facies and Ptosis

Muhammad Imran Naseer1,2*†, Angham Abdulrahman Abdulkareem1, Francisco J. Guzmán-Vega3,4, Stefan T. Arold3,4, Peter Natesan Pushparaj1,2, Adeel G. Chaudhary1,2,5 and Mohammad H. AlQahtani1,2

1Center of Excellence in Genomic Medicine Research, King Abdulaziz University, Jeddah, Saudi Arabia

2Department of Medical Laboratory Technology, Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

3Division of Biological and Environmental Sciences and Engineering (BESE), Computational Bioscience Research Center (CBRC), King Abdullah University of Science and Technology (KAUST), Thuwal, Saudi Arabia

4Centre de Biochimie Structurale, CNRS, INSERM, Université de Montpellier, Montpellier, France

5Center for Innovation in Personalized Medicine, King Abdulaziz University, Jeddah, Saudi Arabia

Edited by:
Ahmed Rebai, Centre of Biotechnology of Sfax, Tunisia

Reviewed by:
Ikhlas Ben Ayed, University of Sfax, Tunisia
Mehtab Khan, Université de Moncton, Canada
Musharraf Jelani, Islamia College University, Pakistan

*Correspondence: Muhammad Imran Naseer, mimrannaseer@yahoo.com; minaseer@kau.edu.sa

†ORCID: Muhammad Imran Naseer orcid.org/0000-0002-9343-5825

Specialty section: This article was submitted to Genomic Medicine, a section of the journal Frontiers in Genetics

Received: 12 January 2020
Accepted: 25 March 2020
Published: 07 May 2020

Citation: Naseer MI, Abdulkareem AA, Guzmán-Vega FJ, Arold ST, Pushparaj PN, Chaudhary AG and AlQahtani MH (2020) Novel Missense Variant in Heterozygous State in the BRPF1 Gene Leading to Intellectual Developmental Disorder With Dysmorphic Facies and Ptosis. Front. Genet. 11:368. doi: 10.3389/fgene.2020.00368

Intellectual developmental disorder with dysmorphic facies and ptosis is an autosomal dominant condition characterized by delayed psychomotor development, intellectual disability, delayed speech, and dysmorphic facial features, mostly ptosis. Heterozygous mutations in bromodomain and plant homeodomain (PHD) finger containing one (BRPF1) gene have been reported. In this study, whole exome sequencing (WES) was performed as a molecular diagnostic test. Bioinformatics of WES data and candidate gene prioritization identified a novel variant in heterozygous state in the exon 3 of BRPF1 gene (ENST383829: c.1054G > C and p.Val352Leu). Autosomal dominant inheritance in the family affected individuals and exclusion of non-pathogenicity in the ethnically matched healthy controls (n = 100) were performed by Sanger sequencing. To the best of our knowledge, this is the first evidence of BRPF1 variant in a Saudi family. Whole exome sequencing analysis has been proven as a valuable tool in the molecular diagnostics. Our findings further expand the role of WES in efficient disease diagnosis in Arab families and explained that the mutation in BRPF1 gene plays an important role for the development of IDDFP syndrome.

Keywords: BRPF1, dysmorphic facies, intellectual developmental disorder, ptosis, Saudi family


INTRODUCTION

Intellectual developmental disorder with dysmorphic facies and ptosis (IDDDFP) is an autosomal dominant neurodevelopmental disorder that can be explained as intellectual disability and dysmorphic facial features and delayed psychomotor and language development (Deciphering Developmental Disorders, 2017). Moreover, ophthalmological anomalies such as ptosis and blepharophimosis syndrome, amblyopia, strabism, and refraction problems are also included in this disorder (Mattioli et al., 2017; Deciphering Developmental Disorders, 2017; Yan et al., 2017). Some the patients also showed seizure, hypotonia, short stature, and additional features, along with microcephaly (Mattioli et al., 2017; Yan et al., 2017). Recently, another study showed that novel de novo nonsense mutation in BRPF1 gene leads to intellectual disability, coloboma, facial nerve palsy, and hypoplasia of the corpus callosum (Demeulenaere et al., 2019). Mutations in BRPF1 have also been shown to cause intellectual developmental disorder with dysmorphic facies and ptosis (MIM: 617333), an autosomal dominant condition (Mattioli et al., 2017; Yan et al., 2017). Furthermore, some of the cases with the mutation in BRPF1 gene also leads to cause variable degrees of intellectual disability, distinct facial features including downslanted palpebral fissures, ptosis, and/or blepharophimosis (Pode-Shakked et al., 2019).

The BRPF1 gene translates a bromodomain, plant homeodomain (PHD) finger, and chromo/Tudor-related Pro-Trp-Trp-Pro (PWWP) protein Vezzoli et al. (2010). The protein encoded by BRPF1 gene is an important element of the MOZ/MORF histone acetyltransferase (HAT), which functions as a transcriptional regulator Ullah et al. (2008). The MOZ/MORF complex represents an example of a chromatin-binding assembly that plays an important role to fine-tune the post-translational modifications of histones. BRPF1 binds to the catalytic MYST domains of the MOZ and MORF proteins and may play a role to stimulate acetyltransferase to control the transcriptional activity of the complex (provided by RefSeq, January 2016).

Here, we report a Saudi family with novel missense variant in heterozygous state in the BRPF1 gene leading to the intellectual developmental disorder with dysmorphic facies and ptosis.



RESULTS


Clinical Report of the Patient

Patient II-3 is 6 years old, and she was born by normal vaginal delivery at full term without any complication. She has two normal sisters, and one sister died after 1 day of her birth due to the abnormal growth conditions. After 5 months of birth index, patient II-3 was admitted in the hospital as the family history was remarkable. Detailed family pedigree was drawn after having information from the family as shown in Figure 1. Earlier she was diagnosed as having microcephaly head circumference of 38.5 cm (SD, −2.8), dysmorphic features, and brain atrophy. At the age of 6 years, her face showed interior hairlines, narrow palpebral fissures, epicanthic folds and hypertelorism, broad eyebrows, and wide nasal bridge with prominent nasal tip, along with prominent ear crus (Figure 2). She is unable to walk and speak. She had hypotonia and gross motor delay, along with intellectual disability. She was also reported difficulties in swallowing, whereas no seizure was reported.
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FIGURE 1. A pedigree of a consanguineous Saudi family drawn after having the details from the parents. The available samples are marked as ∗ satiric symbol.
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FIGURE 2. Showing the facial appearance at the age of 5 years, face with interior hairlines, narrow palpebral fissures, epicanthic folds and hypertelorism, broad eyebrows, and wide nasal bridge with prominent nasal tip along with prominent ear crus.




Whole Exome Sequencing

The resulting variant call format (vcf) file with 111,850 variants was identified. These variants are filtered based on quality, genomic position, frequency, protein effect, pathogenicity, and previous associations with the phenotype. We failed to detect homozygous gene variants in the analysis, and hence heterozygous gene variants were subsequently considered. We identified a novel heterozygous missense variant in the BRPF1 gene (c.1054G > C; p.Val352Leu). Whole exome sequencing (WES) analysis showed a pathogenic mutation in the BRPF1 gene where G at position 1054 is replaced by C in the third exon of the gene. Thus, WES results revealed that the BRPF1 gene showed a novel heterozygous mutation in affected member of the family. The detected variant causes the substitution of a valine into a leucine residue at position 352 in the C2H2 Zn-finger domain. This variant is absent in gnomAD and dbSNP and has not previously been associated with disease. Multiple in silico tools predict a deleterious effect of this missense change. The heterozygous state of this variant indicates that it is unlikely to be responsible for the shared features of all affected siblings. Furthermore, the de novo occurrence of this variant is also possible.



Sanger Sequencing

Whole exome sequencing results were validated by using Sanger sequencing technique by designing the primers of the region. This mutation was also not identified in 100 unrelated healthy persons in the population. The parents and the two sisters of the affected member were also normal, whereas the heterozygous mutation was detected only in the index patient II-3, as shown in Figure 3.
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FIGURE 3. Sanger sequence analysis chromatogram showed I-1 and I-2 are normal parents, whereas II-1 and II-2 are normal siblings, and II-3 is the affected member of the family showing a novel missense variant in heterozygous state where c.1054G > C and p.Val352Leu in the exon 3 of BRPF1 gene.




Predicted Structural Effect of BRPF1 Mutation

Val352 is located in the central region of BRPF1, in a so-called zinc knuckle (Zn-kn) domain. The Zn-kn tightly links two PHDs into a conserved PHD1–Zn-kn–PHD2 module, termed the PZP domain (Figure 4A). The isolated PHD1 finger binds to the unmodified histone H3 tail, and the PHD2 finger binds to DNA in a non-specific fashion (Qin et al., 2011; Liu et al., 2012; Klein et al., 2016). The three domains of the PZP module are joined through a zipper-like network of hydrogen bonds and hydrophobic interactions, with the Zn-kn acting as a platform to orient and keep together the PHD1 and PHD2 domains (Figure 4B). The substitution of Val352 for a leucine, a bulkier hydrophobic residue, would introduce steric clashes mainly with the neighboring residues sustaining the polar interactions that keep the PZP domain together (Figure 4C). Hence, this mutation is predicted to affect the integrity of the PZP domain. Furthermore, this substitution could compromise the stability of the three adjacent zinc-binding motifs, potentially having a negative effect on the histone and DNA-binding properties of their corresponding regions.
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FIGURE 4. Structural analysis of the Val352Leu variant. (A) Crystal structure of the BRPF1 PZP domain (PDB 5ERC). The PHD1, Zn-kn, and PHD2 domains are colored cyan, yellow, and green, respectively. Zinc ions and water molecules are presented as gray and red spheres, and hydrogen bonds as black dashed lines. Val352 is shown in the center of the molecule (orange stick representation). Important residues (stick representation) and water molecules (red spheres) in the interface between the three domains are displayed. (B) Zoom into the region harboring Val352, in its position buried beneath the hydrogen-bond network of nearby residues and water molecules. (C) The substitution for the bulkier leucine would potentially destabilize the polar interactions in this region, affecting the arrangement of the PHD1, Zn-kn, and PHD2 domains, and disturbing the structural frame coordinating the three zinc ions nearby.




DISCUSSION

The BRPF1 gene code is a protein that is expressed ubiquitously and at the highest expression level in testes and spermatogonia. The localization of this protein was observed within the nuclei and showed similarities with AF10 and AF17 two zinc finger proteins. Further, it is proposed that these proteins form a family of regulatory proteins (provided by RefSeq, January 2016). BRPF1 is a core subunit of the MOZ HAT that plays an important role for normal developmental process and associated with acute leukemia. BRPF1 contains the MOZ-binding domain in the N-terminus (Ullah et al., 2008). BRPF1 functions as a scaffolding subunit, linking MOZ, ING5, and hEAF6 together into a functional complex (Klein et al., 2016). In this study, we report a novel variant lying in the Zn-kn fragment of the central PZP module of BRPF1 gene. Through the resulting steric hindrance, this mutation is predicted to destabilize the PZP arrangement and hence to affect recognition of histone tails and DNA. Thus, the mutation may alter the epigenetic and developmental programs depending on such interactions with the chromatin.

In vivo studies demonstrated that BRPF1 gene plays an important role in development of forebrain and acts as an activator and silencer of gene expression and decreases expression of the chromatin regulator leading to abnormal brain development (You et al., 2015a). In a mouse model study, BRPF1 gene is expressed in the cerebellum and forebrain and plays an important role for embryogenesis and for the development of the neocortex and corpus callosum (You et al., 2015a, b). Furthermore, the Medaka fish and mouse model studies explained the role of BRPF1 gene in skeletal and craniofacial development (Hibiya et al., 2009). BRPF1 controls development of the forebrain while its inactivation leads to early postnatal lethality and severe growth retardation, along with aberrant behaviors (You et al., 2015c).

Moreover, BRPF1 mutations were associated with IDDDFP (OMIM 617333) (Mattioli et al., 2017; Yan et al., 2017). So far, clinical reports have been published for 23 patients from 18 different families. The reported mutation spectrum showed frameshift, nonsense, and small deletions, along with two missense mutations. However, four cases showed the loss-of-function mutations were defined in the Deciphering Developmental Disorders study without any phenotypic descriptions (Deciphering Developmental Disorders, 2017).

A novel variant in a boy with intellectual disability, facial nerve palsy, and coloboma, along with hypoplasia of the corpus callosum, was recently reported by Demeulenaere et al. (2019). A study of 10 patients (of which nine came from unrelated families) with intellectual developmental disorder, dysmorphic faces, and ptosis found these were due to heterozygous mutations in the BRPF1 gene (Yan et al., 2017). One mutation was a missense mutation, and all the others were nonsense or frameshift mutations leading to C-terminal truncations of the protein that differed in which structural domains were deleted. Functional studies showed that the reported BRPF1 variants were pathogenic and impaired acetylation of histone H3 at lysine 23, although they acted through different mechanisms. Mattioli et al. (2017) described that 2bp deletion resulting in a frameshift mutation in BRPF1 in five members of a large family affected by a mild form of intellectual developmental disorder with dysmorphic faces and ptosis. In one male patient with intellectual developmental disorder with dysmorphic faces and ptosis, a heterozygous missense mutation was identified resulting in a P370S substitution, which was inherited from the patient’s unaffected mother who was mosaic for the mutation (Yan et al., 2017). The reported clinical phenotype of this patient overlaps with the manifestations of this condition regarding abnormal facial shape and microcephaly. Brain atrophy, which is also reported for this patient, is not typically associated with this condition. However, Mattioli et al. (2017) reported agenesis of corpus callosum in one patient carrying a BRPF1 mutation [C > G (p. Tyr994∗)] and enlarged perivascular Virchow–Robin spaces in another patient carrying a BRPF1 mutation (p.Val351Glyfs∗8). The typical age at onset of intellectual developmental disorder with dysmorphic faces and ptosis ranges from 0 to 1 years, which is in line with the reported age at onset in this patient (0 years).

Some knockout studies in mouse showed that Brpf1 is critical for developmental delay, intellectual disability, and language impairment (You et al., 2015a,b,c). Overall, BRPF1 gene is very important and plays a role in the development of the neocortex and corpus callosum by controlling neurogenesis and transcriptional programs.



CONCLUSION

We described a patient with a novel missense variant in the BRPF1 gene for the first time in a Saudi family. The disease phenotype of this missense de novo mutation in BRPF1 with ID and dysmorphism is overlapping with the IDDDFP syndrome. Furthermore, the finding of the mutation emphasizes the important role of BRPF1 gene in the brain and intellectual developmental disorder in humans.



MATERIALS AND METHODS


Ethical Approval and Sample Collection

The blood samples from the whole family members were collected according to the ethical protocols and guidelines from the Center of Excellence in Genomic Medicine Research, Jeddah. Informed written consent was obtained from all the participants according to the Declaration of Helsinki. The study was also approved by the ethical committee of the Center of Excellence in Genomic Medicine Research, King Abdulaziz University. DNA was extracted from peripheral blood samples using the MegNA Pure 24 system following by the protocol (Roche life science, Penzberg, Germany). Pedigree was drawn by using information from the family. The DNA concentration was checked, and samples were prepared for WES according to the Agilent Sure Select Target Enrichment Kit preparation guide (Santa Clara, CA, United States). The blood samples were collected from all available members of the family and 100 unrelated healthy people of Saudi origin as controls as shown in Figure 1.



Whole Exome Sequencing

To identify the basic pathogenic variant leading to disease phenotype, we performed WES using the Illumina HiSeq 2000/2500 system (San Diego, CA, United States). We set up our sampling by following the Agilent SureSelect Target Enrichment Kit preparation guide (Capture Kit, SureSelect v.6, Santa Clara, CA, United States). The libraries were sequenced utilizing the Illumina HiSeq 2000/2500 system. Diverse bioinformatics investigations were made to distinguish causative variant co-segregating for BRPF1 phenotypes in an autosomal dominant manner. Whole exome sequencing data generate the raw reads in the form of FASTQ format. Insertion, deletion, and copy number variation were distinguished by utilizing SAMtools1. To use the BWA Aligner2, the crude information FASTQ files were adjusted. The resulting VCF file contains 111,850 variants. The variants were clarified by using different parameters, such as quality, frequency, genomic position, protein effect, and pathogenicity. The resulting sequences were compared against the hg19 human reference arrangement (National Center for Biotechnology Information assembly GRCh37)3. Furthermore, the obtained data were mapped against the information in the dbSNP4, population-based database such as genome aggregation database genomAD, Exome Variant Servise (ESP) and 1000 Genomes databases5 and disease-based database such as ClinVar (database of assertions about the clinical significance and phenotype relationship of human variations), OMIM (database of human genes and genetic conditions that also contains a representative sampling of disease-associated genetic variants), and Human Gene Mutation (Database of variant annotations published in the literature). The American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG). The variant detected here was classified as variant with unclear significance according to the most recent ACMG guidelines. In silico functional study was done for the current mutations to check deleterious effect and abnormalities caused by mutations. For the in silico predictions, we used software such as Mutation Tester6, 1000 Genomes7, PhyloP8, PhyloP GERP++9, SIFT10, PhastCons11, CADD12, SiPhy13, and Exome Aggregation Consortium14, and PROVEAN and MAPP for protein structure/function and evolutionary conservation. All the software predict this variant as disease causing.



Sanger Sequencing

Whole exome sequencing results were validated using Sanger sequencing analysis. As a result, data files were obtained in the AB1 sequence trace format. Each sequence trace file was aligned to the corresponding reference sequence using the BioEdit and FinchTV software packages. We searched for the observed variations in the National Center for Biotechnology Information SNP database. To validate the position of the variant, primers were designed to flank and amplify the c.1054G > C in exon 3 of the BRPF1 gene. BRPF1_forward, 5’-ACAGCAATGTCATCCTCTTCTGTG-3’; BRPF1_reverse, 5-ATGTCACATGGAAAGCTGTGTA-3. Further, to rule out this mutation in normal population, we also sequenced this variant in 100 control people.



Computational Structural Analysis of the Mutant

The crystallographic model of the BRPF1 PZP domain was retrieved from the PDB (PDB accession no. 5ERC). The mutation was manually evaluated using the Pymol program (pymol.org).
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Background: Expression quantitative trait loci (eQTL) datasets have extensively been used to help interpret genome-wide association study signals. Most eQTL analyses have been conducted with populations of European ancestry.

Objective: To determine the most functionally relevant genes at the Crohn’s disease (CD) loci identified in genome-wide association studies (GWAS) involving Asian populations and to find novel disease-associated genes, we conducted an eQTL analysis.

Methods: eQTL analysis was performed using whole-blood RNA-sequencing of 101 Korean patients with CD. FastQTL was used for a pair-wise genome analysis of ∼ 6.5 M SNPs and ∼ 22 K transcripts.

Results: We identified 135,164 cis-eQTL and 3,816 eGenes with a false discovery rate less than 0.05. A significant proportion of the genes identified in our study overlapped with those identified in previous studies. The significantly enriched pathways of these 3,816 eGenes included neutrophil degranulation and small molecule biosynthetic process. Integrated analysis of CD GWAS with Korean eQTL revealed two putative target genes, TNFSF15 and GPR35, at two previously reported loci, whereas TNFSF15 only with the whole blood data from the Genotype-Tissue Expression (GTEx) project, highlighting the utility of building a population-specific data set, even of modest size. The risk alleles of these genes were found to be associated with lower expression levels of TNFSF15 and GPR35, respectively. Our eQTL browser can be accessed at “http://asan.crohneqtl.com/”.

Conclusion: This resource would be useful for studies that need to employ genome-wide association analyses involving Asian populations.
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INTRODUCTION

Genome-wide association studies (GWAS) have identified >200 loci that are associated with inflammatory bowel diseases (IBD) (Liu et al., 2015; de Lange et al., 2017). As GWAS variants do not necessarily identify causal genes or reveal how the variants influence traits, the effects of GWAS variants on diseases remain largely unknown. Most IBD associated variants are in the non-coding regions of the genome, suggesting that the variants may affect the trait through regulation of gene expression. Expression quantitative trait locus (eQTL) studies associate genomic and transcriptomic data sets from the same individuals to identify loci that affect mRNA expression. By linking SNPs to changes in gene expression, eQTL can be useful for annotating GWAS variants. Recently, several methods have been proposed to connect eQTL data to GWAS associations in an integrative framework often referred to as transcriptome-wide association studies (TWAS) (Gusev et al., 2016; Zhu et al., 2016). The statistical framework “eQTL and GWAS CAusal Variants Identification in Associated Regions” (eCAVIAR) estimates the probability that the same variant can be causal for both expression changes and disease status (Hormozdiari et al., 2016). Summary-data-based Mendelian Randomization (SMR) integrates GWAS with eQTL data by testing if the eQTL occurs to be associated with the disease (Zhu et al., 2016). These methods allow determination of the most functionally relevant genes at the loci and identification of novel trait-associated loci via imputation of genotype correlated gene expression levels into GWAS datasets (Gusev et al., 2016; Zhu et al., 2016). Using such methods, recent studies have suggested that a large number of candidate common trait susceptibility genes identified as eQTL are not the nearest genes to the GWAS lead SNPs, suggesting that causal genes might be distinct from the nearest genes (Hormozdiari et al., 2016). Regulatory elements can act over a long distance and in a cell-type specific manner, making the identification of the causal genes for a given pathologic condition and their roles extremely difficult.

Recently, eQTL have been identified using a broad collection of normal human tissues from diverse populations, increasing our understanding of regulation of gene expression. However, non-European ancestries are under-represented in the current eQTL databases. Comparisons of patterns of gene expression between European and African populations have revealed that more distantly related populations tend to have a greater number of differentially expressed genes, which often result from expression of different genes rather than differences in the expression levels of the same genes (Lappalainen et al., 2013). Studies on the genetic architecture of gene expression traits across three different populations found that genetic correlation of gene expression depends on shared ancestry proportions, emphasizing that a training set with ancestry similar to the test set is better at predicting gene expression in the test populations (Mogil et al., 2018).

The most recent GWAS on Asian patients with Crohn’s disease (CD) has reported 29 susceptibility loci (Yang et al., 2016); however, integration of disease association and eQTL analyses for Asian CD has never been conducted before. To determine the most functionally relevant genes at the CD loci identified in Asian GWAS and to find novel CD-associated loci, we built a Korean-CD-specific eQTL data set from whole blood of CD patients. We performed eQTL analysis using RNA-seq of whole blood in a cohort of 101 Korean CD patients and tried to integrate with the Korean CD GWAS to identify candidate causal variants at two known loci. We found not only substantial overlap between our eQTL and the blood eQTL database on a very large cohort but also additional eQTL unique to our study population. As the eQTL database was constructed using CD patients and not healthy individuals, Korean CD eQTL datasets might provide a valuable resource for link between genetic variation and gene expression and regulation not only in Asians, but also in Caucasians if new eQTL in patients become only evident when the gene is overexpressed as a result of modified inflammatory status.



MATERIALS AND METHODS


Study Subjects

A total of 101 CD patients were recruited from the IBD Clinic of Asan Medical Center. All these study subjects provided written informed consent. The clinical characteristics of the 101 CD patients are shown in Supplementary Table S1. These patients had previously been genotyped as part of a previous GWAS (Yang et al., 2016), and their genotype data were included in the eQTL analysis of the study presented here.



Genotype Quality Control and Imputation

Quality control (QC) was performed as previously described GWAS (Yang et al., 2016). Briefly, individuals with a call rate ≤96% were removed. We excluded all the single nucleotide polymorphisms (SNPs) with missing rates >0.02, minor allele frequency <0.01, and Hardy-Weinberg equilibrium (HWE, P < 1.0 × 10–5). After the QC, we had 101 individual samples and 524,635 genotyped SNPs available for the downstream eQTL analyses.

To increase the power for eQTL discovery, the SNPs that passed QC were further subjected to haplotype phasing and genotype imputation using SHAPEIT (Delaneau et al., 2011) and IMPUTE2 (Howie et al., 2009), respectively, based on the 1000 Genome multi-ethnic reference panel (Feb 2012, IMPUTE v2). The imputed genotypes were subjected to a second round quality control with the imputed variants (info >0.8), missing rates <0.02, MAF > 0.01, and HWE P > 1.0 × 10–5 using SNPTEST (Marchini et al., 2007). In total, 6,451,113 SNPs including 524,635 genotyped and 5,926,478 imputed SNPs were retained.



Total RNA Extraction From the Peripheral Blood, and Library Preparation and Sequencing

Total RNA was isolated from the peripheral blood using PAXgene Blood RNA system (PreAnalytiX, QIAGEN, Germany). Whole blood was taken and immediately store in a PAXgene Blood RNA tube at room temperature for >4 h. The total RNA was extracted using the PAXgene Blood RNA kit, following the manufacturer’s instructions. RNA quality and quantity were checked using a 2100 Bioanalyzer (Agilent Technologies, CA, United States) and the samples with an RNA integrity number ≥7 were deep-sequenced. Sequencing libraries were prepared with the Illumina TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Globin (Illumina, CA, United States) and paired-end RNA sequencing of 101 bp reads was performed using Illumina HiSeq 2500 platform.



Quality Validation and Alignment

Paired-end RNA sequencing of 2 × 101 bp reads was performed using Illumina HiSeq 2500 platform. We evaluated the number and quality of the total reads, GC percent and adapters in the raw fastq files using FastQC v0.11.71. Every one of the 101 samples had >93 million raw reads (117 million reads on average) and passed the read quality check (average Phred quality score >36), and GC percent check (46-56%). The adapter sequences and reads with low quality were excluded using cutadapt (Martin, 2011) applying the quality Phred score cut-off <33 and read length cut-off <20 bp. We performed alignment for the trimmed reads using STAR (default settings) (Dobin et al., 2013) and GRCh37 reference genome in GENCODE release 192 (Frankish et al., 2019). For confirmation of unique mapping rate and ribosomal RNA rate, we used RNA-SeQC (DeLuca et al., 2012). As 15 CD patients showed high ribosomal RNA ratio (>40%) in sample QC, the RNA sequencing of these 15 samples were repeated and aligned to the reference genome. We confirmed high unique mapping rate (94-99%) in all the 101 samples. After alignment, we used RNA-SeQC to estimate the transcript abundance, expected read counts, and transcripts per million reads (TPM) for each gene by selecting the uniquely mapped reads with a mapping quality >255, and ≤6 mismatched bases to the reference genome.



eQTL Analysis

After removing low-expressed genes from the mRNA expression data estimated by RNA-SeQC, 21,718 genes with TPM > 0.1 and the number of reads >6 in ≥20% of the 101 CD samples were included. With the read count data of the 21,718 genes from the 101 samples, we generated a multi-dimensional scaling (MDS) plot using an R package: edgeR3 (Robinson et al., 2010) to confirm absence of batch effect in the RNA sequencing data from 15 samples that had been re-sequenced due to high rRNA contamination (Supplementary Figure S1). We used a trimmed mean of M-values (TMM) for normalization of gene expression values considering total mRNA read counts of each sample using edgeR (Robinson et al., 2010). The genomic input data of the 101 CD patients included a total of 6,451,113 SNPs from GWAS. The cis window was defined as the 1-Mb region up- and downstream of the transcription start site (TSS) (±1 Mb). Dosage was used for the association analysis for imputed SNPs. Nominal P values were calculated for each SNP-gene pair with FastQTL (Ongen et al., 2016) using the linear regression model with 27 covariates including 15 PEER (Stegle et al., 2012) factors, 3 PCs calculated using GWAS dataset of 101 CD samples, repeat or not, gender, age, age of diagnosis, follow-up year, family history, smoking or not, Montreal classification, and disease behaviors. Significance of the top associated variant per gene was estimated by adaptive permutation with the setting “–permute 1000 10000” in FastQTL (Ongen et al., 2016). The beta distribution-adjusted empirical P values were used to calculate the q-values and FDR thresholds of each gene using R package: q value4. The FDR threshold of <0.05 was applied to identify all the significant cis-eQTL.



Enrichment Analysis on eGene Set

To annotate the biological mechanisms related to the eGenes in the eQTL analysis of the 101 CD patients, we performed the Gene Ontology (GO) (Ashburner et al., 2000; The Gene Ontology Consortium, 2017) enrichment analysis in the web application, AmiGO25 (Carbon et al., 2009) using 3,816 eGenes with FDR < 0.05 in the cis-eQTL analysis. By the default setting (GO aspect: biological process, Species: Homo sapiens), the result page showed the over- or underrepresented GO terms with significant P values.



Comparison of the Direction of Allelic Effects Across the Existing Cis-eQTL Databases

We compared the allelic directions of SNP-gene associations shared among the Korean CD cis-eQTL, the existing whole blood cis-eQTL databases of Japanese (105 healthy individuals)6 (Ishigaki et al., 2017), and GTEx V7 (369 individuals)7 (Aguet et al., 2017). The number of cis-eQTL in the Korean CD, Japanese, and GTEx datasets was 135,164, 335,813 and 1,052,542, respectively. Using only significant cis-eQTLs with q value ≤ 0.05 in each dataset, we compared the slope of the overlapping SNP-gene associations between three pairs of Korean CD-Japanese, Korean CD-GTEx, and GTEx-Japanese datasets.



Colocalization Analysis Between CD GWAS and Whole Blood eQTL

For colocalization analysis between CD GWAS of 899 cases and 3,805 controls (Yang et al., 2016) and whole blood eQTL data of 101 CD patients, we used eCAVIAR (Hormozdiari et al., 2016) to estimate the probability of eQTL and GWAS sharing the same causal variants. The association test of CD GWAS was performed by frequentist association test of SNPTEST (Marchini et al., 2007) using the additive model. The eCAVIAR calculated co-localization posterior probability (CLPP) score, indicating the level of colocalization, using each Z score of eQTL and GWAS data, as well as linkage disequilibrium (LD) information. We used the LD reference of East Asians (JPT + CHB) in the 1000 genomes8 (May 2015 release). We also tried Japanese eQTL and GTEx eQTL datasets for colocalization analysis with CD GWAS. For GTEx, LD reference of Caucasian (CEU) in the 1000 genomes was used since eCAVIAR allows different LD structures for eQTL and GWAS datasets. We selected 100 SNPs upstream and downstream of the reported lead SNPs in the 29 established loci (excluding the major histocompatibility complex (MHC) region, 25 ∼ 34 Mb) in Koreans (Yang et al., 2016; Lee et al., 2018) to calculate the CLPP score. We used the default of two causal variants for locus and eCAVIAR method’s recommended significant cut-off, CLPP > 0.01, and 0.95 for total credible set posterior probability.



SMR and HEIDI Test

We performed a transcriptome-wide association study (TWAS) integrating CD GWAS of 4,704 individuals with the expression data from the whole blood tissue of the 101 CD patients using SMR software9 (Zhu et al., 2016). We used associations from SNPTEST (Marchini et al., 2007) result of the previously reported GWAS including 899 CD cases and 3,805 controls, and the whole blood cis-eQTL of the 101 CD patients as the input data of SMR and heterogeneity in dependent instruments (HEIDI) test. LD was estimated using the individual genotype data of East Asians (JPT + CHB) in the 1000 genomes (see text “footnote 8”, May 2015 release) after excluding the MHC region (25 ∼ 34 Mb) due to LD complexity. Excluding all the genes with PHEIDI < 0.05 in the HEIDI test for detection of heterogeneity, we selected the target genes with a shared causal variant between the GWAS and cis-eQTL data applying a threshold of PSMR < 2.3 × 10–6 (0.05/21,583 genes). We also performed a TWAS integrating the CD GWAS of 4,704 individuals with Japanese eQTL using SMR.



RESULTS


Cis-eQTL

To identify the cis-eQTL variants within 1 Mb on either side of the TSS of each gene, cis-eQTL analysis was performed using the GWAS and RNA sequencing data from the peripheral blood of 101 Korean CD patients. Applying the threshold of FDR < 0.05, we found 135,164 cis-eQTL, 104,900 eSNPs, and 3,816 eGenes which had at least one cis-eQTL. The distance from an eSNP to the TSS of the target gene was ≤500 kb in 95.7% (129,333 cis-eQTL) and ≤250 kb in 86.9% (117,433 cis-eQTL) of the total 135,164 cis-eQTL, and locations of eSNPs were more likely to be near the TSS of their target genes (Supplementary Figure S2). Of the total 104,900 eSNPs, the number of the target genes was one for 83,848 eSNPs (79.9%), two for 15,508 eSNPs (14.8%), and over three for 5,544 eSNPs (5.3%) (Table 1). The proportion of the eSNPs to the total SNPs in each chromosome was 0.6-3.5% (total = 1.6%), and the ratio of the eGenes to the total genes ranged from 14.4 to 23.0% (total = 17.6%). The gene biotypes of 3,816 eGenes were composed of 2,700 protein coding genes (70.8%), 418 pseudogenes (11.0%), 272 antisense RNAs (7.1%), 270 long intergenic non-coding RNAs (7.1%), 44 sense intronic non-coding RNAs (1.2%), and 43 processed transcripts (1.1%), and 69 other gene biotypes (1.8%) (Supplementary Figure S3).


TABLE 1. The number of cis-eQTLs, eSNPs and eGenes in each chromosome.

[image: Table 1]To annotate the biological processes significantly related to the 3,816 eGenes, we performed GO enrichment analysis using web-based AmiGO2 (see text “footnote 5”) (Carbon et al., 2009). Of those, 1,051 eGenes were excluded from the analysis mainly due to being non-coding genes or being absent in the reference genes of the GO dataset. A total of 2,765 eGenes were used as the input gene list. Of the significantly shared GO terms with the Bonferroni-corrected P value < 0.05, granulocyte activation (GO:0036230) and neutrophil activation (GO:0042119) showed the top two highest fold enrichment values, respectively (Supplementary Table S2).



Comparison of Direction of Allelic Effects Across Existing Cis-eQTL Databases

Using the Korean CD eQTL data and two existing cis-eQTL datasets derived from whole blood samples, including the Japanese eQTL (Ishigaki et al., 2017) and GTEx (Aguet et al., 2017), we compared the direction of allelic effects of all the common SNP-gene pairs. Of the 135,164 eQTL in the Korean CD, 335,813 in the Japanese, and 1,052,542 in the GTEx datasets, the number of shared significant cis-eQTL (a threshold of q value ≤ 0.05) in each pair was 50,848 between the Korean CD and Japanese eQTL, 58,197 between the Korean CD and GTEx, and 120,158 between the GTEx and Japanese eQTL datasets (Figure 1). In total, 96.5–98.7% of shared eGenes in each pair of the three cis-eQTL datasets showed the same direction of allelic effects. The proportion of shared eGenes with the opposite direction of allelic effects was 16 of 1,201 (1.3%) shared eGenes in the pair of Korean CD-Japanese, 44 of 1,873 (2.3%) shared eGenes in the pair of GTEx-Japanese cis-eQTL datasets and 56 of 1,581 (3.5%) shared eGenes in the pair of Korean CD-GTEx (Supplementary Table S3). Between the 16 and 56 eGenes with the opposite direction of allelic effects in the pair of Korean CD-Japanese or -GTEx, 9 eGenes overlapped. Of the SNPs with top eQTL P value of the 9 eGenes, only rs2859102 in TAP2 showed significant association with CD in Koreans (P = 8.81 × 10–11).
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FIGURE 1. Scatter plots for comparison of the direction of allelic effects among the whole blood cis-eQTL data from the Korean CD, Japanese samples, and GTEx project. Each point on the scatter plots represents the allelic effect of a SNP to a gene expression. The scatter plots included 50,848 cis-eQTLs of 1,201 eGenes between the Korean CD and Japanese samples, 58,197 cis-eQTLs of 1,581 eGenes between the Korean CD and GTEx, and 120,158 cis-eQTLs of 1,873 eGenes between the GTEx and Japanese samples.




Identification of CD Susceptibility Genes From GWAS Loci Using Whole Blood eQTL

We also performed colocalization analyses of the CD GWAS and whole blood eQTL data of the Korean CD, Japanese, and GTEx datasets using eCAVIAR (Hormozdiari et al., 2016). eCAVIAR computes the CLPP score using Z statistics of GWAS and cis-eQTL data of 100 SNPs upstream and downstream of the reported lead SNP in the 29 established loci in Koreans (Yang et al., 2016; Lee et al., 2018). We identified 122 eGenes within 1 Mb window from the lead SNP in the 29 established loci as target genes for cis-eQTL data of the Korean CD dataset. Applying thresholds of CLPP > 0.01 and total credible set posterior probability >0.95, two loci including TNFSF15 (TNF Superfamily Member 15) at 9q32 and GPR35 (G-protein coupled receptor 35) at 2q37 were identified in colocalization analysis between the GWAS and cis-eQTL data of the Korean CD dataset (Table 2 and Supplementary Table S4). In the TNFSF15 locus, a previously reported SNP (rs6478109) (Yang et al., 2016) at 360 bp upstream of TNFSF15 (Figure 2A) showed a significant P value in both GWAS (3.2 × 10–45) and cis-eQTL (3.6 × 10–10) with a CLPP score of 0.23. The other causal SNP, rs7848647 at 640 bp upstream of TNFSF15 is in complete LD (r2 = 1) with rs6478109 in East Asians. Both risk allele G of rs6478109 and risk allele C of rs7848647 in CD GWAS were related to lower expression of TNFSF15 than each protective allele A or T in the whole blood tissue (Figure 2B). A reported SNP in the GPR35 locus, rs3749172 (p.Ser294Arg) (Liu et al., 2015; Yang et al., 2016) is located in exon 6 and 25,401 bp downstream of the TSS of GPR35 (Figure 2C). The CLPP score (0.17) of rs3749172 showed that rs3749172 was a shared causal variant in CD GWAS (P value = 6.7 × 10–8) and whole blood cis-eQTL (P value = 4.4 × 10–6) (Table 2). The other causal SNP, rs2953153 (CLPP = 0.20) in intron 5 and 21,164 bp downstream of the TSS of GPR35, is in high LD (r2 = 0.98) with rs3749172. Expression of GPR35 in whole blood was down-regulated at risk allele A of rs3749172 and risk allele G of rs2953153, but up-regulated at protective allele C and A, respectively (Figure 2D).


TABLE 2. Colocalization analysis between CD GWAS and whole blood eQTL using eCAVIAR in TNFSF15 and GPR35 locus.
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FIGURE 2. Two loci including TNFSF15 and GPR35 identified with colocalization analysis between CD GWAS and cis-eQTL data from the Korean CD samples. (A,C) Regional association plots of the (A) TNFSF15 locus at 9q32 using 5,956 SNPs, and (C) GPR35 locus at 2q37 using 497 SNPs in ±1 Mb from rs6478109 and rs3749172 are plotted according to their chromosomal positions (hg19) with –log10 P values from the Korean CD GWAS. Both rs6478109 and rs3749172 are shown as purple circles in each plot. LD (r2) indicated with colors was calculated using East Asian population data (JPT + CHB) for the 1000 Genomes (http://www.internationalgenome.org). Regional association plots were generated using a web browser, LocusZoom (http://locuszoom.org/genform.php?type=yourdata). (B,D) Box plots of the (B) TNFSF15 expression level according to alleles of rs6478109 and rs7848647, and (D) GRP35 expression level according to alleles of rs3749172 and rs2953153. Small circles in the box plot indicate the normalized expression level using trimmed mean of M-values (TMM).


In the colocalization analysis of the 118 target genes between the CD GWAS and Japanese cis-eQTL data, we only identified a TNFSF15 locus with two causal SNPs, rs6478109 and rs7848647 (CLPP score = 0.13, total credible set posterior probability = 1), above the threshold (Supplementary Table S5). In the GPR35 locus, rs2953153 and rs3749172 had significant CLPP scores of 0.10 and 0.39, respectively; however, a total of credible set posterior probabilities of rs2953153 and rs3749172 were below the threshold of 0.89. The colocalization analysis of the 348 target genes between the CD GWAS and GTEx identified rs6478109 and rs7848647 at the TNFSF15 locus as the most likely causal SNP, distinct from the European lead SNP rs10114470 (r2 = 0.77 with rs6478109) in the largest CD GWAS (de Lange et al., 2017; Supplementary Table S6). These two causal SNPs showed significant CLPP scores (rs6478109 = 0.06 and rs7848647 = 0.09) and a 100% credible set posterior probability. Both rs2953153 and rs3749172 in the GPR35 locus had non-significant CLPP scores < 0.01 and cis-eQTL P values with FDR > 0.05 for GPR35 expression. European lead SNP in the largest CD GWAS was rs34236350 (de Lange et al., 2017), in moderate LD with the Asian lead SNP rs3749172 (r2 = 0.34) in Europeans. The colocalization analysis of the GPR35 locus between the CD GWAS of European ancestry (de Lange et al., 2017) and GTEx failed to identify shared causal SNPs.



Transcriptome-Wide Association Study (TWAS) Using Whole Blood eQTL Data

Using summary statistics of the CD GWAS of 4,704 individuals and whole blood cis-eQTL data of the 101 CD patients, TWAS was performed using SMR (Zhu et al., 2016) to discover genes whose expression levels were related to the causal variants of the CD GWAS. Of the top 21 CD TWAS genes at 18 loci (PSMR < 0.01 and PHEIDI > 0.05), 5 TWAS genes were at four previously known CD GWAS loci (Supplementary Table S7). Applying the threshold of PHEIDI > 0.05 and PSMR < 2.31 × 10–6 (0.05/21,583 genes), SMR test identified only TNFSF15 at 9q32 with PSMR = 8.07 × 10–9 and PHEIDI = 0.13 (Supplementary Figure S4). A lead SNP of TWAS in the TNFSF15 locus was rs6478108 in intron 1 of TNFSF15 with P value = 1.6 × 10–44 in the CD GWAS, and the most significant P value in cis-eQTL (2.47 × 10–10) for TNFSF15 expression (Supplementary Table S7). rs6478108 is in high LD (r2 = 0.98) with rs6478109 discovered in the colocalization analysis, and risk allele T of rs6478108 in the CD GWAS was associated with lower expression of TNFSF15 than allele C in the whole blood of the CD patients. When we performed TWAS using Japanese eQTL, SMR test identified only TNFSF15 at 9q32 with PSMR = 5.95 × 10–10 and PHEIDI = 0.2 (Supplementary Table S8). Between the top 27 genes at 22 loci and 21 genes at 18 loci (PSMR < 0.01 and PHEIDI > 0.05) identified using the Japanese eQTL and Korean CD eQTL, respectively, 10 loci (11 genes) overlapped (Supplementary Tables 7, 8).



DISCUSSION

In this study, we established a whole blood eQTL dataset from Korean patients with CD. Our dataset identified eQTL unique to our study population and also confirmed the eQTL signals previously identified in other populations. Using this dataset, we further identified putative target genes at two previously reported loci. We also tried to identify CD-associated genes by TWAS.

Although the eQTL signals identified in other populations were consistent with that identified in our samples, and 96.5-98.7% of the shared eGenes in each pair of three cis-eQTL datasets showed the same direction of allelic effects, we were able to colocalize the GPR35 locus using only the Korean CD or Japanese eQTL, but not GTEx whole blood. Colocalization analysis with the Korean CD or Japanese eQTL identified the same SNPs in the TNFSF15 and GPR35 loci, although the GPR35 locus was less significant in the Japanese eQTL, whereas colocalization analysis of the Korean CD GWAS and GTEx whole blood identified TNFSF15 only. Of note, TNFSF15 risk allele was found to be associated with decreased expression in the whole blood of Koreans, consistent with a recent finding involving a European population (Richard et al., 2018). The top signals of Korean and European CD GWAS at the GPR35 locus were rs3749172 and rs34236350, respectively, in moderate LD (r2 = 0.34) in Caucasians while in high LD in Asians. Rs34236350 of European CD GWAS signal was eQTL for GPR35 in GTEx sigmoid colon tissue only with up-regulation at risk allele, which is in the opposite direction relative to the whole blood eQTL of Korean and Japanese populations. Due to non-significant expression of GPR35 in GTEx whole blood (FDR > 0.05), colocalization using GTEx did not identify GPR35, indicating that population-specific eQTL effects exist. Therefore, our data highlight the utility of building a population-specific data set, even of modest size.

We found that the most significantly enriched GO terms of the 3,816 eGenes was granulocyte activation, especially neutrophil degranulation. The role of neutrophils in the pathogenesis of CD has been much better described in a theory that the common predisposition to CD is a failure of the inflammatory response to tissue damage and innate immunity (Segal, 2019). Failure of neutrophil migration to the inflammatory site is one of the mechanisms involved in granulomatous inflammation, characteristic of CD, which leads to an intense adaptive immune response and the tissues become infiltrated with large number of T cells. These cells as well as macrophages will react by producing cytokines that cause local inflammation and systemic symptoms. The GO term of the two genes identified through colocalization analysis, TNFSF15 and GPR35, was cellular process (GO:0009987) (Supplementary Table S2). GPR35, the receptor of the mucosal chemokine CXCL17 (Maravillas-Montero et al., 2015), is expressed in a subset of macrophages that are recruited to mucosal tissues by CXCL17 (Hernández-Ruiz and Zlotnik, 2017). Given the importance of macrophages in inflammation and the strong expression of both CXCL17 and GPR35 in mucosal tissues, down-regulated at CD risk allele of GPR35 can cause the failure of recruitment of myeloid cells to the site of inflammation. TNFSF15, a proinflammatory cytokine (Jin et al., 2013), can stimulate CSF2 (Colony Stimulating Factor 2) expression which can promote proliferation and maturation of granulocytes (Bhattacharya et al., 2015). Given TNFSF15 risk allele was associated with decreased expression, which can result in decrease in neutrophil activation level.

We recognize several limitations of our study. First, because of our small sample size, we had limited statistical power to detect rare or low impact eQTL, and thus we may have underestimated the number of genes overlapping with those reported in other studies. Additionally, the rather limited GWAS sample size did not allow our TWAS to identify novel candidate genes above the threshold. Second, we assessed gene expression in the whole blood of CD patient, whereas Japanese and GTEx whole blood eQTL were from healthy individuals. The Korean CD eQTL colocalized with the CD GWAS variants at two known loci, but at only one known locus with the Japanese eQTL. TWAS using the Korean CD and Japanese eQTL identified 21 and 27 genes at 18 and 22 loci (PSMR < 0.01 and PHEIDI > 0.05), respectively. TWAS using both eQTLs identified TNFSF15 only above the threshold; however, there were differences in the additional genes identified: TWAS using the Korean CD eQTL identified GPR35, whereas TWAS using the Japanese eQTL identified RNASET2. These differences might be due the differences in gene expression between the CD patient and control blood samples and/or population differences between Korean and Japanese. Although whole blood gene expression of the CD patients and healthy individuals show a high degree of similarity, we cannot exclude the possibility that new eQTL in patients become only evident when the gene is over-expressed as a result of modified inflammatory status. Third, we assessed gene expression in whole blood, which contains a heterogeneous population of cells and cannot be considered to be disease-relevant context, contributing to the low yield of causal genes identified for CD using the GWAS-eQTL integration approach. Although whole blood eQTL have been reported to be enriched with autoimmune disorder – associated SNPs (GTEx Consortium, 2015), whole blood consists of multiple distinct cell types with specific gene regulatory profiles as shown by eQTL of isolated different blood cell types (Fairfax et al., 2012). Previous GWAS have highlighted the importance of T cells in CD pathology. A recent study of single-cell RNA sequencing of blood and ileal T cells from patients with CD has shown that quiescent T cells dominate the peripheral blood (PBL) whereas cytotoxic T lymphocytes and T-helper 17 (Th 17) cells dominate intraepithelial T lymphocytes (IELs) and lamina propria T lymphocytes (LPLs), respectively (Uniken Venema et al., 2019). The authors have also noted that IELs and LPLs express significantly more CD-risk genes, whereas PBLs are not enriched for CD-risk gene expression, emphasizing importance of eQTL of disease-relevant cells.



CONCLUSION

In conclusion, we made the results of our eQTL study involving Korean CD patients available. Our study confirmed the eQTL signals previously identified in other populations, while also detecting additional eQTL unique to our study population. Considering that data from non-European ancestries are limited, our dataset will be useful in furthering our understanding of pathomechanisms of CD. Our results contribute to the understanding of gene expression regulation in Koreans, and also complement existing eQTL databases in other ethnic groups. eQTL loci identified in the current study will help prioritize follow-up of findings from other GWAS of complex diseases.
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In spite of the significant advancements in the treatment modalities, 30% of advanced stage ovarian cancer (OC) patients do not respond to the standard chemotherapeutic regimen and most of the responders finally relapse over time due to the escalation of multidrug resistance (MDR) Phenomenon. Our present study evaluated chemotherapeutic sensitivity response among 47 ovarian tumor patients of which we found 37 (78.8%) sensitive and remaining 10 (21.2%) resistant. Among the resistant, seven tumor samples were found to be platinum resistant or refractory to platinum (CB/TX), one to carboplatin, and two to 5FU. Notably, all these resistant cases were observed in the disease recurrence group of patients identified at stage III or IV. The stage III resistant cases revealed heterozygous mutation (C/T) in exon 12 (C1236T) and 26 (C3435T) and increased level of mRNA, whereas homozygous mutation (T/T) was found at stage IV tumor patients. The genotypic difference was found to be significant (p = 0.03) for exon 12, and p = 0.003 for exon 26 mutant genotypes. No significant association between genotypes of different exons with tumor stages and tumor grade was observed (p > 0.05). However, a significant association was observed between the genotype of exon-12 and histopathology of tumor tissue (p = 0.028). Statistically, the chemotherapy response was found to be significantly associated with the tumor stage (p = 0.019). We also observed a significant difference in PFS (P = 0.019) and OS (P = 0.047) between tumor grades 1 and 3. Notably, the highest mRNA expression was observed in resistant tumor sample T-32, where interestingly we found homozygosity TT in all of the exons 12, 21, and 26. Thus, we suggest that exons 12 (C1236T) and exon 26 (C3435T) polymorphism may play a role in inducing drug resistance by altering the expression level of the MDR1 gene. To summarize, we suggest that the expression of MDR1 in OC is influenced by tumor stage and genotype variants as well as by chemotherapeutic drugs. Thus our findings suggest that inter individual variability in platinum based therapy may be anticipated by MDR1 genotypes. Further studies on a large number of samples shall eventually lead to provide beneficial information for the individualized chemotherapy.

Keywords: multidrug resistance, MDR1 gene, C3435T polymorphism, ovarian cancer, chemotherapeutic response


INTRODUCTION

Ovarian cancer (OC) represents the fifth leading cause of death among women, but ranked number one in deaths due to gynecological malignancies (Cancer Facts and Figures, 2018; Torre et al., 2018). The ovarian tumors are classified into three major groups: epithelial/stromal, germ cell, or sex cord/stromal (Horta and Cunha, 2015). The vast majority (90%) represents Epithelial Ovarian Cancer (EOC), largely of serous type, but endometrioid and clear cells as well as mucinous variants are also present (Siegel et al., 2016; Torre et al., 2018). In spite of the advancement in diagnostic and therapeutic procedures, EOC is still the major cause of high morbidity and mortality among all female reproductive malignancies due to the late stage manifestation of the disease (Jemal et al., 2011; Bowtell et al., 2015; Siegel et al., 2016). Notably, the high death rate, i.e., 5% accounts for EOC as compared to its low representation as only 2.5% of all female cancer cases are due to the fact that four out of five EOC patients are diagnosed at advanced stages of the tumor progression, i.e., when it spreads all over the abdominal cavity (Torre et al., 2018). Regardless of the clinical stage, the standard management of EOC includes cytoreductive surgery followed by platinum (Cisplatin or Carboplatin) based on chemotherapy, i.e., a combination of Carboplatin or Cisplatin with the Taxol, such as paclitaxel drugs (Wright et al., 2015, 2016; Trimbos, 2017). Notably, the present standard chemotherapy regimens apply for the treatment of OC consist of a combination of Carboplatin and Paclitaxel or either as an alternative approach comprised of a combination of Carboplatin and Gemcitabine (Trope and Kaern, 2006; Wright et al., 2015). In spite of these possible approaches, most of the patients have been identified with relapsed disease. It has been estimated that around 20% of the patients do not respond to the platinum anti cancer drugs (Platinum-refractory) and such cases are considered as early relapses, since the disease occurs within the first 6 months of post therapy (Trope and Kaern, 2006). However, the remaining 80% are termed as a Platinum-sensitive as those cases show relapse later. Thus, in Platinum-sensitive relapse patients usually a combination of Carboplatin/Paclitaxel is the foremost chemotherapeutic choice as a palliative value in order to achieve the slow progression of the disease, reduction in pain, and managing the better quality of life (Cannistra, 2004). Despite the fact that many chemotherapeutic drugs are available for ovarian cancer, none is fully effective in curbing tumor growth owing to the emergence of multidrug resistance (MDR) in the tumor cell population (Ren et al., 2016; Guo et al., 2018). Multiple research findings have reported the involvement of two molecular “efflux pumps” namely P-glycoprotein (P-gp) and multidrug resistance associated protein (MRP) in tumor cell membrane, that are often responsible for MDR phenomenon in cancer cells by effluxing out the therapeutic agents from the cell (Kartal-Yandim et al., 2016; Ren et al., 2016). Among them, the P-gp which is foremost characterized and widely investigated for its implication in MDR, belongs to ATP– binding cassette (ABC) of the transporter, encoded by ABCB1/MDR1 gene (Gottesman, 2002; Żesławska et al., 2016). The P-gp transporter is able to actively efflux out approximately 20 cytostatic drugs from the cell, including paclitaxel, doxorubicin, and vincristine (Dean et al., 2001; Kelland, 2007; Podolski-Renić et al., 2011). Several in vitro and in vivo studies have confirmed that P-gp/MDR1expression is the highest in tumor derived tissues as compared to normal tissues and also as multidrug resistant cancer cells which produce larger extracellular vesicles (EVs) than their sensitive cellular counterparts (Baekelandt et al., 2000; Yusuf et al., 2003; Lopes-Rodrigues et al., 2016). Further studies revealed that the P-gp/MDR1 expression level is up regulated in cancer cell in response to the chemotherapeutic agents and the deletion of P-gp (MDR1 knockout mice) display significant enhancements in the accumulation of P-gp substrates within the cell (Goldstein et al., 1989; Noonan et al., 1990; Gottesman, 2002). Recently, in vitro study has demonstrated the enhanced expression of P-gp in both transcript and protein levels in ovarian and other cancer derived cell lines which contribute resistance to paclitaxel and other anticancer drugs (Januchowski et al., 2013; Kim et al., 2017). Notably, Multiple mutational analysis revealed that MDR1 is genetically quite variable, suggesting that single nucleotide polymorphisms (SNPs), may have significant effects on the expression and function of P-gp transporter (Potocnik et al., 2001; Meissner et al., 2004; Sakaeda et al., 2004; Li et al., 2006; Potocnik et al., 2008). In this effort, many researchers have analyzed that the SNPs within the gene of the MDR1/P-gp transporter, have established a relationship with variation in expression and function of MDR1, which eventually lead to the affect responsiveness to drugs, along with susceptibility to disease (Kelland, 2007; Sharom, 2008; Tsai et al., 2015). At least 50 SNPs have been identified within MDR1 gene positions on chromosome 7, and the 3843 bp coding region comprises 28 exons (Sauna et al., 2007; Vine et al., 2014). Most importantly, among SNPs reported in the MDR1 gene, three insertion/deletion SNPs, C1236T in exon 12, G2677T/A in exon 21 and C3435T located in exon 26 respectively, have been most widely investigated and were determined to be functionally significant and ethnically found to be different when mapped at this region of gene (Kelland, 2007; Sharom, 2008; Miyata et al., 2016). Further, Hoffmeyer et al. (2000) findings suggested that synonymous SNP C3435T in exon 26 plays an important role in the function of P-glycoprotein. Many studies have established that linkage disequilibrium of C3435T with two common SNPs, C1236T (exon 12) a synonymous, and tri-allelic G2677T/A (exon 21) a non-synonymous SNPs, respectively. The SNPs C3435T in exon 26 (Ile1145Ile) is associated with reduced MDR1 mRNA expression (Tang et al., 2002; Sai et al., 2003; Yin et al., 2009). Notably, Gréen et al. (2006) showed that a non-synonymous (Changed in amino acid) SNPs G2677T/A having both alleles homozygous are better in responding to the treatment with paclitaxel compared to those groups of ovarian cancer patients having at least one wild type allele in. Hence, it is indicated that P-gp plays a pivotal role in conferring paclitaxel response in ovarian cancer in terms of drug response and susceptibility and may provide useful information for personalized therapy (Gréen et al., 2006). Thus, further determination of genetic variations in MDR1 gene in a particular population may be vital for individualized pharmacotherapy.

Knowing the important role of MDR1 in predicting treatment response with chemotherapeutic drugs, we evaluated the SNPs variants in C1236T in exon 12, G2677T/A in exon 21 and C3435T in exon 26, and compared its association on mRNA expressions in tumor tissues in order to establish their relevance in terms of the response to chemotherapy and prognosis in Saudi ovarian cancer women.



MATERIALS AND METHODS

Fifty-two patients with primary ovarian cancer and 19 women as a control group were enrolled in this study. The controls were recruited in the same age group as the patient so that there were no significant differences regarding the age and sex between cases and control groups Freshly collected EOC tumor samples from each patient and blood from each healthy individual were transported to the lab in refrigerated condition. The study was approved by the local Ethical Committee Board, King Abdulaziz University. Ethical clearance was also taken from King Fahd Medical Research Center, KAU. The written informed consent was obtained from all patients and control subjects according to Helsinki’s declaration. The EOC tumor tissue specimens were collected from the Gynecology Oncology Unit, Obstetrics and Gynecology Department, Faculty of Medicine, King Abdulaziz University Hospital, Jeddah between November 2015 and January 2018. Histological diagnosis was confirmed for all samples included in this study. In this study, 52 OC patients were selected for SNPs and mRNA analysis of MDR1 gene, but 47 cases were evaluated for chemotherapeutic response since, five patients namely (T-15, T-29, T-39, T-48, and T-52) did not turn-up in follow up studies due to severely sick or refused to get the treatment. Therefore, we excluded those five samples as their chemotherapeutic response and relapse cases data were not available for the chemo sensitivity assay.


RNA Extraction From Fresh Tumor

Total RNA was isolated from freshly collected ovarian tumor tissues using the Animal tissue RNA purification kit (Norgen, Biotek Corporation Catalogue # 25700) following the manufacturer’s protocol. The total RNA quantity and quality were quantified and assessed using the Nano Drop (Thermo Scientific, United States).



RNA Isolation From FFPE Tumor Tissue

Total RNA was extracted from Formalin-Fixed paraffin-Embedded (FFPE) ovarian tumor tissue using PureLinkTM FFPE RNA Isolation Kit (Kit No. 156002), Thermo Fisher Scientific, United States, following the manufacturer’s protocol. The total RNA quantity and quality were quantified and assessed using the Nano Drop (Thermo Scientific, United States).



Reverse Transcription Polymerase Chain Reaction (RT-PCR)

In order to check the mRNA expression of MDR1, complementary cDNA was reverse transcribed with total RNA using Maxima First Strand cDNA Synthesis Kit for RT-qPCR (K1641, Thermo Fisher Scientific) following the manufacturer’s instructions. In brief, 1 μg of RNA of each sample was used for cDNA synthesis. The cDNA was quantified using the Nano Drop (Thermo Scientific, United States).



Quantitative Real-Time Polymerase Chain Reaction (qPCR)

The transcript level of the MDR1 gene was quantified by real time PCR (qPCR). An equal amount of cDNA was amplified in triplicate in 48 well optical plates (Applied Bio system) by using QuantiTect SYBER Green PCR kit (QIAGEN, Germany). In brief, 5 pmol gene specific primers (forward and reverse) as shown in Table 1 of each indicated genes were carried out in 10 μl final volume. The cDNA generated with each tumor samples, RNA was quantified separately with MDR1 primers along with two ovarian cancer cell lines (Gao et al., 2014) resistant to platinum (SK-OV-3 and OVCAR-3) were also separately analyzed in order to use one of them as a calibrator to compare the gene expression data. The endogenous control Glyceraldehyde-3-phosphate dehydrogenase (GAPDPH) was used in each tumor sample to normalize the expression against the calibrator in triplicate reaction. Step One (Applied Biosystems, United States) was used for detecting real-time PCR products. The PCR cycling conditions were chosen according to the manufactures instruction. The relative expressions were calculated by the (delta–delta) Ct method. The results (Ct) of the tested samples were normalized to GAPDH and ΔCt, which were determined as the geometric mean of the expression values against control and calibrator as described by Januchowski et al. (2013).


TABLE 1. Showing real time PCR (qPCR) primer sequences used for the transcript analysis.
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DNA Extraction From Freshly Collected Tumor and Blood Samples

DNA was isolated from 19 blood samples used as healthy controls in this study. Further, the DNA was isolated from freshly collected 19 ovarian tumor tissues following DNA extraction protocol kit (Wizard A1120, Promega, United Kingdom) utilized for both tumor and blood samples. The quality of genomic DNA was assessed by 0.8% agarose gel electrophoresis and the quantities of individual DNA preparation were determined by Nano drop.



DNA Isolation From FFPE Tumor Tissue

Remaining DNA was isolated from 33 FFPE ovarian tumor tissues using PureLinkTM FFPE DNA Isolation Kit (Kit No. 0881) (Thermo Fisher Scientific, United States) following the manufacturer’s protocol. The total DNA quantity and quality were quantified using the Nano Drop (Thermo Scientific, United States).



PCR Amplification of MDR1 Gene

The exon specific primers were designed and synthesized from Macrogen Inc, South Korea (Table 2). The length of the PCR amplified product size of ABCB1 exon 12, exon 21 and exon 26, was 169, 156, and 161 bp, respectively. The PCR reaction was performed in 25 μl total volume. In brief, 1 μg of genomic DNA was used as a template to amplify with 10 pmoles exon specific primer pairs with Green master mix Taq polymerase (Promega, United Kingdom). Thermal cycle condition was as follows; initial denaturation at 95°C for 2 min, followed by cycle denaturation at 95°C for 45 s; annealing 52–56°C for 2 min (depending on the primer pairs used); extension at 72°C for 50 s for 35 cycles; followed by final extension at 72°C for 5–7 min as describe by Januchowski et al. (2013).


TABLE 2. Showing the specific primers pair used for ABCB1 exon amplification.

[image: Table 2]


RFLP Analysis of C3435T (Exon-26) Polymorphism

The 161 bp amplified exon 26 PCR product of all 52 tumor samples were subjected for Restriction Fragment Length Polymorphism (RFLP) analysis in order to determine the genotypes of C3435T (exon 26) MDR1 gene as shown in Figure 3. In brief, 500–1000 ng of the purified PCR product was digested with MboI restriction enzyme in a total 15 μl reaction volume at 37°C overnight. The generated fragment of varied length depending on the genotype of the subject were assessed by loading the digested mixture of each sample on 2% agarose gel (Owen et al., 2005). These RFLP generated genotypes produce three patterns of band at position C3435T. For example, wild type (C allele) shows two bands (89 and 72 bp), homozygous mutant (T allele) shows one band (161 bp) and heterozygous CT genotype shows as three bands (161, 89, and 71 bp), respectively as shown in Supplementary Figure P1.



Automated DNA Sequencing Analysis of MDR1

A total of 52 samples (19 fresh tumor and 33 FFPE) of ovarian tumor obtained from different patients were subjected for genotyping exon 12 (C1236T), 21 (G2677T/A) and 26 (C3435T) of the ABCB1 gene respectively by automated DNA sequencing (Applied Biosystems 3500 XL Genetic Analyzer). In order to compare the exon sequence data between cancer and non-cancer individual, the DNA isolated from the blood of 19 healthy individual were also used to genotype the above mentioned exons. The cycle sequencing-PCR reaction was performed following the manufacture’s protocol (Big Dye terminator reaction Kit version 3.1 Applied Biosystems, United States). The sequencing primers for genotyping of exon 12 (C1236T), 21 (G2677T/A) and 26 (C3435T) of MDR1 were designed manually and also verified by using Primer3 software1. The list of internal primers used for cycle sequencing is shown in Table 3. The generated chromatogram of each of the exon sequenced was evaluated for the quality of sequence data by matching with standard reported sequence with the corresponding peak and SNPs were identified by analyzing the heterozygous or homozygous peak manually as shown in Supplementary Figure P2. The SNPs were further re-confirmed by comparing the heterozygous or homozygous peak in the tested DNA samples and control DNA by using nucleotide sequence analysis tools software (Finch TV). The identified SNPs were also re-confirmed by reverse strand sequencing.


TABLE 3. Showing internal primers used in the cycle sequencing reaction for Automated DNA sequencing of exon of the MDR1 genes.
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Statistical Analysis

Statistical analysis was performed using SPSS and SAS/STAT® software (SAS University Edition, version 9.4M5; SAS Institute Inc. Cary NC, United States). The direct counting was carried out to calculate the allele and genotype frequencies. A difference in allele frequencies between tumor samples and normal healthy control of Saudi ethnicity was measured using student’s test. Chi-square and Fisher’s exact test were applied to detect the significance of genotype variation with tumor stage, grade and histopathology. A p-value < 0.05 was considered to be statistically significant. Mean expression level of mRNA of MDR1 genes between sensitive and resistant tumor samples was analyzed. Mann–Whitney, and Jonckheere–Terpstra test was performed to calculate the statistical difference in PFS and OS among various characteristics of ovarian tumor. Mann–Whitney U test was also performed to calculate the difference in MDR1 exon’s (wild type vs. mutant) among PFS and OS.



RESULTS


Tumor Sample Characteristics

In this study, we collected a total of 52 samples of ovarian tumor in which 19 were fresh tumor and the remaining 33 were FFPE tissues. The mean age of the patients was 55.5 years. Out of these 52 samples, seven samples were categorized at stage I, four samples at stage II, thirty-five samples at stage III and the remaining six tumor samples were categorized as stage IV cancer (Table 4). The first recurrence was reported in 20 patients. Primarily, all were treated with debulking surgery and post-operative chemotherapy, which consisted of platinum based regime as well as Taxane-Platinum combination (TX/CB). However, few patients were treated with 5FU or GEMZAR and five patients namely (T-15, T-29, T-39, T-48, and T-52) did not turn-up, refused or severely sick to get the treatment. Out of 47 tumor samples, 37 (78.8%) were sensitive and the remaining 10 (21.2%) completely failed to respond to chemotherapy and were characterized as resistant having progressive disease phenotype. When we analyzed the sensitivity rate among the five chemotherapeutic agents used in this study, we found Carbo/Tax 82.5% (33/40), Carboplatin 66.7% (2/3), Fluorouracil (5FU) 33.3% (1/3) and GEMZAR 50% (1/2) sensitive respectively in OC patients. All of the resistant tumors were surprisingly found at stage III or IV. Notably, one patient (T-1) was resistant to 2 drugs (CB/TX and GEMZAR) simultaneously, so we considered T1 samples as to be resistant. The majority of the resistance was found against CB/TX (7 sample), whereas one sample was resistant to carboplatin and two to Fluorouracil (5FU) as depicted in Table 5.


TABLE 4. Showing patients characteristics and treatment details.
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TABLE 5. Sensitivity rates among 47 patients to five chemotherapeutic agents used in this study.
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MDR1 Gene Expression Analysis

In order to determine the correlation between genotypes variants of MDR1 with mRNA expression to evaluate its relevance in terms of response to chemotherapy, prognosis and first we assessed the expression of mRNA levels in MDR1 gene of OC samples (both sensitive and resistant). The mRNA expression data of MDR1 were compared with relative expression results of SK-OV-3 and OVCAR-3 (ATCC ovarian cancer cell line) reported to be platinum resistant (Gao et al., 2014). When we compared the relative quantification data among tumor samples, we observed the highest expression relative to the OVCAR-3 of MDR1 gene in T-30, T-32, T-24, T-47, T-34, T-17, RT-31, T-48, T-36, and T-37 as shown in Figure 1. Notably, our qPCR results were matched with the reported finding of MDR1 gene expression in SK-OV-3, where RQ value has been shown to be nearly fivefold (Gao et al., 2014). Our comparison analysis between sensitive and resistant tumor samples showed that the majority of resistant samples (T-32, T-47, T-17, T-31, T-36, and T-37) have enhanced expression as compared to the sensitive samples. However, high expression was also observed in few sensitive samples (T-30, T-24, T-34, and T-48). Further, a comparison of mRNA expression level of MDR1 among CB/TX resistant tumor samples, showed a nearly 24.3 to 653-fold increase in expression level. However, one sample T-1 resistant to CB/TX plus GEMZAR showed the least mRNA expression level, i.e., 15-fold as compared to control OVCAR-3 Figure 1 and Table 6. Notably, we observed the second highest 493-fold expression of MDR1 in T-47 samples resistant to 5FU. Notably, our comparative analysis of mRNA expression between sensitive and resistant tumor samples revealed that the mean average expression of all the resistant tumor samples was much greater than those of the sensitive samples (380.14 in resistant vs. 149.47 in sensitive) respectively as shown in Figure 2.
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FIGURE 1. MDR1 mRNA expression analysis by qPCR in ovarian tumor tissues tissue relative to the level expressed in OVCAR-3. The expression of MDR1 in ovarian cancer control cell line SK-OV-3 and OVCAR-3 were measured in parallel to compare the relative expression levels between ovarian tumor tissues. The results presented were the geometric mean of values normalized to the endogenous control genes GAPDH. (A) Gray color bar depicts sensitive samples; (B) Red color bar depicts resistant samples respectively.



TABLE 6. Stages of samples and their relationship with MDR Genotypes and mRNA expression with chemotherapeutic resistance profile.
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FIGURE 2. The bar chart diagram showing the comparative mean average expression between all resistant and sensitive ovarian tumor samples (380.14 in resistant vs. 149.47 in sensitive) respectively.
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FIGURE 3. Schematic representation of PCR amplification and restriction digestion with MboI in order to determine the genotype of exon 26 (C3435T) of the MDR1 gene in ovarian tumor samples.




Genotyping of MDR 1 Gene

There is no information available regarding genotype frequency and its correlation with chemo resistance in ovarian cancer patients of Saudi ethnicity. In order to establish the correlation between MDR1gene expression and genotype with chemotherapeutic response to infer a clinical significance for the management of ovarian cancer patients, we have genotyped a total of 52 clinical ovarian tumor tissues along with 19 control samples of healthy women in exon-12 (C1236T), 21- (G2677T/A) and exon-26 (C3435T) of MDR1 gene, respectively. To genotype all the mentioned exon, we mostly used the Automated DNA sequencing method. However, exon-26 (C3435T) of MDR1 was genotyped by both RFLP as well as sequencing methods. The genotyping of exon 26 (C3435T) of MDR1 by RFLP analysis showed 35 heterozygous samples (C/T) at position C3435T on exon-26 of MDR1, whereas six samples were identified as homozygous mutant for TT allele (Supplementary Figure P1). Genotyping results of ovarian tumor samples and healthy controls are summarized in Table 7.


TABLE 7. Genotyping results of ovarian tumor and healthy control samples.
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Genotyping of Exon 12 (C1236T), 21 (G2677T/A), and 26 (C3435T) of MDR1 Gene by Automated DNA Sequencing

In order to correlate the mRNA expression of MDR1 genes involved in drug resistance in ovarian cancer with genotype variants, we carried out the genotyping analysis of exon 12 (C1236T), exon 21 (G2677T/A), and exon 26 (C3435T) of MDR1 gene in ovarian tumor tissues. The sequencing results were compared with a reported sequence using multiple alignment tools available at NCBI. The retrieved DNA sequence of each sample was also manually validated by observing the chromatograms as shown in Supplementary Figures P2A–C. Wild type and mutant alleles were identified as a single or heterozygous peak, respectively. In exon 12, 38.5% (20) were heterozygous mutants and 17.3% (9) were homozygous mutants. Our comparison analysis between ovarian tumor samples and healthy controls Table 7, we found a significant difference (P = 0.03) in exon-12. We further found a significant difference (P = 0.06) when compared between heterozygous and homozygous mutations. In exon-26, heterozygous mutations were found in 67.3% (35) samples, whereas 11.5% (6) samples were found to have homozygous mutation as shown in Table 7. The results of exon 26 genotypic differences were highly significant (P = 0.003) as compared to the controls Table 7. Notably, the heterozygous and homozygous mutations differences in exon 26 C3435T (P = 0.06) were as significant as the exon 12 C1236T. However, no significant differences (P = 0.26) were observed in exon 21 G2677T/A as compared to the control as shown in Table 7. The 17.3% (9) heterozygous mutation GT was observed as compared to the homozygous mutations TT (7) 13.5% without any significant differences (P = 0.2).



Association Between Genotype Variants of Each Exon of MDR1 With Clinical Characteristics

The obtained results were statistically analyzed to observe any association among different histopathological features. In this respect, we applied Chi-Square test to analyze genotype variants of each exon with different tumor stages, grades, and histopathology as well as chemotherapy response. The analyzed results were not found to be statistically significant when genotypic variants of exons were compared with different stages of the ovarian tumor as Fisher’s exact test were more than 0.05 (P = 0.05). However, only genotypic variants of exon 12 were closely significant with a p-value of 0.06 (Table 8). Comparing the genotypic variants of exons with tumor grade, we observed no statistical significance as Fisher’s exact test values were more than 0.05 in each case (Table 9). Notably, a significant statistical association was observed between Exon 12 genotypic variants and histology of tumor tissue as p-value was found to be 0.028 (Table 10). Since the p-values for exons 21 and 26 were more than 0.05, therefore, we conclude that there have been no significant associations between tumor histology and genotypic variance among these exons (Table 10). Statistical analysis for genotypic variations in exons and response to chemotherapy revealed that there have been no associations between these two variables (Table 11). However, a significant association was observed in response to the chemotherapy with regard to the tumor stage (P = 0.021), though the response to chemotherapy was found to be non-significant with regard to the grade of the tumor (Table 12). The statistical difference in progression Free Survival (PFS) and Overall Survival (OS) among various characteristics of the ovarian tumor were analyzed by Mann–Whitney, and Jonckheere–Terpstra test as summarized in Supplementary Table S1. Notably, we observed a significant difference in PFS (P = 0.019∗) and OS (p = 0.047∗) between tumor grades 1 and 3. In other words, the patients in grade 3 lives shorter than patients having grade 1 or 2. Further, Mann–Whitney U test was also performed to calculate the difference in MDR1 exon’s (wild type vs. mutant) among PFS and OS. We did not observe any significant association between wild type and mutant MDR1 exon with PFS and OS in ovarian cancer patients (data not shown).


TABLE 8. Cross tabulation and chi-Square test for exon and stage.
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TABLE 9. Cross tabulation and chi-square test for exons and grade.
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TABLE 10. Cross tabulation and chi-square test for exons and histology.
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TABLE 11. Cross tabulation and chi-Square test for exon and response.
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TABLE 12. Cross tabulation and chi-square test for response with stage and grade.
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DISCUSSION

Epithelial Ovarian cancer represents the highest deaths amongst all gynecological cancers (Torre et al., 2018). In spite of the significant progress and advancements gained in the treatment modalities, yet 30% of advanced stage patients do not respond to standard chemotherapeutic regimen and most of the responders finally relapse over the time due to the emergence of multidrug resistance (MDR) mechanism (Cannistra et al., 2004; Auner et al., 2010; Guo et al., 2018). The genetic variations in ABCB1 gene seem to affect the pharmacokinetic as well as pharmacodynamics of many drugs, hence both together might lead to influence drug dose, and drug efficacy in terms of treatment response and adverse effects (McLean and Le Couteur, 2004; Hurria and Lichtman, 2007). In this perspective, three coding region SNPs variants, such as C1236T (exon 12, rs1128503), G2677T/A (exon 21, rs2032582) and C3435T (exon 26, rs1045642) of ABCB1/MDR1 gene polymorphisms have been well investigated and extensively characterized (Illmer et al., 2002; Kamazawa et al., 2002; Gréen et al., 2006). Multiple findings have confirmed that these SNPs variants are associated with altered mRNA levels, protein folding and drug pharmacokinetics (Cascorbi, 2006; Kimchi-Sarfaty et al., 2007; Longo et al., 2010). Further, association studies of SNPs C1236T, G2677T/A and C3435T in ABCB1 gene have been linked with altered mRNA expression and drug response in many cancers including OC (Gréen et al., 2006; Yin et al., 2009; Kim et al., 2017). However, data regarding the association of MDR1 genetic polymorphisms with mRNA expressions to correlate their prognostic significance for predicting chemotherapeutic response outcomes in Saudi ovarian cancer women are not available. In this perspective, our aim of the present study was to determine the correlation between SNPs of MDR1 and mRNA expressions in order to evaluate their relevance in terms of response to chemotherapy and prognosis. In this study, out of 52 OC patients, 47 cases were evaluated for chemotherapeutic response. The chemotherapeutic regimes selected by the oncologist at King Abdulaziz University Hospital, Jeddah are summarized in Table 5. The patients having recurrent, persistent, or progressive disease, the choices of chemotherapy have been adopted partly on the duration and type of response to initial therapy. For example, the platinum-sensitive disease, a platinum-based combination regimen (platinum/taxane) has been empirically chosen for therapy. For platinum-resistant disease oncologists empirically selected from an array of non-platinum regimens, mostly 5FU, FEMERA and gemcitabine (GEMZAR), all of which have been evaluated and proven to be clinically equivalent and acceptable for chemotherapy in such a pool of patients. Based on the above-mentioned criteria, the anti-cancer drug response evaluation results showed an over all 78.8% sensitive and 21.2% resistant patients respectively. Notably, our chemotherapeutic sensitivity data matches with other finding, where Trope and Kaern (2006) have also reported that around 20% Platinum-refractory patients do not respond to the platinum drugs and are considered as resistant and the remaining 80% are termed as a Platinum-sensitive as those cases responded better to platinum anti-cancer drugs at an early stage. Interestingly, all the chemoresistant OC tumor samples have also recorded in the disease recurrence group of patients having at stage III and IV and the highest resistant cases 70% (7/10) are recorded with platinum drug Carbo/Tax followed by non-platinum 5FU 66.7% (2/3) and GEMZAR 50% (1/2) respectively as shown in Tables 5, 6, 12. Our findings are very much consistent with other previous reports, where most of resistant tumors were also reported at stage III or IV and nearly, 30% ovarian cancer patients of this stage could not respond to treatment due to the development of MDR resistance (Ozols, 2006; Auner et al., 2010; Shuang et al., 2016). The high fold increase in the mRNA expression in nearly all resistant tumor along with few sensitive samples clearly suggest that high expression of MDR1 gene is not due to the specific chemotherapeutic drug as these tumor samples were resistant to either a combination of Paclitaxel and Carboplatin (CB/TX) or Carboplatin alone or Fluorouracil (5FU). It is well documented that Taxane (Paclitaxel) is a substrate of MDR1 not Carboplatin so, MDR1 most likely up-regulated under the prolonged exposure to Paclitaxel rather than Carboplatin. Notably, our observation regarding MDR1 expression in almost tumor samples, are very much supported by the previous study conducted in GROVCDDP Cisplatin-resistant ovarian cancer cell line, where Stordal et al. (2012) have shown that Cisplatin is not a substrate of a P-glycoprotein. They have demonstrated that over-expression of MDR1/P-gp is not due to specific response to a substrate (Cisplatin) rather, P-gp was up-regulated due to the common stress response (Stordal et al., 2012). Thus, we can suggest that MDR1 over-expression in both resistant (CB/TX or CB or 5FU) as well as in few sensitive OC tumor samples are not due to the specific chemotherapeutic drug response, rather the increased mRNA expression level is due to several stress response pathways thought to play a role in the regulation of P-gp expression (Kantharidis et al., 2000; Stordal et al., 2012). When we compared these resistant tumor samples with the genotype and mRNA expression profiles, we observed a common heterozygous mutation 1236 (C/T) in exon 12 of tumor samples of stage III. In contrast, homozygous mutations (T/T) were found to be at stage IV in most of the tumor samples. Similarly, in genotype variants of exon 26 (C3435T), the homozygous mutations (T/T) were observed at stage IV resistant tumor samples, suggesting the involvement of T allele in inducing the mRNA high expression and thereby contributing resistance phenotype in the late stage, such as III and IV. This remarkable observation may be justified by the facts that a homozygous mutation (TT) was identified in all the exon of T-32 resistant (CB/TX) tumor samples identified at stage IV, in which the highest mRNA expression has also been recorded as compared to other resistant cases as shown in Table 6. In general, our study observed increased mRNA expression of MDR1 in both heterozygous and homozygous mutations in exons 12 and 26 in majority of the resistant samples as shown in Table 6, and thus we can suggest that chemotherapeutic resistant development in tumor samples seem to be appeared not only due to combinatorial effect of more than one mutation but also the stage of tumor plays a significant role in conferring resistance phenotype in OC patients. We have also shown that the presence of T allele in exon 12 (C1236T) and especially exon 26 (C3435T) is associated with a greater increase in mRNA expression that eventually leads to confer poor response to chemotherapy. Remarkably, our finding is further substantiated with other studies in placenta and breast cancer, where Kafka et al. (2003) have shown an association of haplotype T with increased mRNA expression. However, our results were contrary to most other studies have failed to find an association between SNP (C3435T) and mRNA expression of MDR1 gene in OC (Hitzl et al., 2004; Gao et al., 2014). Notably, a recent study has shown an association between MDR1 mRNA expression and poor response to chemotherapy through the same study did not observe any relationship between genotype variants C3435T, G2677TA, and C1236T and mRNA expression (Doxani et al., 2013). Similarly, another study on Egyptian breast cancer patients also failed to establish any association between the MDR1 C1236T, G2677T/A polymorphisms and MDR1 mRNA expression (Fawzy et al., 2014). Further, an Australian study on ovarian cancer also did not find any association between SNPs in exon-12 (C1236T) and 21 (G2677T/A) and MDR1 expression (Gao et al., 2014). When we performed the Chi-Square Test, to analyze the genotype variants of each exon with different tumor stages, grades, and histopathology as well as chemotherapy response. We did not observe any significant association between genotypic variants of exons with different stages of the ovarian tumor as Fisher’s exact test were more than 0.05 (p ≥ 0.05). However, only genotypic variants of exon-12 were closely significant with p-value of 0.06 (Table 8). Similarly, no statistical significance observed, when genotypic variants of exons were compared with tumor grade as Fisher’s exact test values were more than 0.05 (Table 9). Notably, a statistically significant association was observed between Exon-12 genotypic variants and histology of tumor tissue as the p-value was found to be 0.028 (Table 10). Since the p-values for exons 21 and 26 were more than 0.05, therefore we conclude that there has been no significant association between tumor histology and genotypic variance among these exons (Table 10). Statistical analysis for genotypic variations in exons and response to chemotherapy revealed that there was no association between these two variables (Table 11). However, a significant association was observed in response to the chemotherapy with regard to the tumor stage (P = 0.019), though the response to chemotherapy was found to be non-significant with regard to the grade of tumor (Table 12). Notably, we observed a significant statistical difference in PFS (P = 0.019∗) and OS (p = 0.047∗) between tumor grades 1 and 3 but could not find any significant differences between other pairwise comparisons and hence we suggest that grade 3 ovarian tumor patients most likely live shorter than other grades like 1 or 2 (Supplementary Table S1). This could be further justified by our observation, where tumor stage II was found to possess the second highest values for PFS (14.5 (44) and highest OS 28.5 (57) median (IQR) months, respectively. Similarly, maximum PFS and OS were observed with tumor grade 1 with values 22.0 (35) months and 29.5 (39) months, respectively. Where as the grade 3 tumor found to show lower values for PFS and OS 8.0 (14) and 13.0 (22) median (IQR) months, respectively. Interestingly, based on histology, both PFS and OS were also found to be greater in ovarian tumor with serous histology than in the non-serous one (Supplementary Table S1). Thus, our observations suggest that a trend in decrease in the mean PFS and OS is associated with the advancement of tumor grade in Saudi ethnicities. Notably, our findings are very much supported by a large study conducted in the American population, where ovarian cancer patients with grade 3 tumor were found to be associated with decreased PFS and OS as compared to the tumor grade 1 (Winter et al., 2007). However, based on tumor histology, we found improved clinical outcomes in patients with papillary serous histology as compared to those with non-serous tumors (Supplementary Table S1) and surprisingly, our finding appeared to be contrary to results from American study (Winter et al., 2007).

Although, the present study does not find any association between wild type and mutant MDR1 exon with PFS and OS in Saudi ovarian cancer patients (data not shown). However, we observed wild type exons 12 (C1236T) and 21 (G2677T/A) of MDR1 more likely appeared to live longer than the mutant. Surprisingly, we found an inverse correlation with exon- 26 (C3435T), i.e., wild type less likely live longer than the mutant on ovarian cancer patients. Further, Mann–Whitney U test was also performed to calculate the difference in MDR1 exon’s (wild type vs. mutant) among PFS and OS. We did not observe any significant association between wild type and mutant MDR1 exon with PFS and OS in ovarian cancer patients.

Though, irrespective of the stages or mutation, most of the resistant tumor samples showed elevated MDR1 gene expression. Since more than one SNPs were identified in each resistant tumor samples, hence, we were unable to correlate with the individual SNPs variants impact on MDR1 gene expression and response to chemotherapy, however, the effect of subtle mutations of each exon on MDR1 gene expression cannot be ruled out. To validate individual SNPs effect on high expression of MDR1 gene in ovarian cancer, further research work will be needed to analyze the effect of these subtle mutations by in vitro transport and drug response assay.



CONCLUSION

High level expression of mRNA of MDR1 correlates with chemotherapeutic resistance to combination chemotherapy in ovarian cancer. The exons 12 (C1236T) and exon 26 (C3435T) homozygous mutations (TT) seems to be very much associated with increased mRNA expression of MDR1 in resistant tumor patients. Hence, we can suggest that enhanced MDR1 expression level may be a useful prognostic significance to evaluate the drug response and prediction of new combinatorial chemotherapeutic agents in OC patients. Further, our findings revealed that inter individual variability in platinum based therapy might be anticipated by MDR1 genotypes and hence, genotypic profiling of ABCB1 gene along with non-P-gp ABC transporter genes, such as MRP1, MRP2, and MRP3 of individual OC patients might be a novel approach in terms of providing beneficial information for individualized chemotherapy. However, in order to determine the subtle effect of these MDR1 SNPs impact on protein expression as a prognostic significance, further research work will be essentially important to establish its individual mutation’s functional consequences on transporter efflux activity and chemotherapeutic response in ovarian cancer.

Moreover, the importance of non-P-gp transporter such as multidrug resistance-associated protein MRP1, MRP2, and MRP3 gene involvement with resistance to platinum-containing drugs in OC could not be ruled out. Hence, a better understanding of the mechanisms of chemotherapy resistance in OC patients, by increasing more knowledge about these genes such as MRP1, MRP2, and MRP3, whose genetic polymorphism may influence its protein expression which might in turn eventually lead to affect the outcome of chemotherapy in advanced ovarian cancer patients. Therefore, before reaching any definite conclusion with regard to the establishment of prognostic significance of MDR1 gene in predicting clinical correlation with response to chemotherapy and prognosis, more studies would be further needed based on larger samples, in order to get better insights into complete and distinct understanding on the ways to overcome drug resistance.
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The current study retrospectively evaluated cytogenetic profiles, various prognostic factors, and survival outcomes in 128 acute myeloid leukemia (AML) patients (14 ≤ age ≤ 70 years) admitted to the National Center for Cancer Care and Research (NCCCR), Hamad Medical Corporation, Doha, Qatar, between January 2010 and December 2016. The median age at diagnosis was 43 years, and 80% were less than 60 years old; 75% of patients were male. Cytogenetic analysis was integrated into the World Health Organization 2008 classification and showed that the percentages of normal and abnormal karyotypes were similar, accounting for 48.4% of each group of patients. The AML risk stratification based on cytogenetic analysis resulted in the following distribution: 18% in the favorable risk group, 57% in the intermediate-risk group, 24% in the unfavorable risk group, and 1% unknown. Only 88 patients received therapy with curative intent; 67% achieved complete remission, increasing to 81% after inductions 1 and 2. The median overall survival (OS) and disease-free survival (DFS) in AML patients were 26.6 and 19.5 months, respectively. The 3-year OS and DFS were 40 and 36%, respectively. Prognostic factors including age, gender, white blood cell count, and risk stratification were not significantly associated with treatment outcomes, whereas response to treatment vs. failure was significantly associated with the outcome (p = 0.01). The current study supports the importance of cytogenetics as a useful tool in diagnosis, prognosis, and risk assessment in AML treatment.
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INTRODUCTION

Abnormal growth of white blood cells (WBCs) in the bone marrow, typically known as acute myeloid leukemia (AML), usually hampers normal blood cell production. Intensity of AML is higher in the white population (3.8 per 100,000) than in Asian people (3.2 per 100,000) (Howlader et al., 2012). AML is a common type of blood cancer, accounting for 80% of all leukemias. Males are more likely to be affected than females. The risk of AML increases with age, particularly in those above 60 years old. In the United States, the incidence of AML increases by around 10 times in patients above 65 years old, with a rate of 12.2 per 100,000 people (De Kouchkovsky and Abdul-Hay, 2016).

Acute myeloid leukemia is a heterogeneous group of diseases with several morphological, immunophenotypic, cytogenetic, and molecular genetic features (Döhner et al., 2010). Cytogenetic examination is considered the most important prognostic factor to predict clinical outcomes in AML patients (Döhner et al., 2010; De Kouchkovsky and Abdul-Hay, 2016). Cytogenetic results have been integrated into the World Health Organization (WHO) classification of AML. Three important multicenter clinical trials conducted by Cancer and Leukemia Group B (Byrd et al., 2002), the United Kingdom Medical Research Council (MRC) (Grimwade et al., 1998), and the Southwest Oncology Group (SWOG) (Slovak et al., 2000) demonstrated the importance of cytogenetic analysis and its significant impact on AML patients outcomes, leading to the stratification of AML risk into three groups: favorable, intermediate, and unfavorable.

The favorable risk group included balanced translocation t(8;21), t(15;17), inversion inv(16), and t(16;16); the intermediate risk group included normal karyotype (CN-AML), t(9;11), −Y (loss of the Y chromosome), +8 (trisomy of chromosome 8), +11, +13, +21, del(7q) (removal of the long arm of chromosome 7), del(9q), and del(20q); and the unfavorable risk group included complex karyotype, inv(3) or t(3;3), t(6;9), t(6;11), t(11;19), del(5q), −5 (monosomy of chromosome 5), and −7 (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002; Marchesi et al., 2011). In the favorable risk group, the presence of additional chromosomal abnormalities has no significant effect on prognosis (Appelbaum et al., 2006).

An appropriate and accurate assessment of prognosis is fundamental to the management of AML. This involves stratifying patients according to their risk of treatment resistance or treatment-related mortality. Several prognostic factors, including cytogenetic analysis (Grimwade et al., 2010), age (Appelbaum et al., 2006), WBC count, de novo or secondary AML, presence of any antecedent hematological disease (Grimwade et al., 1998; Slovak et al., 2000), and performance status are used by physicians to choose the best treatment procedure—standard or increased treatment intensity, consolidated chemotherapy or allogeneic hematopoietic stem cell transplant (HSCT) (Byrd et al., 2002)—or, more crucially, to choose between established and investigational therapies (Grimwade et al., 1998, 2010; Slovak et al., 2000; Byrd et al., 2002; Appelbaum et al., 2006). High cytogenic risk AML patients are potential candidates for allogeneic HSCT, whereas low cytogenetic risk patients are candidates for intensive chemotherapy. In intermediate-risk AML, the most suitable treatment remains to be defined (Grimwade et al., 1998; Byrd et al., 2002; Döhner et al., 2010).

In newly identified AML patients with abnormal karyotype, cytogenetic analysis is also recommended for documenting complete remission (CR) (Grimwade et al., 1998; Slovak et al., 2000; Marcucci et al., 2004; Hirsch et al., 2014). Several studies have found that persistence of cytogenetic abnormalities found in leukemic blast cells at diagnosis, following chemotherapy induction, may predict a high relapse rate of leukemia and a poorer clinical outcome with lower disease-free survival (DFS) and overall survival (OS) rates (Grimwade et al., 1998, 2010; Slovak et al., 2000; Marcucci et al., 2004; Hirsch et al., 2014).

Despite many advances in diagnosis, prognosis and risk stratification, and treatment of AML, the cure rate remains modest, at 60–80% at first induction in young adult patients (age ≤60 years) and 30–40% in older individuals (Appelbaum et al., 2006; Odenike et al., 2011).

This study aimed to determine the cytogenetic profile of AML in adults, to correlate cytogenetic abnormalities to the WHO 2008 classification, to evaluate the risk stratification, and to study the response to treatment of AML patients in Qatar from 2010 to 2016.



MATERIALS AND METHODS

The current study was an observational investigation that was conducted retrospectively based on AML patients’ records, including those aged less than 70 years and more than 14 years, diagnosed and treated at the National Center for Cancer Care and Research (NCCCR), Hamad Medical Corporation, Doha, Qatar, between January 2010 and December 2016, in relation to WHO 2008 guidelines. The follow-up was a minimum 2 years from inclusion so the results were considered until 2018 onward. The study was approved by the Medical Research Center Institutional Review Board (MRC-IRB) for the research proposal number “17287/17, 15/5/20”, and was exempted from ethical approval.


Patients

Among 208 patients diagnosed with AML in the department of clinical hematology at NCCCR, only 128 were included in this study after the exclusion of patients over 70 years and those with acute promyelocytic leukemia. Patient data regarding sex, age, nationality, hematological features, diagnosis date, WHO classification, cytogenetic abnormalities, risk stratification, first and further line of treatment, response to treatment, consolidation, date of relapse, bone marrow transplantation, date of last follow-up, and date and cause of death were collected (Döhner et al., 2010).



Morphologic Evaluation

Peripheral blood smears and bone marrow aspirations were stained with Wright’s stain. Differential counts of at least 100 cells in the peripheral blood smear and of at least 500 cells in the bone marrow smear were performed. AML was defined by the presence of at least 20% blasts in bone marrow and/or peripheral blood samples, except for AML with t(15;17), t(8;21), inv(16), or t(16;16), and some cases of erythroleukemia. AML was classified according to the 2008 WHO classification (Döhner et al., 2010).



Immunophenotyping

Immunophenotyping was performed using multicolor flow cytometry on bone marrow aspirate/peripheral blood using a CD45-gating strategy to identify the immunophenotype of the blasts. An acute leukemia panel of 28 antibodies in a four-color combination (FITC/PE/ECD/PC5 fluorescent conjugates) was used: (1) CD34/CD117/CD45/CD19, (2) CD14/CD13/CD45/CD64, (3) HLADR/CD7/CD45/CD5, (4) CD34/CD33/CD45/CD56, (5) CD19/CD10/CD45/CD3, (6) CD15/CD33/CD45/CD2, (7) CD9/CD19/CD45/CD4, (8) CD20/CD10/CD19/CD45, (9) cMPO/cCD79a/cCD3/sCD45, (10) TdT/sCD19/sCD3/sCD45, (11) CD36/CD11c/CD45/CD11b, and (12) CD41/glycophorin A/CD45/CD61(PC7).

Data acquisition and analysis were performed using a Navios flow cytometer (Beckman Coulter) and Novio software.



Cytogenetic Analysis

Cytogenetic analysis was performed in bone marrow or blood cells during metaphase. Karyotypes were identified following the rules of the International System for Human Cytogenetic Nomenclature (Gonzalez Garcia and Meza-Espinoza, 2006). Clonal abnormalities were considered when at least two metaphases showed the same aberration either in the structure or in the extra chromosome. Monosomy was considered significant if a minimum of three metaphases showed the same abnormality. Cytogenetic risk groups were assessed using the SWOG/ECOG (Southwest Oncology Group/Eastern Cooperative Oncology Group) criteria (Slovak et al., 2000). Fluorescence in situ hybridization (FISH) analysis was performed using specific probes for inv(16)(p13;q22), t(15;17)(q22;q21), t(8;21)(q22;q22), and 11q2.3 abnormalities, for mixed lineage leukemia (MLL) involving translocations, and for abnormalities (deletions or trisomy) of chromosome 5, 7, 8, 9, 11, 13, or Y. For all FISH analyses, at least 200 interphase nuclei were examined.



Molecular Mutation Analyses

Gene mutation analyses were performed for FLT3-ITD, NPM1, and c-Kit.



Treatment

Treatments were administered based on NCCCR’s AML guidelines. Treatment in patients 14 ≤ age ≤ 70 years old consists of double induction therapy and consolidation therapy based on cytogenetic stratification (high-dose cytarabine and/or allogeneic transplant). The induction chemotherapy (3 + 7) regimen consists of standard-dose cytarabine (200 mg/m2/d) continuous intravenous (IV) infusion on days 1–7 and anthracycline (idarubicin 12 mg/m2/d or daunorubicin 60 mg/m2/d or mitoxantrone 10–12 mg/m2/d IV on days 1–3). Consolidation consists of high-dose cytarabine (3 g/m2) IV every 12 h on days 1, 3, and 5. Patients aged between 60 and 70 years old, with a good performance status (less than 2), no comorbidities, and no adverse cytogenetics are treated with one induction (3 + 7 regimen) followed by 2–3 consolidations with intermediate-dose cytarabine (1000–1500 mg/m2) IV over 3 h every 12 h on days 1, 3, and 5. Finally, non-fit patients and those older than 70 years are treated with low-dose cytarabine (20–40 mg subcutaneously on days 1–10 for 4–5 weeks) or with hypomethylating agents (azacitidine 75 mg/m2 subcutaneously on days 1–7 or days 1–5, 8, and 9 every 28 days until progression).



Statistical Analysis

Data were analyzed using SPSS statistical software 23.0. Differences in proportions were evaluated by Chi-square test. A value of p < 0.05 was considered to indicate a statistically significant difference. OS was determined based on the time between diagnosis and death or the time of the final clinical evaluation. DFS was defined as the time from CR to relapse or death or last follow-up. The Kaplan–Meier method was used to estimate OS and DFS, and survival curves were compared using the log-rank test. Cox proportional regression was used for the multivariate analysis. Odds ratios were calculated and reported with 95% confidence intervals. CR was confirmed when all the following conditions were fulfilled: less than 5% of blasts in the bone marrow, no leukemic blasts in the peripheral blood or extramedullary sites, and recovery of blood counts.



RESULTS


Demographic Characteristics of AML Patients

Of the 128 AML patients diagnosed and treated at NCCCR, Qatar, from January 2010 to December 2016, 97 (76%) were male and 31 (24%) were female, constituting a male to female ratio of 3.12:0.32. AML was more common in males than females in this sample, consistent with previous estimates (Howlader et al., 2012). Patient age ranged between 14 and 70 years with a median of 43.3 years; 103 patients, accounting for 80%, were younger than 60 years old (Table 1 and Figure 1). Qatari patients (n = 11) represented 8.5% of the total, while non-Qataris (n = 117) represented 91.5%; the latter were mainly from South Asia (36%) and the Middle East/North Africa region (26%) (Table 1 and Figure 1).


TABLE 1. Demographics and presentation of AML by age, gender, and origin.
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FIGURE 1. Cohort demographics by age (A) and origin (B). Gender ratio (M/F) = 2.76.




Hematologic Characteristics of AML Patients

At the time of diagnosis, WBC ranged between 0.7 and 307 × 103/mm3, with a median of 20 × 103/mm3. Hemoglobin distribution was in a range of 2.9–14.9 g/dL with a median of 8.1 g/dL. The platelet count median was 54.5 × 103/mm3 in the range 3–1306. The median peripheral blast was 40% in the range 0–70, and the median marrow blast percentage was 54%, distributed between 20 and 99% (Table 2).


TABLE 2. Hematologic values: median and range.
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Cytogenetics and Molecular Analysis of AML Patients

Karyotype analysis was performed in all patients and was considered to have failed in four patients (3.1%) because of inadequate metaphases. CN-AML and abnormal karyotype were each observed in 62 patients, accounting for 48.4% of each group of patients (Table 3). Molecular analysis was performed for 16 patients, focusing on FLT3-ITD and NPM1 mutations. Mutant FLT3-ITD/mutant NPM1 was found in one case, mutant FLT3-ITD/wild-type NPM1 in five cases, wild-type FLT3-ITD/mutant NPM1 in four cases, and wild-type FLT3-ITD/wild-type NPM1 in six cases. The cohort’s results according to the WHO 2008 AML classification are summarized in Table 4.


TABLE 3. Cytogenetic results.
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TABLE 4. Acute myeloid leukemia (AML) results in accordance with WHO 2008.
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Risk Stratification With SWOG/ECOG Criteria

Using the SWOG pretreatment risk criteria system, patients were divided into four groups: 73 patients representing the majority (57%) were in the intermediate group, 23 patients (18%) were in the favorable risk group, 31 patients (24%) were in the unfavorable risk group, and one patient (0.8%) was classified as unknown.



Treatment and Outcomes


Main Outcomes

Of the 128 patients, 88 (68.8%) received curative-intent treatment, 20 patients (15.6%) traveled back to their countries, 13 patients (10.2%) received palliative treatment, and seven patients (5.5%) died before treatment (Figure 2 and Supplementary Material). Fifty-nine patients (67%) were in CR, partial remission in 7 cases (7.95%), and refractory disease was present in 11 patients (12.5%). After the first induction (at day 30), 10 (11.3%) patients died and one patient traveled before evaluation. Seventy-seven patients received the second induction and/or salvage therapy; among them, CR was achieved in 50 (81%) of cases and 7 (9%) patients died by day 60. Ten (12.9%) patients traveled and another nine did not receive the second induction.


[image: image]

FIGURE 2. Plan of care summary.




Cause of Death

Following the first and second inductions, a total of 17 patients died with microbial infection in 15 cases (88.2%) and cerebral bleeding in 2 cases (11.8%). The 15 deaths caused by microbial infection are summarized as follows: (1) Gram-negative bacilli (GNB) septicemia in eight cases caused by Pseudomonas aeruginosa and Stenotrophomonas maltophilia in two cases each; Acinetobacter baumannii, Klebsiella oxytoca, Escherichia coli, and Burkholderia cepacia in the other four cases, (2) Gram-positive cocci (GPC) septicemia in two cases caused by Staphylococcus aureus and Enterococcus faecium, and (3) invasive fungal infection in five cases caused by Candida glabrata in two cases, and Candida krusei, Candida tropicalis, and Trichosporon asahii in the remaining three cases.



Post-induction Therapy

Cytarabine was given to 67 patients in a larger dose (one cycle in 13 cases, two cycles in 21 cases, and 3 cycles in 18 cases). Allogeneic HSCT was administered to 19 patients (15 patients following the first CR and 4 following the second CR) (Supplementary Material).



Relapse

Two patients relapsed after chemotherapy and were alive in complete remission 2 (CR-2) following salvage therapy and allogeneic HSCT. Four patients relapsed after allogeneic HSCT and died (Supplementary Material).

The median OS for the 88 patients who received curative-intent treatment was around 26.6 months, and the median DFS was about 19.5 months (Figures 3, 4). Prognostic factors including age, gender, WBC, risk stratification, and response to treatment showed no significant differences for OS and DFS (Figures 3). We compared the age effect below and above 40 years old. Our results showed no significant difference for either OS (p = 0.9) or DFS (p = 0.17). In the current cohort study, the young patient group (<40 years of age) are presenting better OS and DFS than older patients. However, the difference was not significant enough to consider age as a risk factor (Figures 3C,D). Similarly, we studied the gender effect on OS and DFS; the results showed no significant difference for either OS (p = 0.57) or DFS (p = 0.37). Nevertheless, female patients showed better OS and DFS (Figures 3E,F). WBC findings for response-related survival showed that the threshold value (≥50 × 109/L vs. <50 × 109/L) had no significant effect on either OS (p = 0.21) or DFS (p = 0.30), although patients with WBC (<50 × 109/L) had better OS and DFS (Figures 3E,F and Supplementary Material).
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FIGURE 3. OS and DFS stratified by prognostic factors in AML patients. (A) OS and (B) DFS stratified in AML patients. (C) OS and (D) DFS stratified by age; no significant difference in OS (p = 0.9) or DFS (p = 0.17) for patients <40 or >40 years old. (E) OS and (F) DFS stratified by gender; no significant difference in OS (p = 0.57) or DFS (p = 0.37) between male and female patients. (G) OS and (H) DFS stratified by WBC findings; threshold values (≥50 × 109/L) vs. (<50 × 109/L) showed no significant difference in OS (p = 0.21) or DFS (p = 0.30).
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FIGURE 4. OS and DFS stratified by risk factors in AML patients. Risk stratification effect on OS (A) and DFS (B) showed no significant difference in OS or DFS; however, the unfavorable group showed poorer OS and DFS. (C) Cumulative proportion for treatment response-related survival; the CR patient group had significantly better OS and DFS compared with the non-CR group (p < 1%).


Risk stratification had no significant effect on either OS or DFS. However, the unfavorable group showed poorer OS and DFS (4). Finally, we studied treatment response-related survival by comparing the CR vs. non-CR patient groups. Our results showed that the CR group had significantly better OS and DFS compared with the non-CR group (p < 0.01) (Figures 4A,B and Supplementary Material).



DISCUSSION

The current study is the first to be conducted on AML in Qatar from January 2010 until December 2016 for patients aged between 14 and 70 years old. Moreover, it is the first of its kind to determine the cytogenetic abnormalities in AML in adults and to evaluate the risk stratification according to the WHO 2008 classification, and to report the clinical outcomes in Qatar. The median OS rate was around 26.6 months and the median DFS was about 19.5 months. There were no significant differences associated with the prognostic factors (age, gender, WBC, risk stratification, and response to treatment) considered in this study. However, subjects younger than 40 years old, females, and patients with WBC below 50 × 109/L showed better OS and DFS. Age and performance status are the most powerful patient-related risk factors in adult patients with AML (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002; Döhner et al., 2010; Marchesi et al., 2011). The results showing reduced significance in this study may have been confounded by ethnic variation, a low number of subjects, and the high proportion of patients traveling at different phases of the treatments. Cytogenetics and molecular genetics are considered the most powerful prognostic factors to predict clinical outcomes in AML patients. Furthermore, when they are integrated with WHO classification of AML, they may have a significant impact on patients’ outcomes, which led to the AML risk stratification (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002; Döhner et al., 2010; De Kouchkovsky and Abdul-Hay, 2016). The most common abnormalities are dominated by t(8;21) in 8.6% of cases and inversion 16/t (16;16) in 7.8% of cases, based on some Western studies (Grimwade et al., 19982010; Slovak et al., 2000; Byrd et al., 2002). These abnormalities are seen in AML de novo and are correlated with good prognosis. Trisomy 8, the third abnormality, representing 5.5%, was the most common numerical aberration in our cohort. The rate is 6% in Western countries (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002), 3% in Malaysia (Meng et al., 2013) and 3.8% in China (Cheng et al., 2009).

The fourth type of abnormality, related to 11q23, was associated with de novo AML in our study (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002). It occurs in no more than 4% of adult AML patients and is correlated with a poor prognosis (Grimwade et al., 1998, 2010; Slovak et al., 2000; Byrd et al., 2002). The frequency of partial and/or complete deletion of chromosomes 5 and 7, which is associated with poor prognosis, ranged from 0 to 2.3% (Grimwade et al., 1998; Slovak et al., 2000; Byrd et al., 2002; Marchesi et al., 2011), significantly lower than the previously reported range of 6–10% in de novo AML (Grimwade et al., 1998; Byrd et al., 2002; Cheng et al., 2009). A complex karyotype is found in about 10–12% of AML patients (Marchesi et al., 2011). The incidence of second AML with a poor prognosis increases with age (Appelbaum et al., 2006; Juliusson et al., 2009; Qatar Social Statistics, 2007-2016; Shysh et al., 2018), and the use of leukemogenic drugs is common in such cases (Grimwade et al., 2001; Sanderson et al., 2006; Mrózek, 2008; Haferlach et al., 2012). In routine diagnosis of AML, cytogenetic analysis and WHO 2008 classifications are highly recommended procedures for their central role in the management of the disease (Bacher et al., 2005). Thus, our cohort’s data were analyzed accordingly (Table 4). In fact, 30 AML patients were identified with recurrent genetic abnormalities, 18 with myelodysplasia-related changes, 3 with therapy-related myeloid neoplasms, and 33 not otherwise specified (Table 4).

The results reflect limitations due to the low sensitivity of conventional cytogenetics and the high prevalence of normal cytogenetic AML, as well as a shortage of molecular studies. Failed karyotype and normal karyotype represented 3.2 and 48.4%, respectively.

The missed chromosome aberrations may have been due to technical problems. Trisomy 8 and trisomy 11 have been reported in interphase cells of AML with normal karyotype, probably owing to the inability of the abnormal clone with aneuploidy to proliferate in vitro (Frohling et al., 2002). It is difficult to determine the quality of chromosome morphology in the G-banding resolution by a conventional cytogenetic method (Cox et al., 2003). The difficulties also occur in cryptic gene fusions, for example, NUP98-NSD1, CBFA2T3–GLIS2, and MNX1–ETV6, which predict poor outcomes in pediatric and young adult AML (Grimwade et al., 2016). Moreover, t(8;21), carrying a mutation of the KIT gene, has a negative impact on outcome, with a significantly lower OS compared with wild-type KIT (Klein et al., 2015). Detection of these abnormalities is important to determine the appropriate treatment and decrease the risk of death. Cytogenetic analysis may encounter problems where breakpoints occur in close proximity; for example, at least five different genes that can potentially recombine with the MLL locus fall within the 19p13.1;13.3 regions (Grimwade et al., 2016). Furthermore, cytogenetics provides no clear information regarding the molecular mechanisms underlying AMLs with numerical or other structural changes, or, importantly, those with CN-AML, which account for 40% of adult AML and are highly heterogeneous in terms of clinical outcome (Grimwade et al., 2016).

The ELN classification (2010), recognized by the WHO, divides patients on the basis of CN-AML molecular alterations, namely NPM1, CEBPA, and FLT3 mutations (Döhner et al., 2010). Later, in 2016, a new revised version was released. The WHO classification of AML defines six major disease entities based on genetic information together with morphology, immunophenotype, and clinical presentation (De Kouchkovsky and Abdul-Hay, 2016).

Here, we conducted a FISH study of the five most common abnormalities (see section “Patients and Methods”). Such molecular genetic studies have been performed since 2015 and have been applied only to FLT3 and NPM1 in CN-AML. The presence of FLT3-ITD with wild-type NPM1 predicted a poor prognosis, whereas NPM1 mutation in the absence of FL3-ITD was associated with reduced risk of relapse and improved OS (Döhner et al., 2010; De Kouchkovsky and Abdul-Hay, 2016; Grimwade et al., 2016). Cytogenetic analysis was used to stratify our AML cohort into three groups—low risk (18%), intermediate (57%), and high risk (24%)—concordant with previous reports (Appelbaum et al., 2006; Espirito Santo et al., 2017).

Of the total of 128 patients, 67.7% were in complete remission, 20.5% were resistant to disease, and 11.3% had died by day 30. The CR rate after induction 2 and/or salvage therapy was 81%, and the death rate at day 60 was 9%. The death rate was high owing to infectious disease. The CR rate after inductions 1 and 2 and the resistant disease rate were comparable to those reported by previous studies (Büchner et al., 2012; Burnett et al., 2013; Willemze et al., 2014). The MRC AML15 trial (Burnett et al., 2013) reported a CR rate of 78%, and death rates at days 30 and 60 of 6 and 8%, respectively. The 8-year survival rate was around 72% (favorable 95% and intermediate 63%) in the FLAG–idarubicine arm (two inductions and two consolidations). Moreover, the German AML intergroup study (Büchner et al., 2012) reported a CR rate of 70% in the standard treatment arm; the death rate was 5% in cases of aplasia and 25% in patients with resistant disease. According to the same study, the 5-year survival rate was 44.3% and the 5-year relapse-free survival rate was 44.8%. CR rates were 68.2% after induction 1 and 72% after induction 2. In the EORTC-GIMEMA AML-12 trial (standard treatment arm), the death rate during induction 1 was 9%, the resistant disease rate was 18.9%, DFS at 6 years was 41.6%, and relapse incidence was 47.9% (Willemze et al., 2014). The median survival rate of our cohort was 26.6 months, and the OS at 3 years and 5 years was 40 and 18.3%, respectively. The only predictive prognostic factor affecting survival was response to treatment. The other factors, including age, gender, WBC, and risk stratification, were not statistically significant. However, we noticed a better survival rate in female patients below 40 years old, in patients with WBC less than 50 × 109/L, and in the favorable and intermediate groups.

In our study, the mortality rates at day 30 and day 60 were 11.3 and 9%, respectively, and mainly associated with bacteremia and fungemia. This rate was relatively high when compared to previous studies (Büchner et al., 2012; Burnett et al., 2013; Willemze et al., 2014). However, it falls within acceptable ranges when it is compared to some febrile neutropenia studies (Wisplinghoff et al., 2003; Ruhnke et al., 2014), where the mortality rate is around 36% due to blood stream infections: 18% due to GNB, 13% due to polymicrobial infections, and 5% to GPC.

The high infection incidence in our patients can be attributed to the following reasons. First, the majority of patients are in expatriate services, coming from low-income countries where poor hygienic conditions and GNB invasions are common. Second, in our institution guidelines, the use of antibiotic prophylaxis in AML neutropenic patients is not recommended because it may increase the selection of resistant microbes.

To overcome these problems, since 2017, hematology, Medical Intensive Care Unit (MICU), and the infection disease and infection control teams have been closely collaborating to reduce the incidence of infection in patients with hematological malignancies. In this respect, the following aspects were carefully implemented: (1) national guidelines for febrile neutropenia based on hospital microbial and antibiogram data; (2) antimicrobial stewardship program (ASP) to promote the appropriate use of antimicrobials and help clinicians improve clinical outcomes and minimize harms due to the spread of infections caused by multidrug-resistant organisms; (3) sepsis bundle established and frequently monitored and reviewed to set the best evidence base for maximum care and outcomes for patients; and (4) compulsory detection of carbapenem-resistant organisms through a rectal swab before any chemotherapy for acute leukemia and transplant patients.

In the current study, the stratification of AML was based on conventional cytogenetic analysis as per the WHO 2008 guidelines. The patients received treatment with conventional chemotherapy and/or allogenic transplant. Molecular tools such as reverse transcription-polymerase chain reaction (RT-PCR) and next generation sequencing (NGS) have been included in AML diagnosis since 2017 (Döhner et al., 2017). These techniques are becoming integral part in the initial work-up and follow-up in AML in several hospitals, resulting in target and personalized therapy protocols. However, these techniques are not affordable in many countries, still lack standardization of data analysis, and rely on highly skilled personnel. In the past few years, treatment decisions in AML have become more and more dependent on target therapy. Unfortunately, in NCCCR at Hamad Medical Corporation, molecular testing based on NGS and novel therapies based on FLT3, BCL-2, and JAK inhibitors are not yet available in our setting at the clinical level. Our treatment protocols are still based on conventional cytogenetics and FISH studies.

Novel therapies are showing some promising improvements in AML outcomes (Tamamyan et al., 2017). Target therapy in AML can be categorized in different groups such as: (1) protein kinase inhibitors (PI3K/AKT/mTOR, Aurora and polo-like kinase, CDK4/6, CHK1, WEE1, MPS1 inhibitors, SRC and HCK inhibitors); (2) epigenetic modulators (SGI-110, HDAC, IDH1, IDH2, DOT1L, and BET-bromodomain inhibitors); (3) new chemotherapeutic agents (CPX-351, vosaroxin, nucleoside analogs); (4) mitochondrial inhibitors (Bcl-2, Bcl-xL, Mcl-1, and caseinolytic protease inhibitors); (5) therapies targeting specific oncogenic proteins (fusion transcripts targeting EVI1, NPM1 targeting, and Hedgehog inhibitors); (6) therapeutic and immune checkpoint antibodies [mAbs against CD33, CD44, CD47, CD123, CLEC12A, immunoconjugates (e.g., GO, SGN33A), BiTEs and DARTs, CAR T cells or genetically engineered TCR T cells, immune checkpoint inhibitors (PD-1/PD-L1, CTLA-4), anti-KIR antibody, vaccines (e.g., WT1)]; and (7) cellular immunotherapies and therapies targeting the AML microenvironment (Döhner et al., 2017; Tamamyan et al., 2017). Recent research reported modest achievement in targeted immunotherapies along with curative-intent allogeneic hematopoietic stem cell transplantation in AML (Knaus et al., 2018). The two best-known checkpoints are cytotoxic T-lymphocyte antigen-4 (CTLA-4) (Knaus et al., 2018) and the programmed cell death protein 1 receptor (PD-1) (Giannopoulos, 2019). In AML, increased PD-1 expression on CD8+ T lymphocytes may be a leading factor to immune suppression during the progression course of the disease. CD8+ T cell dysfunction was in part reversible on PD-1 blockade or OX40 costimulation in vitro (Daassi et al., 2020). The PD-1 inhibitor nivolumab with HMAs and CTLA-4 inhibitor ipilimumab are still in early phases of clinical trials, and they are commonly associated with immune-related adverse events (irAEs), which can be fatal for patients (Liao et al., 2019). Moreover, it is difficult to consider PD-1 as a prognostic factor in hematological malignancies unless considering how to distinguish between the several forms of soluble and extracellular PDL1 secreted in blood when analyzing responses to immunotherapy (Giannopoulos, 2019).

The main limitations of the study that affected the survival rate and the results in general were the high ethnic diversity among patients, the small number of subjects included in the study, and the missing data due to missing follow-up because many patients traveled during various phases of the treatments. Moreover, postinduction therapy was given to transplanted and non-transplanted patients in the same arm. Implementation of NGS in AML patients’ diagnosis in NCCCR at Hamad Medical Corporation together with protocols for target therapy will be our main focus for better improvement of the quality of care in our institution.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher with respect to institutions standards.



ETHICS STATEMENT

The study was approved by the Medical Research Center Institutional Review Board (MRC-IRB) for the research proposal number “17287/17, 15/5/20”, and was exempted from ethical approval.



AUTHOR CONTRIBUTIONS

HEO, RT, AE, AEO, and NK: conceptualization. HEO, AE, AEO, NK, and SE: data curation. HEO, FI, DS, HE, AG, AYE, ZN, and AA: formal analysis. HEO and AEO: funding acquisition and project administration. HEO, RT, AE, NK, HE, AG, FI, DS, SE, ZN, and AA: methodology. HEO, NK, and DS: resources. AEO: software. HEO, RT, and AE: supervision. AEO, ZN, AA, AYE, and AG: validation. AE and AEO: visualization. HEO, AE, RT, and AEO: writing – original draft. HEO, RT, AE, NK, HE, AYE, AG, FI, DS, SE, ZN, AA, and AEO: writing – review and editing.



FUNDING

AE contribution was made possible by Grant NPRP12S-0219-190108 from Qatar National Research Fund (a member of Qatar Foundation). The contents herein are solely the responsibility of the authors.



ACKNOWLEDGMENTS

The authors are thankful to Medical Research Center (MRC) at Hamad Medical Corporation, Qatar, for providing services and assistance during the course of the project.


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2020.00553/full#supplementary-material



REFERENCES

Appelbaum, F. R., Gundacker, H., Head, D. R., Slovak, M. L., Willman, C. L., Godwin, J. E., et al. (2006). Age and acute myeloid leukemia. Blood 107, 3481–3485.

Bacher, U., Kern, W., Schnittger, S., Hiddemann, W., Schoch, C., and Haferlach, T. (2005). Further correlations of morphology according to FAB and WHO classification to cytogenetics in de novo acute myeloid leukemia: a study on 2,235 patients. Ann. Hematol. 84, 785–791. doi: 10.1007/s00277-005-1099-0

Büchner, T., Schlenk, R. F., Schaich, M., Döhner, K., Krahl, R., Krauter, J., et al. (2012). Acute myeloid leukemia (AML): different treatment strategies versus a common standard arm—combined prospective analysis by the German AML intergroup. J. Clin. Oncol. 30, 3604–3610. doi: 10.1200/JCO.2012.42.2907

Burnett, A. K., Russell, N. H., Hills, R. K., Hunter, A. E., Kjeldsen, L., Yin, J., et al. (2013). Optimization of chemotherapy for younger patients with acute myeloid leukemia: results of the Medical Research Council AML15 trial. J. Clin. Oncol. 31, 3360–3368. doi: 10.1200/JCO.2012.47.4874

Byrd, J. C., Mrózek, K., Dodge, R. K., Carroll, A. J., Edwards, C. G., Arthur, D. C., et al. (2002). Pretreatment cytogenetic abnormalities are predictive of induction success, cumulative incidence of relapse, and overall survival in adult patients with de novo acute myeloid leukemia: results from Cancer and Leukemia Group B (CALGB 8461). Blood 100, 4325–4336. doi: 10.1182/blood-2002-03-0772

Cheng, Y., Wang, Y., Wang, H., Chen, Z., Lou, J., Xu, H., et al. (2009). Cytogenetic profile of de novo acute myeloid leukemia: a study based on 1432 patients in a single institution of China. Leukemia 23, 1801–1806. doi: 10.1038/leu.2009.107

Cox, M. C., Panetta, P., Venditti, A., Del Poeta, G., Franchi, A., Buccisano, F., et al. (2003). Comparison between conventional banding analysis and FISH screening with an AML–specific set of probes in 260 patients. Hematol. J. 4, 263–270. doi: 10.1038/sj.thj.6200262

Daassi, D., Mahoney, K. M., and Freeman, G. J. (2020). The importance of exosomal PDL1 in tumour immune evasion. Nat. Rev. Immunol. 20, 209–215. doi: 10.1038/s41577-019-0264-y

De Kouchkovsky, I., and Abdul-Hay, M. (2016). Acute myeloid leukemia: a comprehensive review and 2016 update. Blood Cancer J. 6:e441. doi: 10.1038/bcj.2016.50

Döhner, H., Estey, E., Grimwade, D., Amadori, S., Appelbaum, F. R., Büchner, T., et al. (2017). Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 129, 424–447. doi: 10.1182/blood-2016-08-733196

Döhner, H., Estey, E. H., Amadori, S., Appelbaum, F. R., Büchner, T., Burnett, A. K., et al. (2010). Diagnosis and management of acute myeloid leukemia in adults: recommendations from an international expert panel, on behalf of the European LeukemiaNet. Blood 115, 453–474. doi: 10.1182/blood-2009-07-235358

Espirito Santo, A., Chacim, S., Ferreira, I., Leite, L., Moreira, C., Pereira, D., et al. (2017). Southwestern Oncology Group pretreatment risk criteria as predictive or prognostic factors in acute myeloid leukemia. Mol. Clin. Oncol. 6, 384–388. doi: 10.3892/mco.2017.1134

Frohling, S., Skelin, C., Liebisch, C., Scholl, C., Schlenk, R, F., Döhner, H., et al. (2002). Comparison of cytogenetic and molecular cytogenetic detection of chromosome abnormalities in 240 consecutive adult patients with acute myeloid leukemia. J. Clin. Oncol. 20, 2480–2485. doi: 10.1200/jco.2002.08.155

Giannopoulos, K. (2019). Targeting immune signaling checkpoints in acute Myeloid Leukemia. J. Clin. Med. 8:236. doi: 10.3390/jcm8020236

Gonzalez Garcia, J. R., and Meza-Espinoza, J. P. (2006). Use of the international system for human Cytogenetic Nomenclature (ISCN). Blood 108, 3952–3953. doi: 10.1182/blood-2006-06-031351

Grimwade, D., Hills, R. K., Moorman, A. V., Walker, H., Chatters, S., Goldstone, A. H., et al. (2010). Refinement of cytogenetic classification in acute myeloid leukemia: determination of prognostic significance of rare recurring chromosomal abnormalities among 5876 younger adult patients treated in the United Kingdom Medical Research Council trials. Blood 116, 354–365. doi: 10.1182/blood-2009-11-254441

Grimwade, D., Ivey, A., and Huntly, B. J. P. (2016). Molecular landscape of acute myeloid leukemia in younger adults and its clinical relevance. Blood 127, 29–41. doi: 10.1182/blood-2015-07-604496

Grimwade, D., Walker, H., Harrison, G., Oliver, F., Chatters, S., Harrison, C. J., et al. (2001). The predictive value of hierarchical cytogenetic classification in older adults with acute myeloid leukemia (AML): analysis of 1065 patients entered into the United Kingdom Medical Research Council AML 11 trial. Blood 98, 1312–1320. doi: 10.1182/blood.v98.5.1312

Grimwade, D., Walker, H., Oliver, F., Wheatley, K., Harrison, C., Harrison, G., et al. (1998). The importance of diagnostic cytogenetics on outcome in AML: analysis of 1,612 patients entered into the MRC AML 10 trial. The Medical Research Council Adult and Children’s Leukaemia Working Parties. Blood 92, 2322–2333.

Haferlach, C., Alpermann, T., Schnittger, S., Kern, W., Chromik, J., Schmid, C., et al. (2012). Prognostic value of monosomal karyotype in comparison to complex aberrant karyotype in acute myeloid leukemia: a study on 824 cases with aberrant karyotype. Blood 119, 2122–2125. doi: 10.1182/blood-2011-10-385781

Hirsch, P., Labopin, M., Viguié, F., Perot, C., Isnard, F., Mamez, A. C., et al. (2014). Interest of cytogenetic and FISH evaluation for prognosis evaluation in 198 patients with acute myeloid leukemia in first complete remission in a single institution. Leuk. Res. 38, 907–912. doi: 10.1016/j.leukres.2014.05.021

Howlader, N., Noone, A. M., Krapcho, M., Neyman, N., Aminou, R., Waldron, W., et al. (2012). SEER Cancer Statistics Review, 1975–2009 (Vintage 2009 Populations). Bethesda, MD: National Cancer Institute.

Juliusson, G., Antunovic, P., Derolf, A., Lehmann, S., Möllgård, L., Stockelberg, D., et al. (2009). Age and acute myeloid leukemia: real world data on decision to treat and outcomes from the Swedish Acute Leukemia Registry. Blood 113, 4179–4187. doi: 10.1182/blood-2008-07-172007

Klein, K., Kaspers, G., Harrison, C. J., Berna Beverloo, H., Reedijk, A., Bongers, M., et al. (2015). Clinical impact of additional cytogenetic aberrations, cKIT and RAS mutations, and treatment elements in pediatric t(8;21)-AML: results from an international retrospective study by the International Berlin-Frankfurt-Münster Study Group. J. Clin. Oncol. 33, 4247–4258. doi: 10.1200/JCO.2015.61.1947

Knaus, H. A., Berglund, S., Hackl, H., Blackford, A. L., Zeidner, J. F., Montiel-Esparza, R., et al. (2018). Signatures of CD8+ T cell dysfunction in AML patients and their reversibility with response to chemotherapy. JCI Insight. 3:e120974. doi: 10.1172/jci.insight.120974

Liao, D., Wang, M., Liao, Y., Li, J., and Niu, T. (2019). A review of efficacy and safety of checkpoint inhibitor for the treatment of acute Myeloid Leukemia. Front. Pharmacol. 10:609. doi: 10.3389/fphar.2019.00609

Marchesi, F., Annibali, O., Cerchiara, E., Tirindelli, M. C., and Avvisati, G. (2011). Cytogenetic abnormalities in adult non-promyelocytic acute myeloid leukemia: a concise review. Crit. Rev. Oncol. Hematol. 80, 331–346. doi: 10.1016/j.critrevonc.2010.11.006

Marcucci, G., Mrózek, K., Ruppert, A. S., Archer, K. J., Pettenati, M. J., Heerema, N. A., et al. (2004). Abnormal cytogenetics at date of morphologic complete remission predicts short overall and disease-free survival, and higher relapse rate in adult acute myeloid leukemia: results from cancer and leukemia group B study 8461. J. Clin. Oncol. 22, 2410–2418. doi: 10.1200/JCO.2004.03.023

Meng, C. Y., Noor, P. J., Ismail, A., Ahid, M. F., and Zakaria, Z. (2013). Cytogenetic profile of de novo acute myeloid leukemia patients in Malaysia. Int. J. Biomed. Sci. 9, 26–32.

Mrózek, K. (2008). Cytogenetic, molecular genetic, and clinical characteristics of acute myeloid leukemia with a complex karyotype. Semin. Oncol. 35, 365–377. doi: 10.1053/j.seminoncol.2008.04.007

Odenike, O., Thirman, M. J., Artz, A. S., Godley, L. A., Larson, R. A., and Stock, W. (2011). Gene mutations, epigenetic dysregulation and personalized therapy in myeloid neoplasia: are we there yet? Semin. Oncol. 38, 196–214. doi: 10.1053/j.seminoncol.2011.01.010

Statistics Qatar Social Qatar Social Statistics (2007–2016). Available online at: https://www.psa.gov.qa/en/statistics/Statistical%20Releases/Social/GenrealSocialStatistics/QatarSocialStatistics/Qatar_Social_Statistics_2007_2016_En.pdf (accessed December, 2019).

Ruhnke, M., Arnold, R., and Gastmeier, P. (2014). Infection control issues in patients with haematological malignancies in the era of multidrug-resistant bacteria. Lancet Oncol. 15, e606–e619. doi: 10.1016/S1470-2045(14)70344-4

Sanderson, R. N., Johnson, P. R. E., Moorman, A. V., Roman, E., Willett, E., Taylor, P. R., et al. (2006). Population-based demographic study of karyotypes in 1709 patients with adult acute myeloid leukemia. Leukemia 20, 444–450. doi: 10.1038/sj.leu.2404055

Shysh, A. C., Nguyen, L. T., Guo, M., Vaska, M., Naugler, C., and Rashid-Kolvear, F. (2018). The incidence of acute myeloid leukemia in Calgary, Alberta, Canada: a retrospective cohort study. BMC Public Health 18:94. doi: 10.1186/s12889-017-4644-6

Slovak, M. L., Kopecky, K. J., Cassileth, P. A., Harrington, D. H., Theil, K. S., Mohamed, A., et al. (2000). Karyotypic analysis predicts outcome of preremission and postremission therapy in adult acute myeloid leukemia: a Southwest Oncology Group/Eastern Cooperative Oncology Group study. Blood 96, 4075–4083.

Tamamyan, G., Kadia, T., Ravandi, F., Borthakur, G., Cortes, J., Jabbour, E., et al. (2017). Frontline treatment of acute myeloid leukemia in adults. Crit. Rev. Oncol. Hematol. 110, 20–34. doi: 10.1016/j.critrevonc.2016.12.004

Willemze, R., Suciu, S., Meloni, G., Labar, B., Marie, J. P., Halkes, C. J., et al. (2014). High-dose cytarabine in induction treatment improves the outcome of adult patients younger than age 46 years with acute myeloid leukemia: results of the EORTC-GIMEMA AML-12 trial. J. Clin. Oncol. 32, 219–228. doi: 10.1200/JCO.2013.51.8571

Wisplinghoff, H., Seifert, H., Wenzel, R. P., and Edmond, M. B. (2003). Current trends in the epidemiology of nosocomial bloodstream infections in patients with hematological malignancies and solid neoplasms in hospitals in the United States. Clin. Infect. Dis. 1, 1103–1110. doi: 10.1086/374339


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 El Omri, Taha, Elomri, Kacem, Elsabah, Ellahie, Gamil, Ibrahim, Soliman, El Akiki, Nawaz, Al Sabbagh and El Omri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 19 June 2020
doi: 10.3389/fcell.2020.00444





[image: image]

Decoding the Role of Sphingosine-1-Phosphate in Asthma and Other Respiratory System Diseases Using Next Generation Knowledge Discovery Platforms Coupled With Luminex Multiple Analyte Profiling Technology

Sami Bahlas1*, Laila A. Damiati2, Ayman S. Al-Hazmi3 and Peter Natesan Pushparaj4,5

1Department of Internal Medicine, Faculty of Medicine, King Abdulaziz University, Jeddah, Saudi Arabia

2Department of Biology, Faculty of Biological Sciences, University of Jeddah, Jeddah, Saudi Arabia

3Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, Taif University, Makkah, Saudi Arabia

4Department of Medical Laboratory Technology, Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

5Center of Excellence in Genomic Medicine Research, Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

Edited by:
Ahmed Rebai, Centre of Biotechnology of Sfax, Tunisia

Reviewed by:
Shafiq Ur Rehman, Gyeongsang National University, South Korea
Ikram Ullah, International Islamic University, Islamabad, Pakistan

*Correspondence: Sami Bahlas, drbahlas@gmail.com

Specialty section: This article was submitted to Molecular Medicine, a section of the journal Frontiers in Cell and Developmental Biology

Received: 12 February 2020
Accepted: 12 May 2020
Published: 19 June 2020

Citation: Bahlas S, Damiati LA, Al-Hazmi AS and Pushparaj PN (2020) Decoding the Role of Sphingosine-1-Phosphate in Asthma and Other Respiratory System Diseases Using Next Generation Knowledge Discovery Platforms Coupled With Luminex Multiple Analyte Profiling Technology. Front. Cell Dev. Biol. 8:444. doi: 10.3389/fcell.2020.00444

Sphingosine-1-phosphate (S1P) is a pleiotropic sphingolipid derived by the phosphorylation of sphingosine either by sphingosine kinase 1 (SPHK1) or SPHK2. Importantly, S1P acts through five different types of G-protein coupled S1P receptors (S1PRs) in immune cells to elicit inflammation and other immunological processes by enhancing the production of various cytokines, chemokines, and growth factors. The airway inflammation in asthma and other respiratory diseases is augmented by the activation of immune cells and the induction of T-helper cell type 2 (Th2)-associated cytokines and chemokines. Therefore, studying the S1P mediated signaling in airway inflammation is crucial to formulate effective treatment and management strategies for asthma and other respiratory diseases. The central aim of this study is to characterize the molecular targets induced through the S1P/S1PR axis and dissect the therapeutic importance of this key axis in asthma, airway inflammation, and other related respiratory diseases. To achieve this, we have adopted both high throughput next-generation knowledge discovery platforms such as SwissTargetPrediction, WebGestalt, Open Targets Platform, and Ingenuity Pathway Analysis (Qiagen, United States) to delineate the molecular targets of S1P and further validated the upstream regulators of S1P signaling using cutting edge multiple analyte profiling (xMAP) technology (Luminex Corporation, United States) to define the importance of S1P signaling in asthma and other respiratory diseases in humans.
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INTRODUCTION

Sphingosine-1-phosphate (S1P), a sphingolipid, is one of the essential modulators of various cellular processes such as differentiation, survival, growth, etc. (Aarthi et al., 2011). Sphingolipids are recently termed as “morphogenetic lipids” for their crucial role in embryonic stem cell differentiation, survival, and postnatal development (Wang et al., 2018). It was recently demonstrated that S1P plays an important role in allergic anaphylaxis and asthma (Schauberger et al., 2016; Kim, 2019). Asthma is a heterogeneous and complex disease typically characterized by bronchial hyperactivity, remodeling of lung tissues, and chronic bronchial inflammation (Mims, 2015). Importantly, asthma is predisposed by both genetic and environmental factors and the incidence of Asthma has been ever increasing in both children and adults around the globe (Beran et al., 2015; McGeachie et al., 2015). Approximately 1000 people die each day due to Asthma and there were 339.4 million people affected by asthma globally in 2016. This represents a 3.6% increase in age-standardized prevalence since 2006 (Global Asthma Network, 2018; Global Initiative for Asthma, 2018). Asthma affects individuals of all ages and all ethnicity and the economic burden of respiratory diseases to governments, healthcare systems, families, and patients are on the rise globally (Singh, 2005; Ellwood et al., 2017). Hence, creating new applied scientific knowledge in the area of asthma and related respiratory diseases has become a key priority around the globe (Ellwood et al., 2017; Koshak et al., 2017).

S1P is the ligand for G-protein coupled receptors (GPCRs) that belong to the Endothelial Differentiation Gene (EDG) family of proteins termed as S1P receptors (S1PRs) (van Koppen et al., 1996; Hla, 2001; Spiegel and Milstien, 2003; Aarthi et al., 2011). S1P can specifically stimulate distinct genetic events depending on the relative expression of S1PRs as well as downstream G-proteins (An et al., 1998; Aarthi et al., 2011; Manikandan et al., 2012). The intracellular S1P is transported through ATP binding cassette transporter, ABCC1 to the extracellular milieu (Mitra et al., 2006; Nieuwenhuis et al., 2009) and causes the chemotaxis of inflammatory cells that is a pre-requisite for T-lymphocyte exit from primary and secondary lymph organs (Aarthi et al., 2011). It was shown that the S1P/S1PR axis is important for the initiation of various pathophysiological processes that possibly leading to critical diseases such as cancer, inflammatory diseases, and disorders in humans and other higher eukaryotes (Aarthi et al., 2011). Recently, FDA has approved the first oral drug, named Gilenya (FTY720 or Fingolimod), a sphingosine analog for the treatment of relapse in Multiple Sclerosis (MS) (Aarthi et al., 2011). The sphingolipid metabolism was significantly affected in asthma and the S1P levels were increased and correlated with the severity of the disease (Mohammed and Harikumar, 2017; Saluja et al., 2017). The clinical phenotypes of asthma with distinct disease mechanisms are critically influenced by levels of sphingolipid metabolites such as S1P (McGeachie et al., 2015). It was shown that the changes in sphingolipid metabolism and airway hyperresponsiveness were positively correlated in patients suffering from dust mite allergy and the intravascular levels of both sphinganine-1-phosphate (SA1P) and S1P, were significantly associated with the severity of bronchial hyperreactivity (Kowal et al., 2019). The phenotypes of asthma may be distinct based on the levels of sphingolipid metabolites and the change in sphingolipids could represent a pathophysiological variation in bronchial hypersensitivity to allergens in asthmatics (McGeachie et al., 2015).

To address this important problem, we have designed this study to delineate the functions of S1P in the development of asthma and other respiratory diseases. Here, we have utilized both next-generation knowledge discovery platforms such as SwissTargetPrediction, WebGestalt, Open Targets Platform, and Ingenuity Pathway Analysis (Qiagen, United States) to delineate the molecular targets of S1P and validated the upstream regulators of S1P signaling using cutting edge multiple analyte profiling (xMAP) technology (Luminex Corporation, United States) (Bahlas et al., 2019; Pushparaj, 2019; Harakeh et al., 2020; Jafri et al., 2020).



MATERIALS AND METHODS


SwissTargetPrediction Analysis

The in silico prediction of the molecular targets of S1P was performed using Swiss Target Prediction, a virtual screening web tool (Gfeller et al., 2013). Both canonical and isomeric SMILES of S1P were used as an input sequence as described before (Daina et al., 2019). In the SwissTargetPrediction web tool, the similarity principle is used to predict the targets by reverse screening strategy. In the SwissTargetPrediction web tool, the predictions are performed from analogous molecules in 2D and 3D, from 376342 experimentally active compounds that are significantly interacting with 3068 known macromolecular targets (Daina and Zoete, 2019).



WebGestalt Analysis of S1P Targets

The Over Representation Analysis (ORA) of the molecular targets of S1P derived using Swiss Target Prediction was used in the WebGestalt tool (wGSEA) (Zhang et al., 2005; Wang et al., 2013, 2017; Liao et al., 2019). Using wGSEA gene lists obtained from large scale -omics studies were categorized based on biological, molecular, and cellular functions. wGSEA is a freely available open-source platform1 that enables a more broad, effective, flexible, and interactive functional enrichment study (Liao et al., 2019). The latest version of the wGSEA recognizes 155175 functional categories, 342 gene identifiers, and 12 organisms including many user-defined functional databases (Liao et al., 2019).

To functionally characterize the S1P-induced molecular profile, we analyzed the molecular targets of S1P obtained by Swiss Target Prediction using ORA (Liao et al., 209). Here, the enrichment method was chosen as ORA, the selected organism was Homo sapiens, and gene ontology (Molecular Function, Biological Function, and Cellular Function) was selected for each type of analysis. The reference list for each analysis included all mapped Entrez gene IDs from the selected platform genome. The parameters for the enrichment analysis included the minimum number of IDs in the category (5), the maximum number of IDs in the category (2000), the Benjamini Hochberg (BH) method (P < 0.05) for computing the False Discovery Rate (FDR) (P < 0.05), and the significance Level (Top 10).



Open Targets Platforms Analysis

The Open Targets Platform was used to find the S1P molecular targets associated with respiratory diseases (Koscielny et al., 2017; Carvalho-Silva et al., 2019; Zhang et al., 2019). The evidence from scientific literature, animal models, genomics, transcriptomics, genetics, and drugs are used in the Open Targets Platform to score and rank target-disease associations and aid target prioritization (Carvalho-Silva et al., 2019; Zhang et al., 2019). The query list with 93 molecular targets of S1P was used to find the respiratory diseases significantly (P < 0.05) regulated by the S1P signaling and its associated molecular networks.



Ingenuity Pathway Analysis

Ingenuity pathway analysis (IPA) software has a cutting edge up to date next generation knowledge base consists of clarified scientific information from publications, databases, and other relevant resources (Jafri et al., 2020). Here, we applied the IPA software (Qiagen, United States) to functionally annotate the gene clusters and identified biologically significant pathways regulated by S1P. The molecular target of S1P was subjected to Core Analysis in the IPA to delineate biologically relevant canonical pathways as well as novel molecular signatures, using the right-tailed Fisher Exact Test and Benjamini Hochberg Correction (BHC) for multiple testing (P < 0.05), affecting the respiratory diseases through S1P/SPHK pathway to deduce unique disease-causing gene clusters.



Luminex xMAP Assay for Biomarkers of Asthma

The blood samples were collected from healthy volunteers and asthma patients and both groups were age, and sex-matched. Healthy non-atopic individuals (n = 12) were used as control and the asthma patients (n = 12) were with moderate to severe disease state, non-smokers, and without any other co-morbid conditions such as chronic obstructive pulmonary disease (COPD), other types of pulmonary diseases and disorders, diabetes, cancer, autoimmune diseases, etc. The institutional ethical approval was obtained before collecting the samples and the study was approved by the Scientific Research Committee, Deanship of Scientific Research (DSR), King Abdulaziz University (KAU), Jeddah. The peripheral blood isolated was kept at room temperature for clotting and then centrifuged at 3000 rpm for 10 min for the separation of serum and the aliquots were stored at −80°C till the xMAP assays were done (Bahlas et al., 2019). The evaluation of cytokines and growth factors filtered using the next-generation knowledge discovery platforms was done in both healthy controls and asthma patients using a multi-cytokine/chemokine (30-plex) magnetic-bead based fluorescence assay and the results were obtained based on the standard curves generated using the 30plex standards (16 plex and 14 plex vials) supplied with the xMAP kit (Catalog No: LHC6003M) (Novex, Invitrogen, United States) using MAGPIX multiplex platform as described before (Bahlas et al., 2019; Pushparaj, 2019; Harakeh et al., 2020; Jafri et al., 2020; Pushparaj, 2020). Serum samples were also used to evaluate the concentration of S1P in both healthy controls and asthma patients using a competitive ELISA method as described before (Milara et al., 2012). The absorbance was measured at 450 nm using SpectraMax i3 Multi-Mode Reader with MiniMax Imaging Cytometer (Molecular Devices, United States).



Statistical Analyses

The raw xMAP data was analyzed by the xPONENT analysis software (Version 4.2) (Luminex Corporation, Austin, TX, United States) to determine the absolute concentration of cytokines and growth factors in both healthy control and asthma groups (Bahlas et al., 2019; Harakeh et al., 2020; Jafri et al., 2020). The statistical significance was further computed by using GraphPad Prism Version 8.3 (GraphPad Software, San Diego, CA, United States). P ≤ 0.05 was considered to be statistically significant based on the Student’s t-test (Two Tail). The values were represented as mean ± SD. Furthermore, an F-test to compare the variances and simple correlation analysis of S1P levels against cytokines and chemokines in the serum of asthma patients was also performed using GraphPad Prism (Version 8.3) software.



RESULTS


In silico Prediction of the Molecular Targets of S1P Using SwissTargetPrediction

In the present study, the SwissTargetPrediction was performed for S1P (C18H38NO5P) using both Canonical [CCCCCCCCCCCCCC = CC(C(COP(= O)(O)O)N)O] and Isomeric (CCCCCCCCCCCCC/C = C/[C@H]([C@H](COP(= O) (O)O)N)O) Simplified Molecular Input Line Entry System (SMILES) codes (Supplementary Figure S1) computed by OEChem (Version 2.1.5), have shown that it interacts with 64 and 93 molecules respectively (Tables 1A,B) with the highest percentage of binding (46.7 and 53.3%, respectively) with Family A GPCRs (Figure 1).


TABLE 1A. SwissTargePrediction of the molecular targets of S1P (Canonical SMILES) in Homo sapiens.
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TABLE 1B. SwissTargePrediction of the molecular targets of S1P (Isomeric SMILES) in Homo sapiens.
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FIGURE 1. Swiss Target Prediction for sphingosine-1-phosphate (S1P). Top 15 percent of the molecular targets (Homo sapiens) of S1P obtained using both canonical and isomeric Simplified Molecular Input Line Entry System (SMILES) codes in Swiss Target Prediction server.




Over Representation Analysis (ORA) of the Molecular Targets of S1P Using WebGestalt

All the 93 molecular targets of S1P obtained using isomeric SMILES were used as input molecules in WebGestalt Open Source Tool to perform the ORA. GO Slim Summary for S1P Molecular Targets in Humans showing Biological Process, Cellular Component, and Molecular Function category in the red, blue, and green bar, respectively. The height of the bar represents the number of IDs in the user list and also in the category (Figure 2). The query list had 93 targets of S1P in which 89 were mapped to 89 unique Entrez gene IDs unambiguously, and the remaining 4 could not be mapped to any Entrez gene ID. Therefore, the GO Slim summary was established upon the 89 distinctive Entrez gene IDs (Figure 2). The reference list was mapped to 61506 Entrez gene IDs and 16671 IDs were annotated to the selected functional categories that were used as the reference for the enrichment analysis. The GO Biological Processes such as sphingolipid mediated signaling pathway, S1P receptor signaling pathway, chemical homeostasis, positive regulation of cytosolic calcium ion concentration, and cellular calcium ion homeostasis, and phospholipase C-activating G protein-coupled receptor signaling pathway were significantly regulated (P < 0.01; Q < 0.01) in ORA (Table 2). The GO Molecular Functions such as the bioactive lipid receptor activity, S1P receptor activity, transmembrane signaling receptor activity, molecular transducer activity, G protein-coupled receptor activity, etc. were significantly regulated (P < 0.01; Q < 0.01) in the ORA (Table 3). The molecules involved in the bioactive receptor activity (GO:0045125) comprise of GPR174, LPAR1, LPAR2, LPAR3, LPAR4, S1PR1, S1PR2, S1PR3, S1PR4, S1PR5, SPHK1, and SPHK2 (Table 4).
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FIGURE 2. Over Representation Analysis (ORA) using Web-based Gene Set Analysis Toolkit (WebGestalt). GO Slim Summary for S1P molecular targets in humans showing Biological Process, Cellular Component, and Molecular Function categories in the red, blue, and green bar, respectively. The height of the bar represents the number of IDs in the user list and also in the GO category.



TABLE 2. The biological processes regulated by the molecular targets of S1P in Homo sapiens.

[image: Table 2]
TABLE 3. The molecular processes regulated by the molecular targets of S1P in Homo sapiens.
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TABLE 4. The genes involved in the bioactive receptor activity (GO:0045125) regulated by S1P in Homo sapiens.
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Identification of S1P-Induced Molecular Targets in Asthma and Other Respiratory Diseases

Then, we used the Open Targets Platform to find the S1P molecular targets associated with respiratory diseases. Our findings showed that about 109 types of respiratory diseases were significantly (P < 0.05) affected by the molecular targets of S1P. The top 15 respiratory diseases significantly (P < 0.01; Q < 0.01) induced by S1P and its molecular targets were lung disease, respiratory system disease, respiratory system neoplasm, bronchial disease, lung carcinoma, asthma, interstitial lung disease, COPD, Rare genetic respiratory disease, idiopathic pulmonary fibrosis, pulmonary fibrosis, acute lung injury, pneumonia, whooping cough, and non-small cell lung adenocarcinoma (Table 5).


TABLE 5. Top 15 respiratory diseases associated with the molecular targets of S1P.
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Ingenuity Pathway Analysis of the Differentially Regulated Gene Networks by S1P/S1PR Axis in Respiratory Diseases

Next, we utilized the IPA to deduce the canonical pathways, upstream regulators, causal functions, diseases, and bio functions, and non-directional unique networks significantly impacted by the S1P mediated signaling molecules. The IPA core analysis of the molecular targets of S1P revealed that the canonical pathways such as eNOS signaling, S1P signaling, GPCRs signaling, ceramide signaling, G a12/13 signaling, human embryonic stem cell pluripotency, and endocannabinoid cancer inhibition pathway (Figure 3) were potentially regulated (P < 0.05). About 263 molecules play a significant role (P < 0.05) as upstream regulators of the molecular targets of S1P (Supplementary Table S1). Furthermore, we have filtered the upstream regulators based on the molecule types such as cytokines, and growth factors using the IPA. The cytokines such as Interleukin-13 (IL-13), Interferon-gamma (IFN-γ), IFN-β1, Tumor Necrosis Factor-alpha (TNF-α), Interleukin-4 (IL-4), Interleukin-5 (IL-5), Interleukin-1 (IL-1β), Interleukin-21 (IL-21), Tissue Inhibitor of Metalloproteinases-1 (TIMP-1) that has cytokine-like activity, and cytokine-inducing Corticotropin-Releasing Hormone (CRH) were found to be the upstream regulators of the S1P signaling. The growth factors such as Hepatocyte Growth Factor (HGF), Vascular Endothelial Growth Factors (VEGF), Colony Stimulating Factor 1 (CSF1) or Macrophage Colony-Stimulating Factor (M-CSF), Colony Stimulating Factor-2 (CSF2) or Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF), VEGF-A, VEGF-B, VEGF-D, Fibroblast Growth Factor 16 (FGF16), Insulin-like Growth Factor (IGF), and Transforming Growth Factor-beta 1 (TGF-β1) were identified as the upstream regulators of S1P signaling (Table 6).


[image: image]

FIGURE 3. Canonical pathways regulated by the molecular targets of S1P. The IPA core analysis of the molecular targets of S1P revealed that the canonical pathways such as eNOS signaling, sphingosine-1-phosphate signaling, G-protein coupled receptor signaling, ceramide signaling, G a12/13 signaling, human embryonic stem cell pluripotency, and endocannabinoid cancer inhibition pathway were potentially regulated (P < 0.05).



TABLE 6. Upstream regulators of the S1P molecular targets – Focus on cytokines and growth Factors.
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Validation of Biomarkers in Asthma Using Luminex xMAP Technology

Besides, we have used the Luminex xMAP assay to validate the cytokines and growth factors that were upstream of the S1P signaling in asthma. Here, we have analyzed the levels of cytokines such as IL-13, IFN-γ, TNF-α, IL-4, IL-5, and IL-1β (Figure 4) and growth factors such as HGF, VEGF, and CSF2 or GM-CSF along with the estimation of serum S1P concentration in asthma patients compared with the healthy controls (Figure 5). The clinical and laboratory characteristics of asthma patients and healthy controls were given in Table 7. The upstream regulator cytokines of S1P signaling such as IL-13, IFN-γ, TNF-α, IL-4, IL-5, and IL-1β were significantly (P < 0.01) increased in the serum of asthma patients compared the healthy controls. Similarly, the growth factors that were found to be upstream of S1P signaling such as HGF, VEGF, and CSF2 were significantly (P < 0.01) increased in the serum of asthma patients compared to the healthy controls. The S1P levels were significantly increased in the serum of asthma patients compared to the healthy controls. All the cytokines and growth factors analyzed by the Luminex xMAP assay were positively correlated with the S1P levels in the serum of asthmatics (Supplementary Table S2).
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FIGURE 4. Luminex xMAP assay to validate the cytokines that were upstream of the S1P signaling in asthma. The upstream regulator cytokines of S1P signaling such as IL-13 (A), IFN-γ (B), TNF-α (C), IL-1β (D), IL-4 (E), and IL-5 (F) were significantly (T-test ∗∗P < 0.01, F-test #P < 0.05, and ##P < 0.01) elevated in the serum of asthma patients compared the healthy controls.
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FIGURE 5. Luminex xMAP assay to validate the growth factors that were upstream of the S1P signaling in asthma. The growth factors that were found to be upstream of S1P signaling such as (A) HGF, (B) VEGF, (C) CSF2, and (D) S1P were significantly (T-test ∗∗P < 0.01, F-test #P < 0.05, and ##P < 0.01) elevated in the serum of asthma patients compared to the healthy controls.



TABLE 7. Clinical and laboratory parameters in healthy control and asthma patients.
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DISCUSSION

In the present study, to decode the biological and molecular functions of bioactive lipid molecule, S1P in the development of asthma and other respiratory diseases, we have applied both next-generation knowledge discovery platforms such as SwissTargetPrediction, WebGestalt, Open Targets Platform, and IPA and validated the key upstream regulators of S1P signaling using Luminex xMAP technology. Currently, knowledge discovery and big data analytical platforms are swiftly transforming the Biomedical Research landscape (Cirillo and Valencia, 2019; Paczkowska et al., 2020). All the chemical or biochemical compounds with pharmacological or pathological actions influencing diagnosis, treatment, or recuperation, and prevention of a disease can be used in next-generation knowledge discovery platforms using a unique SMILES code (Weininger, 1988; Ratnawati et al., 2018). SMILES, postulated by David Weininger, is a chemical annotation method that symbolizes a simple molecule structure (Weininger, 1988; Ratnawati et al., 2018). Here, we have used the isomeric SMILES of S1P to deduce its downstream molecular targets using the SwissTargetPrediction server (Gfeller et al., 2013; Daina and Zoete, 2019; Daina et al., 2019).

Several studies have shown that S1P augments airway hyperactivity, bronchoconstriction, and airway remodeling in asthma and other related respiratory diseases (Roviezzo et al., 2010; Petrache and Berdyshev, 2016; Liu et al., 2018) and the S1P receptors are differentially expressed in the lymphoid tissues, dendritic cells, and the lung (Aarthi et al., 2011). S1P is an effective biologically active paracrine mediator that regulates various cellular functions such as apoptosis, cell growth, cell proliferation, immune regulation, etc. (Le Stunff et al., 2004; Aarthi et al., 2011). Here, we have further identified that biological processes such as S1PR signaling pathway, sphingolipid mediated signaling pathway, chemical homeostasis, positive regulation of cytosolic calcium ion concentration, and cellular calcium ion homeostasis were regulated by S1P. Importantly, the interaction of S1P with the five types of S1PRs and four types of LPARs on the plasma membrane triggers an intracellular cascade of reactions leading to the biosynthesis of various pro-inflammatory mediators that contribute to the pathogenicity in asthma. Also, the S1P regulates various molecular functions that are essential for the pathogenesis of asthma and respiratory diseases such as the bioactive lipid receptor activity, S1P receptor activity, G protein-coupled receptor activity, signaling receptor activity, transmembrane signaling receptor activity, molecular transducer activity, endopeptidase activity, peptidase activity acting on L-amino acid peptides, peptidase activity, and serine-type peptidase activity. We found that the S1P signaling was associated with more than 100 types of respiratory diseases such as lung disease, respiratory system disease, respiratory system neoplasm, bronchial disease, lung carcinoma, asthma, interstitial lung disease, COPD, rare genetic respiratory disease, idiopathic pulmonary fibrosis, pulmonary fibrosis, acute lung injury, pneumonia, whooping cough, non-small cell lung adenocarcinoma, etc., Besides, the S1P levels were found to be increased in the bronchoalveolar lavage fluids of allergic asthma patients and were also positively associated with augmented airway inflammation (Ammit et al., 2001; Kim, 2019). Altered sphingolipid metabolism according to the phenotype and genotype of asthma was deduced using metabolic studies in asthma patients (McGeachie et al., 2015; Kim, 2019). Similarly, the sphingolipid metabolism was found to be disturbed in aspirin-exacerbated respiratory disease (AERD), a serious type of adult-onset eosinophilic asthma (Trinh et al., 2016; Reinke et al., 2017).

In the present study, we have found several upstream regulators of S1P signaling including various cytokines such as IL-13, IFN-γ, IFN-β1, TNF-α, IL-4, IL-5, IL-1β, IL-21, TIMP-1, and CRH, and growth factors such as HGF, VEGF, CSF1, CSF2, VEGF-A, VEGF-B, VEGF-D, FGF16, IGF, and TGFβ1. Using multiplex xMAP technology, we have further validated that the levels of the upstream cytokines of S1P signaling such as IL-13, IFN-γ, TNF-α, IL-4, IL-5, and IL-1β were increased in the serum of asthma patients. Similarly, the growth factors such as HGF, VEGF, and CSF2 were increased in the serum of asthmatic patients. To further decode the association of the upstream cytokines and growth factors with S1P, we have estimated the S1P concentration in the serum of asthmatics. The levels of cytokines and growth factors analyzed using xMAP technology positively correlated with the S1P levels in the serum of asthmatics which further vouch for the significance of S1P signaling in the pathogenicity of asthma.

Asthma is a chronic disease and the incidence is ever-increasing around the globe (Al-Moamary et al., 2019). Most of the asthmatics have disease exacerbation caused by the Th2 type of immune cells compared to other types such as T-helper type 1 (Th1) and T-helper type 17 (Th17) and other immune cells such as mast cells, eosinophils, and bronchial smooth muscles, myofibroblasts and epithelial cells (Manikandan et al., 2012). The Th2 associated cytokines play a vital role in the development of allergy and airway remodeling in asthma (Komai-Koma et al., 2012). The asthmatics studied here had more eosinophils in their blood and the levels of Th2 serum cytokines such as IL-4, IL-5, and IL-13 were increased compared to the healthy controls. Here, most of the cytokines and growth factors examined were associated positively with an increase in the serum S1P. The sphingosine kinases regulate the expression of Th2, Th1, Th17, chemokines, and an array of other pro-inflammatory factors by catalyzing the conversion of sphingosine into S1P (Nayak et al., 2010; Aarthi et al., 2011). Many asthmatics have an uncontrolled disease state even though they are under a treatment regimen which could be due to the increased production of S1P (Aarthi et al., 2011) and a recent study found that ceramide/S1P rheostat was indeed dysregulated in uncontrolled asthma (Kim et al., 2020). Hence, it is prudent that the ceramide/S1P production may be targeted in controlling the airway inflammation in asthma (Kim et al., 2020). Importantly, the in silico results obtained using our next generation knowledge discovery pipeline coupled with xMAP assay also showed a potential association of S1P in asthma and other respiratory diseases which is detrimental for the patients due to its ability to trigger an array of cytokines, chemokines, and growth factors. More importantly, an increase in the upstream regulator Th2 cytokines such as IL-4, IL-5, and IL-13 is potentially harmful to asthmatics and play an underlying role in the disease pathogenesis. Similarly, the growth factors such as VEGF, CSF2, and HGF were found to be increased in asthmatics and may also be responsible for making the disease chronically worse. A recent study showed that the inhibition of S1P receptors potentially augments the inhibition of VEGF (Fischl et al., 2019). The S1P/S1PR signaling was regulated through the activation of SPHK1 and SPHK 2 to produce S1P by the phosphorylation of sphingosine (Nayak et al., 2010; Aarthi et al., 2011) and the airway hyperresponsiveness and inflammation was potentially reduced by SPHK inhibitors and FTY720, a synthetic analog of S1P and S1PR agonist (Aarthi et al., 2011) and other S1PR modulators (Marciniak et al., 2018), in animal models of allergic asthma (Sawicka et al., 2003; Idzko et al., 2006; Price et al., 2013).

We conclude that the S1P and its associated signaling molecules, either upstream or downstream, are pharmacological targets of great significance for the development of novel drugs for asthma and other related respiratory diseases in humans. However, one of the critical limitations of this study is the less number of samples used for the validation of biomarkers in the serum associated with S1P signaling in asthma. In future, we will be collecting more samples from patients suffering from atopic and non-atopic asthma and other respiratory diseases and disorders with varying severity that undergo different treatment regimens, for further validation of upstream regulator molecules associated with S1P signaling along with the key cytokines, chemokines, and growth factors that play a crucial role in the pathogenesis of an array of respiratory diseases and disorders.
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FIGURE S1 | The flow diagram illustrates the essential steps in the in silico experiments using next-generation knowledge discovery platforms to uncover the molecular targets of S1P and their association with various respiratory diseases and disorders and the subsequent validation of disease-specific biomarkers and their relationship with S1P in Asthma.

TABLE S1 | The list of 263 upstream regulators identified based on the IPA core analysis of the molecular targets of S1P.

TABLE S2 | Simple linear regression analysis of S1P with upstream regulatory cytokines and growth factors in asthma patients.
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Pulmonary arterial hypertension (PAH) is a rare but fatal disease characterized by vascular cell proliferation; the pathogenesis of PAH has yet to be fully elucidated. Publicly available genetic data were downloaded from the Gene Expression Omnibus (GEO) database, and gene set enrichment analysis (GSEA) was used to determine significant differences in gene expression between tissues with PAH and healthy lung tissues. Differentially expressed genes (DEGs) were identified using the online tool, GEO2R, and functional annotation of DEGs was performed using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Next, the construction and module analysis of the protein–protein interaction (PPI) network and verification of the expression level of hub genes was performed. Finally, prediction and enrichment analysis of microRNAs associated with the hub genes was carried out. A total of 110 DEGs were detected by screening PAH and healthy lung samples. The expression of nine genes [polo-like kinase 4 (PLK4), centromere protein U, kinesin family member 20B, structural maintenance of chromosome 2 (SMC2), abnormal spindle microtubule assembly, Fanconi Anemia complementation group I, kinesin family member 18A, spindle apparatus coiled-coil protein 1, and MIS18 binding protein 1] was elevated in PAH; this was statistically significant compared with their expression in healthy lung tissue, and they were identified as hub genes. GO and KEGG analysis showed that the variations in DEGs were abundant in DNA-templated transcription, sister chromatid cohesion, mitotic nuclear division, cell proliferation, and regulation of the actin cytoskeleton. In conclusion, this study has successfully identified hub genes and key pathways of PAH, with a total of 110 DEGs and nine hub genes related to PAH, especially the PLK4 and SMC2 genes, thus providing important clues for the in-depth understanding of the molecular mechanism of PAH and providing potential therapeutic targets.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) refers to the elevation of pulmonary artery pressure in isolation while pressure in the left atrium and pulmonary vein is normal; the condition is mainly due to increased pulmonary vascular resistance caused by lesions in pulmonary arterioles themselves (Simonneau et al., 2019). The prevalence of PAH is 15–60 cases/million population/year, while the incidence is 5–10 cases/million population/year (Ling et al., 2012; Lau et al., 2017); the survival time of untreated patients following diagnosis is 5–7 years (Benza et al., 2012). Characteristic pathological changes associated with PAH are proliferative remodeling, including pulmonary artery medial hypertrophy, intimal concentric or eccentric proliferation and fibrosis, adventitia thickening and fibrosis, and perivascular inflammatory cell infiltration (Humbert et al., 2019).

The pathogenesis of PAH has not been fully elucidated, although its development is closely related to pulmonary vascular remodeling. Genetic factors, epigenetic factors, and environmental factors contribute to the dysregulation of a variety of vasoactive molecules and ion channels, which in turn activates a series of complex signaling pathways (Morrell et al., 2019; Napoli et al., 2019), leading to phenotypic abnormalities in vascular cells (Cai et al., 2018). Pulmonary artery endothelial cells (PAECs), pulmonary artery smooth muscle cells (PASMCs), and pulmonary artery adventitia fibroblasts (PAAFs) all have a proliferative, anti-apoptotic, carcinoid phenotype (Caruso et al., 2017; Pullamsetti et al., 2017; Zhang et al., 2017). Currently, the treatment of PAH can, through the use of endothelin receptor antagonists, phosphodiesterase inhibitors, and guanylate cyclase agonists, reduce pulmonary vascular resistance; primarily, this improves a patient’s symptoms but cannot completely reverse pulmonary vascular remodeling (Farber et al., 2015). Therefore, no specific anti-remodeling strategy for PAH has yet been approved, and we must improve our understanding of its pathological mechanisms to explore new therapeutic targets.

Gene-sequencing technology enables rapid, inexpensive sequencing of the entire coding region of a genome or an entire genome. The systematic analysis of gene expression profiles from the perspective of gene regulation is a powerful tool for revealing the pathogenesis of disease (Dumas et al., 2018). Dannewitz Prosseda et al. (2019) used small interfering RNA (siRNA) high-throughput screening of 20,000 genes in combination with a multi-cohort analysis of published PAH-RNA expression datasets and found that fragile histidine triad (FHIT) expression was down-regulated in patients with PAH. FHIT is involved in the apoptosis and proliferation of multiple cell types and may be associated with the abnormal proliferation phenotype of PAECs and PASMCs. Using a weighted gene co-expression network analysis and calculating module-trait correlations based on a public microarray dataset, Wang et al. (2018) found that the YWHAB gene plays a role in both mitosis signaling and cell cycle pathways and that its up-regulation is closely related to the progression of PAH. Therefore, the integration of clinical, genomic, transcriptomic, proteomic, and metabolomic data provides the best opportunity to identify key signaling pathways for PAH (Wirka et al., 2018). Microarray technology can be used to detect genome-wide gene expression differences between healthy and diseased samples, and this technique has been widely used to research the pathobiology of PAH (Hoffmann et al., 2016; Elinoff et al., 2020).

For the present study, four datasets (GSE15197, GSE53408, GSE113439, and GSE117261) were downloaded from the Gene Expression Omnibus (GEO), the sample sources of which were collected from the lung tissue of healthy patients and patients with PAH. The interactive web tool, GEO2R, was used to screen and identify differentially expressed genes (DEGs) by comparing samples from the GEO series (Barrett et al., 2013). Then, the biological processes (BP), and signaling pathways involved in the two groups of DEGs were analyzed using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Minoru et al., 2016; The Gene Ontology Consortium, 2019). Next, the expression levels of the hub genes were displayed and verified by constructing a protein–protein interaction (PPI) network and filtering the significant modules of this network (Szklarczyk et al., 2017). In addition, enrichment analysis was used to predict microRNAs associated with the hub genes. Finally, we analyzed chemicals that might affect the expression of the hub genes in patients with PAH. The purpose of this study was to identify potential therapeutic targets for PAH.



MATERIALS AND METHODS


Microarray Data Acquisition

We downloaded four genetic datasets (GSE15197, GSE53408, GSE113439, and GSE117261) from the GEO.1 The GSE15197 dataset contained 26 samples from patients with PAH and 13 healthy lung tissue samples. The GSE53408 dataset consisted of 12 PAH tissue samples and 11 healthy lung tissue samples. The GSE113439 dataset consisted of 15 PAH tissue samples and 11 healthy lung tissue samples. The microarray dataset of GSE117261 comprised 58 samples of PAH tissue samples and 25 healthy tissue samples. First, we used GSE113439 to explore the possibility of gene expression differences between tissues from cases of PAH and healthy tissues. Then, GSE15197, GSE53408, and GSE113439 were used to identify key PAH-related genes, while GSE117261 was used to verify the expression of hub genes.



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was used to determine whether a gene set showed statistically significant, concordant differences between two biological states; this was an efficient computational method. GSEA software was downloaded from the Broad Institute website.2 GSEA analysis was conducted on the three datasets, respectively, and the results were obviously similar. The representative results of GSE113439 were selected for demonstration.



Identification of DEGs

GEO2R3 is a useful tool for identifying DEGs in the GEO platform: it was used to identify DEGs between PAH samples and healthy lung tissues. We averaged the duplicate probe sets. |log2FC| > 1 and adj. P-value < 0.05 (Fold change = PAH sample expression/healthy sample expression) was set as the cutoff standard. Subsequently, we visualized the DEGs by drawing volcano plots and heatmaps using R software (version 3.5.3) and FunRich software (Functional Enrichment analysis tool, version 3.1.3). We also plotted a Venn diagram to show the intersections among the three datasets.



Gene Ontology and KEGG Enrichment Analysis

Gene Ontology and KEGG enrichment analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID, version 6.8), which is an online platform that can be used to elucidate potential biological meanings behind DEGs. We used the ggplot package in R (version 3.5.3) to visualize the results.



PPI Network Construction and Module Analysis

The Search Tool for the Retrieval of Interacting Genes (STRING)4 database and Cytoscape software (version 3.7.1) were used to construct the PPI network. The Molecular Complex Detection (MCODE) tool in Cytoscape was applied to identify the significant modules. The parameters were set as follows: degree of cut off = 2, node score cutoff = 0.2, k-core = 2, and maximum depth = 100. We used R to produce heatmaps to show the expression levels of hub genes in the modules of the three datasets.



Hub Gene Expression Level Validation

We used the GSE117261 dataset to verify the expression levels of the hub genes. Boxplots were produced to visualize the results, using GraphPad prism (version 8.0.2).



Prediction and Enrichment Analysis of microRNAs Related to Hub Genes

We used TargetScan5 to predict microRNAs associated with hub genes; this is an open database that reveals potential biological relationships between microRNAs and genes. We also used DNA Intelligent Analysis (DIANA)-miRPath v3.0, an online enrichment analysis tool, to conduct an enrichment analysis of the predicted microRNAs.



Identification of Chemicals Associated With Hub Genes

The Comparative Toxicogenomics Database (CTD)6 is a publicly available database designed to predict how environmental factors can affect human health. It provides information on chemical–gene/protein interactions, chemical–disease, and gene–disease relationships. These data can be used to help understand the relationships among genes, environmental factors, and diseases. We used this database to identify chemicals that might affect these hub genes and which have not previously been identified.



RESULTS


Significant Differences in Gene Expression Between PAH Tissues and Healthy Lung Tissues Revealed by GSEA Analysis

We removed duplicate probes in GSE113439 and identified a total of 23,410 genes. Among these, 5,525 genes showed differences in expression between PAH tissues and healthy lung tissues. The expression of 3,964 genes was increased in PAH tissues, while 1,291 genes were up-regulated in healthy lung tissues. We produced a heatmap to show the two groups of genes that were in the top 50 for up-regulation or down-regulation (Figure 1). At the same time, we mapped the distribution of 23,410 genes in the two groups according to their signal-to-noise ratio (SNR) (Figure 2). The GO terms enriched in PAH tissues included mitochondria distribution, alternative mRNA splicing via spliceosomes, and negative regulation of cellular responses to drugs. However, solute proton symporter activity, carbohydrate cation symporter activity, and regulation of protein targeting to the membrane were mainly enriched in healthy lung tissues (Figure 3). This showed that there were significant genetic differences between pulmonary hypertension tissue and healthy lung tissue.
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FIGURE 1. Heatmap of top 50 features for each phenotype. The PAH group: GSM3106326 – GSM3106340, and the normal lung tissue group: GSM3106341 – GSM3106351. Removed duplicate probes in GSE113439 and identified a total of 23,410 genes. Among these, 5,525 genes showed differences in expression between PAH tissues and healthy lung tissues. The expression of 3,964 genes was increased in PAH tissues, while 1,291 genes were upregulated in healthy lung tissues. The heatmap showed the two groups of genes that were in the top 50 for upregulation or downregulation. Red indicates that the gene expression is up-regulated, while blue indicates that the gene expression is down-regulated. In the same color, the darker the color, the more significant it was.
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FIGURE 2. All genes were distributed according to the signal-to-noise ratio (SNR). Based on its SNR, the distribution of 23,410 genes in the two groups was mapped.
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FIGURE 3. Gene set enrichment analysis of all genes. (A–C) Enrichment results of up-regulated genes. The GO terms enriched in PAH tissues included mitochondria distribution, alternative mRNA splicing via spliceosomes, and negative regulation of cellular responses to drugs. (D–F) Enrichment results of down-regulated genes. Solute proton symporter activity, carbohydrate cation symporter activity, and regulation of protein targeting to the membrane were mainly enriched in healthy lung tissues.




Identification of DEGs in PAH Tissues

There were 676, 579, and 2417 DEGs obtained from the GSE53408, GSE113439, and GSE15197 datasets, respectively, which were downloaded from the GEO database (Table 1). We obtained 110 common DEGs, including 65 up-regulated genes and 45 down-regulated genes, from the intersection of the three DEG data sets (Table 2). The results were visualized in the form of volcano plots and a heatmap (Figure 4).


TABLE 1. Summary of pulmonary arterial hypertension datasets.
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TABLE 2. Screening of differentially expressed genes (DEGs) in pulmonary arterial hypertension.
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FIGURE 4. Volcano plots and Venn diagram. (A–C) DEGs were selected with —log2FC— > 1 and adj. P-value < 0.05 among the mRNA expression profiling sets GSE15197 (A), GSE53408 (B), GSE113439 (C). Each symbol represents a different gene in the volcano plot. Pink symbols represent upregulated genes; blue symbols represent downregulated genes. (D) There were 676, 579, and 2417 DEGs obtained from the GSE53408, GSE113439, and GSE15197 datasets, respectively. The 3 datasets showed an overlap of 110 genes in the Venn diagram.




GO and KEGG Enrichment Analysis for DEGs

The enrichment analysis for DEGs showed that the BP consisted mainly of DNA-templated transcription, sister chromatid cohesion, mitotic nuclear division, cell proliferation, peptidyl-tyrosine phosphorylation, Golgi to plasma membrane protein transport, and so on. With respect to the KEGG pathway, the regulation of the actin cytoskeleton, the PI3K-Akt signaling pathway, and focal adhesion were noted (Figure 5).
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FIGURE 5. Enrichment analysis of DEGs in PAH. (A) Biological process analysis. The biological processes consisted mainly of DNA-templated transcription, sister chromatid cohesion, mitotic nuclear division, cell proliferation, peptidyl-tyrosine phosphorylation, Golgi to plasma membrane protein transport, and so on. (B) KEGG pathway analysis. The regulation of the actin cytoskeleton, the PI3K-Akt signaling pathway, and focal adhesion were noted.




Construction and Module Analysis of the PPI Network

To understand the relationships among DEGs, a PPI network was constructed, consisting of 77 nodes and 155 edges (Figure 6A). Module analysis was subsequently performed and the most significant module in the PPI network was identified. The results showed that the top nine candidate hub genes obtained were polo-like kinase 4 (PLK4), CENPU, KIF20B, structural maintenance of chromosome 2 (SMC2), ASPM, FANCI, KIF18A, SPDL1, and MIS18BP1 (Figure 6B).
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FIGURE 6. Protein–protein interaction (PPI) network and hub genes in PAH. (A) The PPI network of DEGs contained 77 nodes and 155 edges. Purple was the most significant, followed by green, and yellow was the least significant. In the same color, the darker the color, the more significant it was. (B) The most significant module was obtained from PPI network of DEGs.




Hub Gene Expression Level Validation

We focused on the expression levels of the nine hub genes in the GSE15197, GSE53408, and GSE113439 datasets and plotted heatmaps for them (Figure 7). The results showed that the nine identified hub genes showed elevated expression in the PAH group. We verified their expression again in the GSE117261 dataset, and the results indicated that the expression of these nine key genes was statistically significantly elevated in PAH tissues compared with their expression in healthy lung tissues (Figure 8).
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FIGURE 7. Heatmap of hub genes in GSE53408 (A), GSE113439 (B), and GSE15197 (C). The nine identified hub genes showed elevated expression in the PAH group.
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FIGURE 8. Boxplots of the expression levels of nine hub genes in GSE117261. The expression of the nine key genes [PLK4 (A), CENPU (B), KIF20B (C), SMC2 (D), KIF18A (E), SPDL1 (F), MIS18BP1 (G), ASPM (H), FANCI (I)] was statistically significantly elevated in pulmonary arterial hypertension tissues compared with their expression in healthy lung tissues. ***, **** Indicate significant correlations at P < 0.001, P < 0.0001, respectively.




Prediction and Enrichment Analysis of microRNAs Related to Hub Genes

In order to understand the mechanism and regulatory network of the hub genes, microRNAs related to the hub genes were predicted and analyzed by enrichment analysis (Table 3). GO analysis showed that these miRNAs were abundant in the toll-like receptor TLR1:TLR2 signaling pathway, viral processes, and the Fc-epsilon receptor signaling pathway. In the KEGG pathway enrichment analysis, they were mainly enriched in the TNF signaling pathway, focal adhesion, and platelet activation (Figure 9).


TABLE 3. The potential microRNAs associated with the hub genes.
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FIGURE 9. Enrichment analysis of the microRNAs related to hub genes. (A) Gene ontology analysis. The microRNAs related to hub genes were abundant in the toll-like receptor TLR1:TLR2 signaling pathway, viral processes, and the Fc-epsilon receptor signaling pathway. (B) KEGG enrichment analysis. These miRNAs were mainly enriched in the TNF signaling pathway, focal adhesion, and platelet activation.




Identification of Chemicals Associated With Hub Genes

We analyzed each of the hub genes and predicted the chemicals that might affect their expression in PAH. For instance, copper sulfate, epigallocatechin gallate, oxygen, quercetin, and valproic acid may affect the expression of KIF20B. The rest are detailed in Table 4.


TABLE 4. Chemicals that may affect the expression of hub genes in pulmonary arterial hypertension.
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DISCUSSION

Mitotic fission is increased in PAH, which is a hyperproliferative, apoptosis-resistant disease; pulmonary artery remodeling caused by the imbalance between proliferation and apoptosis in vascular walls is an important characteristic of PAH. Although the understanding of the pathophysiology of PAH has greatly improved in recent years, there remains an urgent need to fully understand the internal mechanism that drive vascular remodeling. The abnormal proliferation and cell cycle dysregulation of pulmonary vascular cells in PAH involves a complex process. Current treatment for PAH is dependent on pulmonary vasodilators, which cannot inhibit the underlying mechanism of vascular proliferative remodeling (Spiekerkoetter et al., 2019). Therefore, it is imperative to explore the molecular mechanisms linked to the occurrence and development of PAH for the early diagnosis, treatment, and prognosis of this condition and to determine effective anti-proliferation/pro-apoptosis strategies that can block the disease process (Vaillancourt et al., 2015).

Microarray technology can simultaneously express a large number of genes efficiently and accurately. It can also be used to conduct gene expression profiling to obtain information relating to gene function and the regulation of gene expression, providing a potential tool for the further exploration of the expression of hub genes, and the regulatory networks involved in the pathogenesis of PAH. Kikuchi et al. (2018) performed microarray analyses using PAH-PASMCs and found that, compared with the genes in control PASMCs, 1,858 genes had significantly changed (P < 0.05), of which selenoprotein P (SeP) was up-regulated 32 times compared with its expression in control PASMCs. SeP in PASMCs promotes cell proliferation in an autocrine/paracrine manner by increasing oxidative stress and mitochondrial dysfunction. In the present study, three data sets (GSE15197, GSE53408, and GSE113439) were screened for DEGs; there were 110 DEGs discovered, which shared nine hub genes in common: PLK4, CENPU, KIF20B, SMC2, ASPM, FANCI, KIF18A, SPDL1, and MIS18BP1. Microarray and bioinformatics analyses emphasized that the main gene expression changes in PAH cells occur in genes relating to the regulation of cell cycle progression and proliferation. Among them, PLK4 and SMC2 were differentially expressed and showed better homogeneity between samples of PAH and samples of the Control group. A literature search performed using PubMed showed that studies into the role played by PLK4 in PAH have so far been limited. The results of the present study might represent a good starting point for subsequent investigations. We suggest that these two genes (PLK4 and SMC2) are significant and should be investigated further.

Polo-like kinase 4 is a highly conserved serine/threonine protein kinase, belonging to the polo-like protein kinase family. As a self-regulating cell cycle regulator protein, PLK4 plays a pivotal role in the process of centriole duplication (Moyer et al., 2015). Centriole duplication is strictly controlled in the body, since it is essential for successful chromosome segregation and maintenance of genomic stability; abnormalities in this process are associated with a variety of human diseases, including tumors (Godinho et al., 2014; Levine et al., 2017). PLK4 has been studied as a potential therapeutic target in tumors for many years, as it is the key regulator of centriole biogenesis. In proliferating tissues, PLK4 is expressed in the form of low-abundance enzymes under normal conditions and it phosphorylates itself for destruction; this self-regulating disruption helps to limit centriole duplication to once per cell cycle by controlling the level of endogenous PLK4 (Maniswami et al., 2018). Phase separation of PLK4 drives centriole biogenesis through autoactivation and clustering (Park et al., 2019). The intrinsic self-organization of PLK4 is related to the symmetrical breaking during the process of centriole duplication, and the formation of its spatial pattern is the determinant of the replication site of the parent centriole (Yamamoto and Kitagawa, 2019). PLK4 can function in a homeostatic manner to balance the growth rate and the growth period to determine the final centriole size (Gemble and Basto, 2018). PLK4 is expressed mainly in actively dividing tissues and cells; its abnormal expression level can affect the normal duplication of centrioles, causing changes in the number of centrioles and abnormalities in centrosome structure. Low levels of PLK4 activity can damage the duplication of centrioles, while high levels of PLK4 activity can lead to excessive duplication of centrioles, thus interfering with the normal process of mitosis, which is closely related to the occurrence and development of abnormal cell proliferation (Liu et al., 2018).

Wong et al. (2015) believed that centrioles are essential for the proliferation of healthy human cells and that inhibition of PLK4 prevents the assembly of centrioles. Mason et al. (2014) used a systematic approach of RNAi screening in combination with gene expression analysis and demonstrated experimentally that the inhibition of PLK4 activity can result in the dysregulation of mitochondria, mitotic defects, and cell death in tumor cells, as well as significantly inhibiting the growth of breast cancer xenograft tumor models. It is worth noting that p53 can indirectly inhibit the transcription of PLK4 cell cycle genes through the p53–p21–DREAM–CDE/CHR pathway, leading to cell cycle arrest or apoptosis (Fischer et al., 2016). PLK4 is located in different subcellular organelles depending on the stage of the cell cycle, including centrosomes, centromeres, cleavage grooves, and mesosomes. Press et al. (2019) used immunofluorescence to confirm that PLK4 is located in the centrosome during S phase, plays a key regulatory role in centrosome replication during cell division, and may function as an integrin. Inhibition of PLK4 kinase activity can prevent cell division, causing polyploidy and mitotic disorders.

Polo-like kinase 4-mediated centriole duplication plays a crucial role in maintaining correct mitosis in healthy cells, while its deregulation can cause abnormal centrosome numbers, mitotic defects, and chromosomal instability, resulting in abnormal cell proliferation (Kazazian et al., 2016; Kawakami et al., 2018). Our study combined four different microarray datasets, which we analyzed and found that there was increased PLK4 expression in the lung tissue of patients with PAH. The overexpression of PLK4 can affect cell centriole duplication, which may lead to changes in the number of centrioles and abnormalities in centrosome structure, such that vascular wall cells have a greater tendency to divide and proliferate, which is related to the proliferation-antiapoptotic biological behavior of PAH seen clinically. Therefore, the role of PLK4 in the cell proliferative response of PAH deserves further research, and it may be of particular significance to explore the expression of PLK4 in relation to the diagnosis and prognostic evaluation of PAH.

The structural maintenance of chromosome 2 gene is a member of the ATPase family that is mainly involved in mitotic cell division and the assembly process of genomic DNA. The SMC2 protein product belongs to the condensin complex and plays a crucial role in the packaging of chromatin prior to cell division, which is necessary for the correct separation of chromosomes and the maintenance of chromosome stability. SMC2 promotes the compression and dissociation of sister chromatids, enabling them to correctly dissociate into daughter cells during anaphase of cell division (Eeftens et al., 2016). By combining a meta-analysis with the largest genome-wide association (GWA) meta-analysis datasets, Kar et al. (2016) found that SMC2 is associated with susceptibility to breast and ovarian cancer. Feng et al. (2019) used genome-wide association studies (GWASs) of pancreatic cancer datasets and found that the expression level of SMC2 mRNA in human pancreatic cancer tissues was significantly higher than that in adjacent non-neoplastic pancreatic tissues. Davalos et al. (2012) found that SMC2 is a direct transcriptional target of the WNT signaling pathway, and experimental results showed that the down-regulation of SMC2 expression can inhibit WNT-activated cell proliferation; therefore, SMC2 could be used as a novel target for therapeutic interventions for tumors. SMC2, which ensures cell mitosis and rapid proliferation, has to date primarily been studied in tumors and, although its role in PAH has not been determined, increased SMC2 expression has been observed in PAH, as shown in the present study. In addition, we used TargetScan to predict and found that miR-133a-3p.2, miR-133b, and miR-383-5p.1 are SMC2-related microRNAs. Among them, Legchenko et al. (2018) found that miR-133b expression was down-regulated in peripheral pulmonary arteries and up-regulated in plexiform vascular lesions, which is likely dependent on the global and segmental disease stage. The role of SMC2 in both cell proliferation and in PAH remains to be clarified.

The work described here involved rigorous bioinformatics analyses, but some limitations remained, specifically that the results of this study were based on a computer analysis, and subsequent in vivo and in vitro validation is necessary.



CONCLUSION

In conclusion, four datasets from the GEO database were integrated with bioinformatics technologies for analysis. A total of 110 DEGs were obtained, with nine hub genes related to PAH (PLK4, CENPU, KIF20B, SMC2, ASPM, FANCI, KIF18A, SPDL1, and MIS18BP1), of which PLK4 and SMC2 were particularly significant. It is worth noting that there have been no previous experimental studies performed to investigate the association of PLK4 and SMC2 with PAH. Therefore, the findings of this study suggest that more investigation and research should be conducted in this area to develop new ideas and therapeutic targets for the diagnosis and treatment of PAH.



DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo), GSE15197, GSE53408, GSE113439, and GSE117261.



AUTHOR CONTRIBUTIONS

QL and LM conceived and designed the study, collected the datasets, analyzed the data, and designed the draft of the research process. QL was the major contributor to writing and submitting the manuscript. DL was involved in critically revising the manuscript for important intellectual content. All authors read and approved the final manuscript prior to submission.



FUNDING

This work was supported by the National key research and development projects (grant number: 2019YFC2003000), Chinese Academy of Medical Sciences, CAMS Innovation Fund for Medical Sciences (grant number: 2018-I2M-1-002), and the National Natural Science Foundation of China (grant number: 51672030).



ACKNOWLEDGMENTS

The authors gratefully thank the Department of Cardiology in Beijing Hospital for technical assistance.


FOOTNOTES

1
www.ncbi.nlm.nih.gov/geo

2
http://www.broadinstitute.org/gsea/index.jsp

3
https://www.ncbi.nlm.nih.gov/geo/geo2r/

4
https://string-db.org

5
www.targetscan.org

6
http://ctdbase.org


REFERENCES

Barrett, T., Wilhite, S. E., Ledoux, P., Evangelista, C., Kim, I. F., Tomashevsky, M., et al. (2013). NCBI GEO: archive for functional genomics data sets-update. Nucleic Acids Res. 41, D991–D995. doi: 10.1093/nar/gks1193

Benza, R. L., Miller, D. P., Barst, R. J., Badesch, D. B., Frost, A. E., and McGoon, M. D. (2012). An evaluation of long-term survival from time of diagnosis in pulmonary arterial hypertension from the REVEAL registry. Chest 142, 448–456. doi: 10.1378/chest.11-1460

Cai, Z., Li, J., Zhuang, Q., Zhang, X., Yuan, A., Shen, L., et al. (2018). MiR-125a-5p ameliorates monocrotaline-induced pulmonary arterial hypertension by targeting the TGF-β1 and IL-6/STAT3 signaling pathways. Exp. Mol. Med. 50:45. doi: 10.1038/s12276-018-0068-3

Caruso, P., Dunmore, B. J., Schlosser, K., Schoors, S., Dos Santos, C., Perez-Iratxeta, C., et al. (2017). Identification of MicroRNA-124 as a major regulator of enhanced endothelial cell glycolysis in pulmonary arterial hypertension via PTBP1 (polypyrimidine tract binding protein) and pyruvate kinase M2. Circulation 136, 2451–2467. doi: 10.1136/thoraxjnl-2016-209333.90

Dannewitz Prosseda, S., Tian, X., Kuramoto, K., Boehm, M., Sudheendra, D., Miyagawa, K., et al. (2019). FHIT, a novel modifier gene in pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 199, 83–98. doi: 10.1164/rccm.201712-2553OC

Davalos, V., Suarez-Lopez, L., Castano, J., Messent, A., Abasolo, I., Fernandez, Y., et al. (2012). Human SMC2 protein, a core subunit of human condensin complex, is a novel transcriptional target of the WNT signaling pathway and a new therapeutic target. J. Biol. Chem. 287, 43472–43481. doi: 10.1074/jbc.M112.428466

Dumas, S. J., Bru-Mercier, G., Courboulin, A., Quatredeniers, M., Rücker-Martin, C., Antigny, F., et al. (2018). NMDA-type glutamate receptor activation promotes vascular remodeling and pulmonary arterial hypertension. Circulation 137, 2371–2389. doi: 10.1161/CIRCULATIONAHA.117.029930

Eeftens, J. M., Katan, A. J., Kschonsak, M., Hassler, M., Liza de, W., Dief, E. M., et al. (2016). Condensin Smc2-Smc4 dimers are flexible and dynamic. Cell. Rep. 14, 1813–1818. doi: 10.1016/j.celrep.2016.01.063

Elinoff, J. M., Mazer, A. J., Cai, R., Lu, M., Graninger, G., Harper, B., et al. (2020). Meta-analysis of blood genome-wide expression profiling studies in pulmonary arterial hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 318, L98–L111. doi: 10.1152/ajplung.00252.2019

Farber, H. W., Miller, D. P., Poms, A. D., Badesch, D. B., Frost, A. E., Muros-LeRouzic, E., et al. (2015). Five-Year outcomes of patients enrolled in the REVEAL registry. Chest 148, 1043–1054. doi: 10.1378/chest.15-0300

Feng, Y., Liu, H., Duan, B., Liu, Z., Abbruzzese, J., Walsh, K. M., et al. (2019). Potential functional variants in SMC2 and TP53 in the AURORA pathway genes and risk of pancreatic cancer. Carcinogenesis 40, 521–528. doi: 10.1093/carcin/bgz029/5363777

Fischer, M., Quaas, M., Steiner, L., and Engeland, K. (2016). The p53-p21-DREAM-CDE/CHR pathway regulates G2/M cell cycle genes. Nucleic Acids Res. 44, 164–174. doi: 10.1093/nar/gkv927

Gemble, S., and Basto, R. (2018). Fast and furious … or not, Plk4 dictates the pace. J. Cell. Biol. 217, 1169–1171. doi: 10.1083/jcb.201802084

Godinho, S. A., Picone, R., Burute, M., Dagher, R., Su, Y., Leung, C. T., et al. (2014). Oncogene-like induction of cellular invasion from centrosome amplification. Nature 510, 167–171. doi: 10.1038/nature13277

Hoffmann, J., Wilhelm, J., Olschewski, A., and Kwapiszewska, G. (2016). Microarray analysis in pulmonary hypertension. Eur. Respir. J. 48, 229–241. doi: 10.1183/13993003.02030-2015

Humbert, M., Guignabert, C., Bonnet, S., Dorfmüller, P., Klinger, J. R., Nicolls, M. R., et al. (2019). Pathology and pathobiology of pulmonary hypertension: state of the art and research perspectives. Eur. Respir. J. 53:1801887. doi: 10.1183/13993003.01887-2018

Kar, S. P., Beesley, J., Amin Al Olama, A., Michailidou, K., Tyrer, J., Kote-Jarai, Z., et al. (2016). Genome-wide meta-analyses of breast, ovarian, and prostate cancer association studies identify multiple new susceptibility loci shared by at least two cancer types. Cancer Discov. 6, 1052–1067. doi: 10.1158/2159-8290.CD-15-1227

Kawakami, M., Mustachio, L. M., Zheng, L., Chena, Y., Rodriguez-Canalesb, J., Minob, B., et al. (2018). Polo-like kinase 4 inhibition produces polyploidy and apoptotic death of lung cancers. Proc. Natl. Acad. Sci. U.S.A. 115, 1913–1918. doi: 10.1073/pnas.1719760115

Kazazian, K., Go, C., Wu, H., Brashavitskaya, O., Xu, R., Dennis, J. W., et al. (2016). Plk4 promotes cancer invasion and metastasis through arp2/3 complex regulation of the actin cytoskeleton. Cancer Res. 77, 434–447. doi: 10.1158/0008-5472.CAN-16-2060

Kikuchi, N., Satoh, K., Kurosawa, R., Yaoita, N., Elias-Al-Mamun, M. D., Abdul Hai Siddique, M., et al. (2018). Selenoprotein P promotes the development of pulmonary arterial hypertension: a possible novel therapeutic target. Circulation 138, 600–623. doi: 10.1161/CIRCULATIONAHA.117.033113

Lau, E. M. T., Giannoulatou, E., Celermajer, D. S., and Humbert, M. (2017). Epidemiology and treatment of pulmonary arterial hypertension. Nat. Rev. Cardiol. 14, 603–614. doi: 10.1038/nrcardio.2017.84

Legchenko, E., Chouvarine, P., Borchert, P., Fernandez-Gonzalez, A., Snay, E., Meier, M., et al. (2018). PPARγ agonist pioglitazone reverses pulmonary hypertension and prevents right heart failure via fatty acid oxidation. Sci. Transl. Med. 10:eaao0303. doi: 10.1126/scitranslmed.aao0303

Levine, M. S., Bakker, B., Boeckx, B., Moyett, J., Lu, J., Vitre, B., et al. (2017). Centrosome amplification is sufficient to promote spontaneous tumorigenesis in mammals. Dev. Cell. 40, 313.e5–322.e5. doi: 10.1016/j.devcel.2016.12.022

Ling, Y., Johnson, M. K., Kiely, D. G., Condliffe, R., Elliot, C. A., Gibbs, J. S. R., et al. (2012). Changing demographics, epidemiology, and survival of incident pulmonary arterial hypertension: results from the pulmonary hypertension registry of the United Kingdom and Ireland. Am. J. Respir. Crit. Care Med. 186, 790–796. doi: 10.1164/rccm.201203-0383OC

Liu, Y., Gupta, G. D., Barnabas, D. D., Agircan, F. G., Mehmood, S., Wu, D., et al. (2018). Direct binding of CEP85 to STIL ensures robust PLK4 activation and efficient centriole assembly. Nat. Commun. 9:1731. doi: 10.1038/s41467-018-04122-x

Maniswami, R. R., Prashanth, S., Karanth, A. V., Koushik, S., Govindaraj, H., Mullangi, R., et al. (2018). PLK4: a link between centriole biogenesis and cancer. Expert Opin. Ther. Targets 22, 59–73. doi: 10.1080/14728222.2018.1410140

Mason, J. M., Lin, D. C., Wei, X., Che, Y., Yao, Y., Kiarash, R., et al. (2014). Functional characterization of CFI-400945, a Polo-like kinase 4 inhibitor, as a potential anticancer agent. Cancer Cell 26, 163–176. doi: 10.1016/j.ccr.2014.05.006

Minoru, K., Yoko, S., Masayuki, K., Miho, F., and Mao, T. (2016). KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. 44, D457–D462. doi: 10.1093/nar/gkv1070

Morrell, N. W., Aldred, M. A., Chung, W. K., Elliott, C. G., Nichols, W. C., Soubrier, F., et al. (2019). Genetics and genomics of pulmonary arterial hypertension. Eur. Respir. J. 53:1801899. doi: 10.1183/13993003.01899-2018

Moyer, T. C., Clutario, K. M., Lambrus, B. G., Daggubati, V., and Holland, A. J. (2015). Binding of STIL to Plk4 activates kinase activity to promote centriole assembly. J. Cell Biol. 209, 863–878. doi: 10.1083/jcb.201502088

Napoli, C., Benincasa, G., and Loscalzo, J. (2019). Epigenetic inheritance underlying pulmonary arterial hypertension. Arterioscler. Thromb. Vasc. Biol. 39, 653–664. doi: 10.1161/ATVBAHA.118.312262

Park, J. E., Zhang, L., Bang, J. K., Andresson, T., DiMaio, F., and Lee, K. S. (2019). Phase separation of Polo-like kinase 4 by autoactivation and clustering drives centriole biogenesis. Nat. Commun. 10:4959. doi: 10.1038/s41467-019-12619-2

Press, M. F., Xie, B., Davenport, S., Zhou, Y., Guzman, R., Nolan, G. P., et al. (2019). Role for polo-like kinase 4 in mediation of cytokinesis. Proc. Natl. Acad. Sci. U.S.A. 116, 11309–11318. doi: 10.1073/pnas.1818820116

Pullamsetti, S. S., Savai, R., Seeger, W., and Goncharova, E. A. (2017). Translational advances in the field of pulmonary hypertension. from cancer biology to new pulmonary arterial hypertension therapeutics. targeting cell growth and proliferation signaling hubs. Am. J. Respir. Crit. Care Med. 195, 425–437. doi: 10.1164/rccm.201606-1226PP

Simonneau, G., Montani, D., Celermajer, D. S., Denton, C. P., Gatzoulis, M. A., Krowka, M., et al. (2019). Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 53:1801913. doi: 10.1183/13993003.01913-2018

Spiekerkoetter, E., Kawut, S. M., and de Jesus Perez, V. A. (2019). New and emerging therapies for pulmonary arterial hypertension. Annu. Rev. Med. 70, 45–59. doi: 10.1146/annurev-med-041717-085955

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., et al. (2017). The STRING database in 2017: quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids Res. 45, D362–D368. doi: 10.1093/nar/gkw937

The Gene Ontology Consortium (2019). The Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res. 47, D330–D338. doi: 10.1093/nar/gky1055

Vaillancourt, M., Ruffenach, G., Meloche, J., and Bonnet, S. (2015). Adaptation and remodelling of the pulmonary circulation in pulmonary hypertension. Can. J. Cardiol. 31, 407–415. doi: 10.1016/j.cjca.2014.10.023

Wang, T., Zheng, X., Li, R., Liu, X., Wu, J., Zhong, X., et al. (2018). Integrated bioinformatic analysis reveals YWHAB as a novel diagnostic biomarker for idiopathic pulmonary arterial hypertension. J. Cell. Physiol. 234, 6449–6462. doi: 10.1002/jcp.27381

Wirka, R. C., Pjanic, M., and Quertermous, T. (2018). Advances in transcriptomics investigating cardiovascular disease at unprecedented resolution. Circ. Res. 122, 1200–1220. doi: 10.1161/circresaha.117.310910

Wong, Y. L., Anzola, J. V., Davis, R. L., Michelle, Y., Motamedi, A., Kroll, A., et al. (2015). Cell biology. Reversible centriole depletion with an inhibitor of Polo-like kinase 4. Science 348, 1155–1160. doi: 10.1126/science.aaa5111

Yamamoto, S., and Kitagawa, D. (2019). Self-organization of Plk4 regulates symmetry breaking in centriole duplication. Nat. Commun. 10;1810. doi: 10.1038/s41467-019-09847-x

Zhang, H., Wang, D., Li, M., Plecitá-Hlavatá, L., D’Alessandro, A., Tauber, J., et al. (2017). Metabolic and proliferative state of vascular adventitial fibroblasts in pulmonary hypertension is regulated through a MicroRNA-124/PTBP1 (polypyrimidine tract binding protein 1)/pyruvate kinase muscle axis. Circulation 136, 2468–2485. doi: 10.1161/CIRCULATIONAHA.117.028069

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Li, Meng and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 23 July 2020
doi: 10.3389/fcell.2020.00646





[image: image]
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Chronic inflammation is a common underlying factor in osteoarthritis (OA) and most age-related degenerative diseases. As conventional therapies help only in partial alleviation of symptoms in OA, stem cell-based therapies and herbal supplements are being widely explored. Thymoquinone (TQ), an active ingredient of Nigella sativa is reported to have immunomodulatory, anti-inflammatory and antioxidant properties. We evaluated the effects of TQ on bone marrow MSCs (BM-MSCs) derived from OA patients and its interrelated pathways in inflammation and age-related degenerative diseases using Ingenuity Pathway Analysis (IPA) as well as possible molecular targets using SwissTargetPrediction. BM-MSCs were derived from OA patients and their stemness properties were characterized by studying the MSCs related CD surface marker expression and differentiation into adipocytes, osteoblasts, and chondrocytes. Treatment with TQ (100 nM–5 μM) demonstrated cell death, especially at higher concentrations. MTT assay demonstrated a significant concentration-dependent decrease in cell viability which ranged from 20.04% to 69.76% with higher doses (300 nM, 1 μM, and 5 μM), especially at 48h and 72h. Additional cell viability testing with CellTiter-Blue also demonstrated a significant concentration-dependent decrease in cell viability which ranged from 27.80 to 73.67% with higher doses (300 nM, 1 μM, 3 μM, and 5 μM). Gene expression analysis following treatment of BM-MSCs with TQ (1 and 3 μM) for 48h showed upregulation of the anti-inflammatory genes IL-4 and IL-10. In contrast, the pro-inflammatory genes namely IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A although were upregulated, compared to the lower concentration of TQ (1 μM) they were all decreased at 3 μM. The pro-apoptotic BAX gene was downregulated while the SURVIVIN gene was upregulated. IPA of the molecular interaction of TQ in inflammation and age-related degenerative diseases identified canonical pathways directly related to synaptogenesis, neuroinflammation, TGF-β, and interleukin signaling. Further screening led to the identification of 36 molecules that are involved in apoptosis, cell cycle regulation, cytokines, chemokines, and growth factors. SwissTargetPrediction of TQ identified potential molecular targets with high probability. TQ exerted anti-inflammatory effects and therefore can be a useful adjuvant along with conventional therapies against inflammation in OA and other age-related degenerative diseases.

Keywords: stem cells, osteoarthritis, thymoquinone, inflammation, aging, ingenuity pathway analysis, SwissTargetPrediction


INTRODUCTION

Physiological age-related decline in function of the various tissues in the human body is inevitable. However, chronic infections and diseases accompanying aging process of different tissues may result in pathological degeneration of the respective tissue. Age-related degenerative diseases are associated with cellular and biochemical damage contributing to both functional and structural degeneration of the organ systems (da Costa et al., 2016; Cole and Franke, 2017; Ramalingam et al., 2018). Such degenerative processes become commonly manifested as neurological diseases (Alzheimer’s and Parkinson’s) bone and joint diseases (OA, rheumatoid arthritis, and osteoporosis), retinal diseases (macular degeneration, glaucoma, cataract, and diabetic retinopathy) or cardiovascular diseases (atherosclerosis, hypertension, and valvular stenosis). Aging related chronic diseases and degenerative disorders have major economic and social implications. Therefore, they need serious interventional strategies (Tarailo-Graovac et al., 2016; Ramalingam et al., 2018).

Osteoarthritis is a degenerative disease, especially of the weight-bearing joints including knees, pelvis and lumbosacral spine. Also, the joints that are most commonly used such as the interphalangeal and metacarpal joints are prone to develop OA. Although OA was once considered to be a non-inflammatory arthropathy, current knowledge indicates the presence of underlying chronic inflammation. Aging, obesity, traumatic injuries, and genetic causes are some of the major risk factors which predispose to the development of OA (Wang et al., 2011). The underlying pathology in OA is the articular cartilage damage associated with inflammation, swelling of the joint, pain, stiffness, loss of mobility and long-term incapacitation due to poor intrinsic healing ability (Mobasheri et al., 2014; Kalamegam et al., 2018a). Conventional therapy includes modification of lifestyle factors, exercises, analgesics, cyclo-oxygenase inhibitors especially in early OA with partial cartilage damage (Ondresik et al., 2017), and surgical management including microfracture (Pridie drilling), mosaicplasty or total knee replacement in chronic OA with full-thickness cartilage destruction (Quinn et al., 2018).

Studies using animal models have provided a great understanding of the cellular and molecular changes that prevails in OA. Dysregulation of the TGF-β superfamily, Notch, Indian hedgehog, and Wnt/β-catenin signaling pathways become involved in induction and activation of catabolic events leading to development and progression of OA (Lin et al., 2009; Sassi et al., 2014). Importantly, ‘inflammaging’ which is a state of low-grade inflammation with an upregulated immune response is understood to be the underlying etiology in almost all age-related degenerative diseases (Franceschi et al., 2000). All joint structures including articular cartilage, synovial membrane, subchondral bone, and ligaments become involved in orchestrating the inflammation. Activated MMPs lead to progressive catabolic events in OA (Shen et al., 2017) which probably also hinder the effective repair by the stem or progenitor cells reported to be present within the joint tissue including infrapatellar fat stem cells (Stocco et al., 2019) and synovial ligament stem cells (Amemiya et al., 2019).

Mesenchymal stem cells (MSCs) derived from various sources and/or their secretory factors are used in the management of many chronic diseases including OA. The hWJSCs derived from the umbilical cord are reported to have several advantages such as hypoimmunogenicity, anti-inflammatory, and wide differentiation potential compared to other existing MSCs (Fong et al., 2010; Gauthaman et al., 2012). This property may be an advantage to overcome immune rejection upon transplantation, reduce local inflammation and contribute to the overall tissue recovery. However, controlling the underlying inflammatory activity in OA is essential for the stem cells to present within the joint structures or from other sources to integrate and contribute to cartilage repair or regeneration.

Nigella sativa (NS) is a medicinal plant and TQ, its main active chemical component is reported to have analgesic, diuretic, antihypertensive, antidiabetic, anticancer, immunomodulatory, anti-inflammatory and antioxidant properties (Shuid et al., 2012). Given the role of inflammation in age-related degenerative diseases and the anti-inflammatory properties of both naïve MSCs as well as the phytochemical TQ, we in the present study analyzed the effect of TQ on MSCs derived from OA patients using in vitro and in silico studies. Additionally, we evaluated the role of TQ and inflammation in age-related degenerative diseases using IPA and identified the precise molecular targets of TQ using SwissTargetPrediction.



MATERIALS AND METHODS


Isolation and Culture of Human BM-MSCs

Bone marrow aspirates (∼5–6 ml) were collected from OA patients (n = 10) who underwent total knee replacement at the Department of Orthopaedics, King Abdulaziz University Hospital, Jeddah, following informed consent. The samples collected in heparinized tubes were transferred to the lab and processed immediately under sterile conditions according to our earlier established protocols (Gari et al., 2016; Kalamegam et al., 2016). Briefly, the bone marrow aspirate (2 ml/T-175 cm2 tissue culture flask) was cultured using Dulbecco’s Modified Eagle’s medium (DMEM; Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), supplemented with 10% fetal bovine serum (FBS; Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), 2 mM GlutaMax and antibiotics (penicillin (50 IU), streptomycin (50 μg/ml). The freshly plated bone marrow aspirate in the complete growth medium was cultured in a 5% carbon dioxide (CO2) incubator with humidified atmospheric air at 37°C.



Flow Cytometry Analysis of CD Markers

BM-MSCs related CD markers expression was analyzed from cells of early passages (P1-P3) using FACS analysis as reported earlier (Kalamegam et al., 2016). Briefly, the cells were trypsinized upon reaching 70% confluence, using 0.25% Trypsin-EDTA (Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States), centrifuged at 500 g × 5 min. The cell pellet was reconstituted in 3% FBS and aliquots containing 1 × 105 cells/tube were used to screen for MSC related CD markers. The antibodies used were as follows: MSC isotype cocktail (negative control); MSC cocktail 1 (containing CD45-APC, CD105-FITC, and CD73-PERCP) and MSC cocktail 2 (containing CD29-PERCP, CD34-PE, CD44-PECy7, and CD90-FITC). Respective CD markers cocktail was added to the individual samples and incubated in the dark at 4°C for 30 min.



Cell Morphology

The morphology of BM-MSCs isolated from the OA patients was analyzed to understand the biological characteristics and the effect of TQ. Briefly, 2 × 104 cells/well were plated in a 24-well plate and allowed to attach overnight. Fresh culture medium was added to the cells the next day and the culture continued using the standard culture conditions for 24, 48, and 72 h. The effect of TQ on the morphology of BM-MSCs derived from OA patients was evaluated by treating the cells plated as above and using different concentrations of TQ (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h. Phase-contrast images were obtained from each experimental arms at respective time points using inverted phase-contrast optics (Nikon, Tokyo, Japan).



Cell Metabolic Activity


MTT Assay

The proliferation of BM-MSCs isolated from OA patients and the effect of TQ was evaluated based on the cell metabolic activity. Briefly, 2 × 104 cells/well were plated in a 24-well plate and allowed to attach overnight. Fresh culture medium was added to the cells the next day and culture continued using standard culture conditions with TQ at different concentrations (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h. At the end of each time point, the spent medium was removed and replaced with 200 μl of fresh medium containing 20 μl of MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide). The cells were incubated under the standard culture conditions for 4 h and the mitochondrial hydrogenases present within the metabolically active cells helped in the reduction of the MTT reagent. The medium was then removed and the intracellular formazan crystals, that formed due to the reduction of MTT reagent, were solubilized using dimethyl sulfoxide (DMSO, 200 μl). The plate was maintained in the dark for 30 min and then the absorbance at 570 nm with a reference wavelength at 630 nm was measured using a spectrophotometer (SpectraMax i3 Multimode reader, Molecular Devices, United States). The percentage of inhibition was calculated as control/Test-control∗100 and IC50 was estimated as reported earlier (Khan et al., 2016).



CellTiter-Blue® Assay

Briefly, 1 × 104 cells/well were plated in a 96-well plate and allowed to attach overnight. Fresh culture medium containing TQ (100 nM – 5 μM) was added to the cells the next day and the cells cultured for 24, 48, and 72 h as above. At the end of each time point, 20 μl CellTiter®-Blue cell viability reagent was added to each well and incubated for further l 2 h to allow the reduction of resazurin to highly fluorescent resorufin. The fluorescence was measured at 590 nm using the SpectraMax® i3x Multi-Mode microplate reader (Molecular Devices, LLC, San Jose, CA, United States). The values were plotted against drug concentrations and IC50 was determined (Ibrahim et al., 2019).




Differentiation Potential of BM-MSCs


Adipocytic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and cultured to obtain 60% confluence in a complete culture medium. The cells were then differentiated using StemPro® adipocyte differentiation kit (A10070-01, Thermo Fisher Scientific). The cells for adipocytic differentiation were cultured in basal medium fortified with adipocytic supplement (StemPro®) for up to 14 days with fresh media change every 72 h. The control cells were cultured using the differentiation basal medium alone. Following differentiation, the cells were fixed in 4% formaldehyde solution for 30 min, rinsed with PBS twice and stained with Oil Red O (Sigma) to visualize the lipid vacuoles.



Chondrocytic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and differentiated along the chondrocytic lineage using StemPro® chondrocyte differentiation kit (A10071-01, Thermo Fisher Scientific). The basal differentiation medium was supplemented with chondrogenic supplement (StemPro®) and the cells were cultured for up to 21 days with fresh media change every 72 h. The differentiated cells were then fixed in 4% formaldehyde solution for 30 min and stained with freshly prepared toluidine blue solution and analyzed for positive staining using light microscopy.



Osteoblastic Differentiation

The BM-MSCs (5 × 104 cells/well) were seeded into a 6-well plate and differentiated along the osteoblastic lineage using StemPro® osteoblast differentiation kit (A10072-01, Thermo Fisher Scientific). The basal differentiation medium was fortified with osteogenic supplement (StemPro®) and the cells were cultured for up to 21 days with fresh medium every 72 h. The differentiated cells were then fixed in 4% formaldehyde solution for 30 min, stained with Alizarin red (Sigma) solution, and analyzed for positive staining using light microscopy.




Gene Expression Assay

The effect of TQ on inflammation and apoptosis-related genes in BM-MSCs isolated from the OA patients was evaluated using quantitative real-time polymerase chain reaction (qRT-PCR). Briefly, 3 × 105 cells/T25 cm2 flask was plated and treated with two optimal concentrations of TQ (1 and 3 μM) for 48 h. The total RNA was isolated after 48 h using a Qiagen RNeasy kit (Qiagen, Germany) according to the manufacturer’s instructions. First-strand cDNA was synthesized with random hexamers using reverse transcriptase kit (Promega, Madison, WI, United States). qRT-PCR was performed using SYBRGreen master mix (Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States). The following genes related to inflammation (IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, IL-12A, IL-4, and IL-10) and apoptosis (BAX, BCL2, and SURVIVIN) were analyzed using StepOnePlusTM real-time PCR system (Thermo Fisher Scientific, Waltham, MA, United States). Primers were obtained from earlier published reports and the primer sequences are shown in Table 1.


TABLE 1. The genes and primer sequences used for real-time quantitative reverse transcription PCR.
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SwissTargetPrediction

To identify the beneficial effects of TQ in relation to AD and OA, their targets prediction was performed using the SwissTargetPrediction web tool1 with an update on bioactivity data, retrained and redefined similarity thresholds (Daina et al., 2019). The ligand-based target prediction was performed based on the similarity between the query molecule and the compiled curated collection using 2D and 3D similarity measures within a larger bioactivity data of ChEMBL version 23. A combined score of higher than 0.5 indicates that the molecules share a common protein target. In reverse screening, the combined score helps to calculate the probability to target a given protein. The dual based reverse screening demonstrates high performance in predicting macromolecular targets.



Ingenuity Pathway Analysis

Functional analysis was used to predict the molecular interactions of TQ with OA, and age-related degenerative diseases using IPA software (Qiagen, United States). The endogenous chemical TQ was imported into the IPA software to generate the interacting molecules. The molecules were then used in the expression analysis to predict signaling mechanisms, targets and their association to TQ, OA, and age-related degenerative diseases using direct or indirect relationship. Network predictions based on the input of molecules were generated using algorithms contained in the Ingenuity Knowledge Base. Fischer’s Exact test was carried out to calculate the p-value, indicating the probability of each biological function associated with the network.



Statistical Analysis

Statistical analyses were performed using the statistical package for social sciences (SPSS) version 21. Students’ t-test or One-way ANOVA was used for analysis between controls and treated groups. The values were expressed as mean ± SEM (Standard error of the mean) from a minimum of three experimental replicates. Asterisk (∗) indicates the statistical significance of P < 0.05.




RESULTS


CD Marker Characterization of Derived BM-MSCs

The BM-MSCs were successfully isolated with all samples obtained from OA patients. These BM-MSCs demonstrated a high expression of positive MSCs related CD surface markers namely CD29 (99.9%), CD44 (99.5%), CD73 (99.9%), CD90 (99.8%), and CD105 (99.7%) in early passages (Figure 1). These cells were negative for the hematopoietic markers namely CD34 (0.2%) and CD45 (0.1%) (Figure 1).


[image: image]

FIGURE 1. Representative histogram of the CD surface markers on BM-MSCs derived from osteoarthritis patients, using fluorescent activated cell sorting (FACS). The MSC positive surface CD markers namely CD73, CD90, CD105, CD29, CD44, and the MSC negative surface CD markers namely CD34, CD45 are shown. The independent CD marker antigens were tagged with different fluorochromes. All the MSC positive CD surface markers demonstrated more than 90% positivity, and their histograms were considerably shifted to the right compared to their respective isotype controls. ISO, isotype; PE, phycoerythrin; APC, allophycocyanin; FITC, Fluorescein isothiocyanate; DAP-4′,6-diamidino-2-phenylindole.




BM-MSCs Morphology and Growth Characteristics

The stem cell precursors/nucleated cells in marrow aspirates adhered and formed small colonies of cells by days 5–7 (colony forming units). These cells rapidly expanded and reached 65–70% confluence by day 10. At initial passages, these cells appeared as thin spindle-shaped cells resembling fibroblasts (Figures 2A,B). The non-adherent cells, dead cells, and RBCs were removed with medium changes thus allowing expansion of the BM-MSCs.
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FIGURE 2. Phase contrast images showing primary cultures of bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients at (A) early passage (P0) and (B) later passage (P5). Black and white arrows indicate the adherent fibroblast cell and dead floating cell, respectively. (C) Normal cell proliferation of BM-MSCs at 24, 48, and 72 h. The values are expressed as mean ± SEM of three different experiments. * indicates statistical significance (p < 0.05).


The derived BM-MSCs showed good expansion of cells with subsequent passages. There was a time-dependent increase in cell numbers at 24, 48, and 72 h, as demonstrated by the MTT assay (Figure 2C). The increase in the percentage of cell proliferation was 87.39% and 277.42% at 48 and 72 h compared to 24 h and these increases were statistically significant (Figure 2C).



Differentiation Potential of BM-MSCs

The BM-MSCs showed differentiation into adipocytes, osteoblasts, and chondrocytes following culture in the respective differentiation medium. The cells cultured using StemPro® adipocyte differentiation kit (A10070-01 Thermo Fisher Scientific) demonstrated lipid vacuolations as early as 10 days and their numbers and size increased when cultured up to 21 days. These differentiated cells demonstrated positive staining with oil red O (Figures 3Ai–iii). The BM-MSCs cultured using StemPro® chondrocyte differentiation kit (A10071-01, Thermo Fisher Scientific) demonstrated loss of fibroblastic morphology and attained rounded or polygonal shape. When cultured for 21 days, they formed small cell clusters which demonstrated positive staining with Alcian blue compared to the control (Figures 3Bi–iii). The BM-MSCs cultured using StemPro® chondrocyte differentiation kit (A10072-01, Thermo Fisher Scientific) demonstrated granular cell deposits as early as day 14 and they became denser at 21 days of culture. These differentiated cells demonstrated positive staining with Alizarin red, indicative of calcium mineralization (Figures 3Ci–iii).
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FIGURE 3. In vitro differentiation images of the bone marrow mesenchymal stem cells (BM-MSCs) into adipocytes (Ai–Aiii), chondroblasts (Bi–Biii) and osteobalsts (Ci–Ciii) respectively. (Ai,Bi,Ci) represent respective controls; (Aii,Bii,Cii) are the differentiated images; (Aiii,Biii,Ciii) are the magnified images of the boxed area. (D) Phase contrast images of the BM-MSCs derived from osteoarthritis patients treated with different concentrations (100 nM, 300 nM, 1, 3, and 5 μM) of thymoquinone (TQ) for 24h, 48h, and 72h. An increase in cell death of BM-MSCs with time following treatment with higher concentrations of TQ was noted.




Effect of Thymoquinone on BM-MSCs Morphology

Phase-contrast microscopy of BM-MSCs treated with TQ at different concentrations ranging from 100 nM to 5 μM for 48 h demonstrated various morphological changes including loss of their characteristic fibroblastic shape, cell shrinkage and membrane damage resulting in death. Mild to moderate increase in cell numbers were observed at lower concentrations while higher concentrations caused more cell death and a decrease in cell numbers (Figure 3D).



Effect of Thymoquinone on BM-MSCs Metabolic Activity

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay of BM-MSCs treated with TQ at different concentrations (100 nM, 300 nM, 1 μM, 3 μM, and 5 μM) for 24, 48, and 72 h showed a decrease in cell viability with increasing concentrations of TQ compared to the control (Figure 4A). However, only the decreases observed in cell viability with 3 μM (37.84%) and 5 μM (61.08%) of TQ at 24 h; 3 μM (34.72%) and 5 μM (69.76%) of TQ at 48 h; and 300 nM (20.04%), 1 μM (24.40%), 3 μM (40.91%), and 5 μM (65.67%) at 72 h of TQ were statistically significant (P < 0.05) compared to their respective controls (Figure 4A). The IC50 value at 48 h following MTT assay was 3.78 ± 0.52 μM.
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FIGURE 4. Cell proliferation [(A) MTT assay; (B) Cell-titer Blue assay] of bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients treated with different concentrations (100 nM, 300 nM, 1, 3, and 5 μM) of thymoquinone (TQ) for 24h, 48h, and 72h. Mean decreases in cell proliferation were observed in increasing concentrations of TQ. Some of these decreases with higher concentrations were statistically significant compared to the control. The values are expressed as mean ± SEM of three different experiments. *indicates statistical significance (p < 0.05).


CellTiter Blue® assay of BM-MSCs treated with TQ at different concentrations (100 nM – 5 μM) also showed a decrease in cell viability with increasing concentrations of TQ compared to the control (Figure 4B). The decrease in cell viability observed with 300 nM (29.49%), 1 μM (41.05%), 3 μM (67.71%), and 5 μM (70.20%) of TQ at 24 h; 1 μM (42.97%), 3 μM (72.22%), and 5 μM (73.67%) of TQ at 48 h; and 300 nM (27.80%), 1 μM (37.94%), 3 μM (56.40%), and 5 μM (60.47%) of TQ at 72 h were statistically significant (P < 0.05) compared to their respective controls (Figure 4B). The IC50 value at 48 h following CellTiter Blue® assay was 1.74 ± 0.34 μM.



Gene Expression Analysis

The BM-MSCs treated with TQ (1 and 3 μM) for 48 h were evaluated for the expression of inflammation and apoptosis-related genes. The following pro-inflammation related genes namely INF-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A showed upregulation compared to the control (GAPDH). The fold increases in gene expression were as follows: INF-γ by 65.46 and 16.89; TNF-α by 19.80 and 7.41; COX-2 by 15.05 and 2.94; IL-6 by 36.20 and 21.50; IL-8 by 9.72 and 5.51; IL-16 by 17.08 and 5.86; and IL-12A by 2.87 and 1.02 following treatment with TQ 1 and 3 μM, respectively (Figure 5). However, the expression of these pro-inflammatory genes was more upregulated at a lower concentration (1 μM) than at 3 μM of TQ (Figure 5). The anti-inflammatory genes namely IL-4 and IL-10 were upregulated compared to the control. The fold increases for IL-4 were 14.95 and 20.12; and for IL-10 the fold increases were 4.53 and 5.65, following treatment with TQ 1 and 3 μM, respectively (Figure 5). The pro-apoptotic BAX gene demonstrated an insignificant (low) expression compared to the control. In contrast, both the anti-apoptotic BCL2 and SURVIVIN genes demonstrated an upregulation compared to the control. The fold increases for BCL2 were 12.97 and 14.41, and for SURVIVIN the fold increases were 10.63 and 22.26 following treatment with TQ 1 and 3 μM, respectively (Figure 5).
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FIGURE 5. Gene expression analysis of pro-inflammatory (INF-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A); anti-inflammatory (IL-4 and IL-10) and apoptotic (BAX, BCL2 and SURVIVIN) related genes in bone marrow mesenchymal stem cells (BM-MSCs) derived from osteoarthritis patients treated with 1 μM and 3 μM of thymoquinone (TQ) for 48h, using quantitative real-time PCR. Data analysis and relative quantitation were performed using the comparative Ct method (ΔΔCt). ∗ and † indicates statistical significance (p < 0.05) compared to the control and TQ 1 μM respectively.




SwissTargetPrediction

Thymoquinone is identified to target the following molecular/biochemical pathways namely, G-protein coupled receptor; transcription factors; oxidoreductase; lyase; cytochrome P450; kinase; ligand-gated ion channels and hydrolase. Although more bioactive targets were curated based on 2D and 3D similarity measures, the above targets are among the top 15 curated based on our query molecule (Figure 6). Most of the protein targets identified using the latest SwissTargetPrediction (2019 version) have high probability value (Figure 6) and are potential therapeutic targets for age-related degenerative diseases including OA.
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FIGURE 6. SwissTargetPrediction showing the top biomolecular targets for thymoquinone.




Ingenuity Pathways Analysis of Inflammation Network

Ingenuity pathway analysis core analysis of TQ in relation to inflammation and its association with OA (Figure 7A) and age-related degenerative diseases (Figure 7B) using Ingenuity Knowledge Base reference sets identified top canonical pathways, diseases, upstream regulators, biological and toxicological functions. IPA of TQ and OA identified TGF-β signaling, receptor-activated of NF-kB (RANK) signaling and IL signaling. Diseases of the joints associated with inflammation included OA, rheumatoid arthritis (RA), rheumatic disease and connective tissue tumor. Screening of OA or aging and their closely related diseases led to the identification of 36 molecules that are involved in apoptosis, cell cycle regulation, cell signaling, cytokines, chemokines, and growth factors (Table 2). Similarly, IPA of TQ and aging, in particular neurodegeneration, identified few canonical pathways directly related to synaptogenesis signaling, synaptic long term depression, synaptic long term potentiation, neuroinflammation signaling and neuroprotective role of Thimet oligopeptidase (THOP1). The neurological conditions associated with inflammation included AD, dementia, basal ganglia disorders, progressive neurological diseases, amyotrophic lateral sclerosis, neuromuscular disease, motor neuropathy, glioma, glioblastoma, astrocytoma, and neuroblastoma (Table 2).
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FIGURE 7. Ingenuity pathway analysis of genes/molecules that are regulated by thymoquinone in relation to Alzheimer’s disease and inflammation (A), and osteoarthritis and inflammation (B).



TABLE 2. The common interacting molecules in Alzheimer’s disease, osteoarthritis, and closely related diseases.
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DISCUSSION

Chronic inflammation is one of the common underlying pathology leading to articular cartilage tissue damage in OA. The poor cartilage regeneration capacity in OA and the associated inflammation recruits endogenous molecules and activates a cascade of pro-inflammatory cytokines, which in turn cause cartilage degradation, joint structure deformity, and function (Scanzello, 2017). Although the BM-MSCs were derived from OA patients, these cells demonstrated the biological properties of having fibroblastic phenotype, adherence to tissue culture plastic and differentiation into adipocytes, osteoblasts, and chondrocytes, thus fulfilling the stipulated minimal criteria of MSCs (Dominici et al., 2006). The BM-MSCs expansion in culture either in the presence or absence of TQ was indirectly assessed based on the cell metabolic activity (MTT and CellTiter-Blue® assays). It was evident that TQ at higher concentrations (5 μM) led to morphological changes and cell death compared to lower concentrations. In the present study, we identified that the IC50 concentration of TQ to be 3 μM based on the mean concentrations from two different assays (MTT and CellTiter-Blue®) at 48 h. The concentrations of TQ and their cellular effects varied from 0.1 to 100 μM based on the purity of the compound, the cell types used and the nature of the studies (Muralidharan-Chari et al., 2016; Aziz et al., 2018; Bordoni et al., 2019).

In the present study, we observed that the pro-inflammatory genes namely IFN-γ, TNF-α, COX-2, IL-6, IL-8, IL-16, and IL-12A were upregulated compared to the control. However, compared to the lower concentration (1 μM) of TQ, these pro-inflammatory genes were downregulated at the higher concentration (3 μM). TQ was reported to downregulate pro-inflammatory genes such as IL-1, TNF-α, and toll-like receptors (TLR2, TLR4) and attenuate rheumatoid arthritis via the NFkB pathway (Arjumand et al., 2019). Earlier in vitro and in vivo animal studies have reported that TQ reduces pro-inflammatory cytokines such as TNF-α, COX-2, and IL-6 in the brain, Schwann cell culture and peritoneal mast cells (Chen et al., 2016; Ikhsan et al., 2018). TQ is also reported to offer neuroprotection by reducing the pro-inflammatory cytokines in IFN-γ activated microglial cells via NF-kB dependent signaling (Cobourne-Duval et al., 2018). Interestingly, we also observed that the anti-inflammatory cytokines IL-4 and IL-10 were upregulated compared to the control at both 1 and 3 μM. As such TQ may impart the dual benefit of upregulating the anti-inflammatory cytokines and partially down-regulating the pro-inflammatory cytokines. In addition to anti-inflammatory effects, TQ was also reported to have anti-cancer and antioxidant effects. For example, in combination with cisplatin, TQ demonstrated an increased expression of the pro-apoptotic BAX and decreased anti-apoptotic BCL2 in a ovarian carcinoma (SKOV3) cell line (Liu et al., 2017). In the present study we observed that BAX gene expression was much decreased compared to BCL2 with 3 μM concentration of TQ. Furthermore, SURVIVIN gene expression was upregulated with both 1 and 3 μM concentrations of TQ indicating that TQ, in fact, might offer protection to normal cells, unlike the karyotypically abnormal cancer cells. However, at a further higher concentration of TQ (5 μM) we observed more cell death, and hence it will be prudent to study the effectiveness of TQ on other types of stem cells and normal tissue-specific cells to determine the optimal concentration before its therapeutic consideration.

In silico analysis using Ingenuity Knowledge Base identified decreased MPO enzyme and increased heme oxygenase 1 (HMOX1) in both OA and aging. MPO enzyme released following neutrophil oxidative burst response is reported to cause non-specific tissue damage in AD (Gellhaar et al., 2017). Interestingly, a 7,8-Dihydroflavaone commonly present in plants protects against OA by increasing HMOX1 (Cai et al., 2019) and also increased spatial memory in a rodent model of aging (Castello et al., 2014).

Further, we also noted TQ interaction with caspases, MMPs, and ROS in both OA and age-related neurodegenerative diseases. Activation of caspases, MMPs, and oxidative stress are associated with cell damage including those of chondrocytes in OA and neuronal cells in age-related neurodegenerative diseases (Youssef et al., 2018; Li et al., 2019). The link between oxidative stress and inflammation is well established and also the fact that inflammation is one of the pathological states in both OA and age-related neurodegenerative diseases. In response to oxidative stress, the inflammatory cells are reported to release NF-κB mediated pro-inflammatory mediators. More evidence points to the association of ROS and neuroinflammation leading to neurodegeneration (Rojo et al., 2014). TQ is also reported to reduce oxidative stress, mediate MAPK and apoptosis pathways and protect against neurotoxicity in rats via its anti-oxidant and anti-apoptotic effects (Tabeshpour et al., 2019). As such targeting the mediators of inflammation will, therefore, be an effective strategy in the management of age-related degenerative diseases.

Cyclin D4 activity is important for the G1/S transition of the cell cycle; however, their levels were reported to be disproportionately higher in age-related degenerative diseases. Synthetic CDK4 inhibitors demonstrated the protection of primary rat cortical neurons and PC12 cells that were deprived of nerve growth factor or exposed to β-amyloid toxicity (Sanphui et al., 2013). Inflammatory agents like LPS interact with toll-like receptor 4 (TLR4) and activate MAPK and its related family including extracellular regulated kinase, c-JNK, and p38MAPK (Xu et al., 2017). Interestingly, TQ is known to reduce the ROS levels by reduction of NADPH-oxidase, and also exerts anti-inflammatory effects by activation of adenosine-monophosphate activated protein kinase and Sirtuin-1 in activated BV2 microglial cells (Velagapudi et al., 2017). TQ also inhibits the inflammatory effects of the proinflammatory cytokine TNF-α by activation of p38/JNK via apoptosis-regulated signaling kinase 1 in rheumatoid arthritis synovial fibroblasts (Umar et al., 2015). Also, a recent study reported that TQ exerts anti-inflammatory effects by reduction of TNF-α, TLR-2, TLR-4, and Interleukin-1 in rheumatoid arthritis (Arjumand et al., 2019). Furthermore, the IL-1β induced inflammation in chondrocytes in OA is inhibited by TQ via suppression of NF-kB and MAPK signaling pathways (Wang et al., 2015).

Apart from the standard use of cyclooxygenase (COX) inhibitors or cholinesterase inhibitors for OA and age-related neurodegenerative disease (AD), respectively, alternative therapies including nutritional supplements and herbal preparations are also commonly used to reduce inflammation and improve general health (Tian et al., 2010; Wang, 2013). TQ, the active ingredient of Nigella sativa is reported to have anti-inflammatory and antioxidant properties which therefore can complement conventional therapies for additive effects (Jakaria et al., 2018). We also observed in the present study that TQ at lower concentrations did not affect the proliferation of BM-MSCs derived from OA patients. The molecular targets of TQ as identified by SwissTargetPrediction include mainly the enzymes (kinase, ligase, oxidoreductase, and phosphatase) and family of G-protein coupled receptors. Further studies on the effect of TQ or the paracrine molecules of MSCs on the above molecular targets will help to understand the precise mechanism of TQ and/or MSCs secretions in limiting the pathology in age-related degenerative diseases.

The secretions from MSCs are also reported to have immunomodulatory, anti-inflammatory, anti-apoptotic, neuroprotective and neurotrophic effects (Vizoso et al., 2017). hWJSCs isolated from the human umbilical cord have both embryonic and MSC properties in addition to several advantages compared to other existing MSCs. The hWJSCs have also been differentiated into many different cell types including osteocytes, chondrocytes, and neurons (Fong et al., 2010, 2012). Besides, the hWJSCs have immunomodulatory, anti-inflammatory, anti-apoptotic, anti-cancer effects (Kalamegam et al., 2018b). Therefore, in addition to conventional pharmacological agents, the use of stem cells/stem cell factors and/or TQ as therapeutics will help regeneration of the damaged tissue and also reduce the pathological changes associated with age-related degenerative diseases.



CONCLUSION

Aging is inevitable and inflammation is a common pathology in most of the age-related degenerative diseases. The present study revealed that TQ has moderate anti-inflammatory effects and therefore has the potential to be used in therapeutics. TQ, either alone or in combination with conventional pharmacological agents will help in reducing the inflammation associated with inflammatory joints and age-related degenerative diseases. However, confirmation of our in vitro and in silico results with in vivo animal studies will help to understand the underlying mechanism and their real therapeutic benefits.
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 AD, Alzheimer’s Disease; ANOVA, analysis of variance; APC, allophycocyanin; BAX, BCL2 associated X; BCL2, B-Cell Lymphoma 2; BM-MSCs, bone-marrow mesenchymal stem cells; CD, cluster of differentiation; ChEMBL, Chemical database of European Molecular Biology Laboratory; c-JNK, c-JunN-terminal kinases; COX-2, cyclooxygenase-2; FACS, fluorescent activated cell sorting; FITC, fluorescein isothiocyanate; HMOX1, heme oxygenase 1; hWJSCs, human Wharton’s Jelly stem cells; IC50, half maximal inhibitory concentration; IFN- γ, interferon-gamma; IL, interleukin; IPA, ingenuity pathway analysis; MAPK, mitogen-activated protein kinase; MMPs, matrix metalloproteinases; MPO, myeloperoxidase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NADPH, nicotinamide adenine dinucleotide phosphate; NF- κ B, nuclear factor Kappa-light-chain-enhancer of activated B cells; NS, Nigella sativa; OA, osteoarthritis; PE, phycoerythrin; PECy7, phycoerythrin and a cyanine dye; PERCP, peridinin-chlorophyll-protein; ROS, reactive oxygen species; SEM, standard error of the mean; TGF- β, transforming growth factor-beta; TLR, toll-like receptor; TNF- α, tumor necrosis factor-alpha; TQ, thymoquinone.
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Previous studies in developing Xenopus and zebrafish reported that the phosphate transporter slc20a1a is expressed in pronephric kidneys. The recent identification of SLC20A1 as a monoallelic candidate gene for cloacal exstrophy further suggests its involvement in the urinary tract and urorectal development. However, little is known of the functional role of SLC20A1 in urinary tract development. Here, we investigated this using morpholino oligonucleotide knockdown of the zebrafish ortholog slc20a1a. This caused kidney cysts and malformations of the cloaca. Moreover, in morphants we demonstrated dysfunctional voiding and hindgut opening defects mimicking imperforate anus in human cloacal exstrophy. Furthermore, we performed immunohistochemistry of an unaffected 6-week-old human embryo and detected SLC20A1 in the urinary tract and the abdominal midline, structures implicated in the pathogenesis of cloacal exstrophy. Additionally, we resequenced SLC20A1 in 690 individuals with bladder exstrophy-epispadias complex (BEEC) including 84 individuals with cloacal exstrophy. We identified two additional monoallelic de novo variants. One was identified in a case-parent trio with classic bladder exstrophy, and one additional novel de novo variant was detected in an affected mother who transmitted this variant to her affected son. To study the potential cellular impact of SLC20A1 variants, we expressed them in HEK293 cells. Here, phosphate transport was not compromised, suggesting that it is not a disease mechanism. However, there was a tendency for lower levels of cleaved caspase-3, perhaps implicating apoptosis pathways in the disease. Our results suggest SLC20A1 is involved in urinary tract and urorectal development and implicate SLC20A1 as a disease-gene for BEEC.

Keywords: SLC20A1, urinary tract development, kidney formation, zebrafish development, cloacal malformation, functional genetics, CAKUT, bladder exstrophy-epispadias complex


INTRODUCTION

The recent identification of the phosphate transporter SLC20A1 as a candidate gene for cloacal exstrophy (CE) (OMIM 258040) suggests its involvement also in the lower urinary tract and urorectal development (Reutter et al., 2016). While previous studies in developing Xenopus and zebrafish (zf) reported the expression pattern of slc20a1a in pronephric kidneys (Nichane et al., 2006; Raciti et al., 2008; Howe et al., 2012; Zhang et al., 2017), the possible role of SLC20A1 in urinary tract formation is unknown. SLC20A1 encodes for the sodium-phosphate symporter called the solute carrier family 20 member 1 (PiT-1). The SLC20A1 protein comprises 12 transmembrane domains (TMDs) (O’Hara et al., 1990; Farrell et al., 2009). Slc20a1 (PiT-1) knock-out mice die by embryonic day 12 (Beck et al., 2009; Festing et al., 2009). While the exact cause of death is unknown, they have gross defects in yolk sac vascular development putatively correlating with Slc20a1 regulating endocytosis and microautophagy within yolk sac visceral endoderm (Beck et al., 2009; Festing et al., 2009; Wallingford and Giachelli, 2014).

Due to their ease of molecular manipulation and real-time observation, and the high fecundity of the species, we successfully used zebrafish larvae (zfl) to functionally characterize dominant variants reported in individuals with lower urinary tract obstruction (Kolvenbach et al., 2019). Here, we apply a similar zf model to investigate the role of slc20a1a in the zf urinary tract and urorectal development, and we combine this with human genomic, cell culture, and immunohistochemistry with regard to SLC20A1. Our results suggest SLC20A1 is involved in human and zf urinary tract and urorectal development, and implicate SLC20A1 as a disease-gene for bladder exstrophy-epispadias complex (BEEC). Our study also provides early cell culture data to suggest that SLC20A1 variants found in patients affect cleaved caspase-3, consistent with a reported role of SLC20A1 in tumor necrosis factor-induced apoptosis (Salaün et al., 2010).



MATERIALS AND METHODS


Zebrafish Husbandry and Embryo Preparation

Zf were kept according to national law and to recommendations by Westerfield (Westerfield, 2000) in our fish facility. Zfl of wild-type AB/TL and transgenic strain Tg(wt1b:eGFP) (Perner et al., 2007) were gained by natural fish spawning and raised at 28 C in Danieau (30%) medium on a 14 h light:10 h dark cycle. All zf experiments were performed at ≤ 5 dpf before independent feeding. To suppress pigmentation for later, WISH analysis or fluorescent microscopy 1-phenyl-2-thiourea (final concentration 0.003%) was added to the Danieau solution for respective zfl from 1 dpf onward. Staging of zfl was performed according to Kimmel et al. (1995).



Microinjections of Morpholino Oligonucleotides and mRNA

Zebrafish embryos were collected 15 min after breeding and were pressure injected into the yolk at the one-cell stage (up to 30–40 min after fertilization) with an ATG-blocking Morpholino® antisense oligonucleotide (MO) by GeneTools, LLC. Injections were carried out with 0.75 ng of slc20a1a MO (1.7 nL/embryo) (5′CTGGAGAAAAACACTTCTGGCCTAC 3′) and 0.75 ng of standard control MO (5′CCTCTTACCTCAGTTACAATTTATA 3′). For pressure injection, we used the “Milli-Pulse Pressure Injector, Model MPPI-3” (Applied Scientific Instrumentation, Inc. 29391 W. Enid Rd. Eugene, OR 97402-9533, United States). The MPPI-3 is a self-contained device for producing gas pressure pulses to an injection needle (pulled glass capillary–GB120F-10, Science Products GmbH). The unit offers linear control of both pressure and pulse duration.



Morpholino (MO) mRNA Rescue

Rescue experiments were performed by co-injection of MO together with 35 pg of human SLC20A1 polyA mRNA. In vitro transcription of SLC20A1 mRNA was performed using mMessage mMachine Kit (Ambion 1340M) and Poly-A-Tailing-Kit (Ambion AM1350) on IMAGE-clone: 3918690. slc20a1a MO sequence is not homologous to the hSLC20A1 mRNA (0% homology), excluding binding of the MO to hSLC20A1 mRNA (Supplementary Data Sheet S16).



Western Blot (WB) Analysis in slc20a1a MO Knockdown (KD) zfl

After grading, zfl were pooled into samples of 20–30 larvae of equal grades and lysed in RIPA buffer on ice with 4% protease inhibitor using a sonicator. Proteins were separated by SDS-PAGE, transferred on PVDF membranes and were probed with anti-SLC20A1 (1:1000; Sigma-Aldrich; AV43905) at 4°C overnight. Enhanced chemiluminescent (ECL) HRP substrate for low-femtogram-level detection was used.



Sulforhodamine 101 (SR101) Excretion Assay

Excretion assay was performed on days 4–5 dpf. Zfl were kept in the dark in 0.02 mM SR101 in Danieau 30% + 0.003% 1-phenyl-2-thiourea solution for 1 h. After incubation zfl were washed with Danieau 30% three times for 10 min before imaging.



Whole-Mount Zebrafish in situ Hybridization (WISH)

cDNA plasmids for the preparation of antisense and sense probes for pax2a, evx1, slc20a1a, and slc20a1b were generated by PCR from zebrafish poly-T embryonic cDNA (primer sequences are provided in Supplementary Data Sheet S15). The resulting amplified PCR products were cloned into SK(-) pBluescript®. Constructs were linearized by corresponding restriction enzymes and DIG-labeled sense and anti-sense RNA was synthesized using Roche DIG RNA Labeling Kit (Cat. No. 11 175 025 910). WISH was performed following modified instructions of Thisse and Thisse (2008).



Immunohistochemistry in Whole-Mount Zfl

Zfl were fixed in 4% paraformaldehyde overnight at 4°C and washed afterward with methanol in increasing concentration (25, 50, 75, 100%). Heat-induced antigen retrieval was performed in Tris-HCL (pH = 8.5) at 70°C for 15 min. For permeabilization digest with Proteinase K at room temperature was adapted to age of the zfl. They were then incubated in primary antibodies for 3 days at 4°C (1:500; Anti-Acetulated Tubulin: Sigma-Aldrich – T7451, mouse; Anti-GFP: Invitrogen – A11122, rabbit) and secondary antibodies for 2 days at 4°C (1:1000; Alexa Fluor 546 goat anti-mouse: LifeTechnologies – A11030; Alexa Fluor 488 goat anti-rabbit: LifeTechnologies – A11034).



High Resolution in vivo Fluorescent Zfl Imaging

Embryos were pre analyzed under a Nikon AZ100 Macro-Zoom microscope and selected embryos were further anesthetized with 0.016% tricaine, mounted in 2% low-melting agarose and imaged by two-photon scanning fluorescence in vivo microscopy (LaVision Trim-Scope II; ImSpector and ImageJ software).



Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8.0.0 for Mac, GraphPad Software, San Diego, CA, United States1. Differences with a p-value of < 0.05 (∗) were considered as being statistically significant. Error bars show standard deviation (SD) in all experiments.



Human Embryo Immunohistochemistry

Human tissues, collected after maternal consent and ethical approval (REC 08/H0906/21 + 5), were provided by the MRC and Wellcome Trust Human Developmental Biology Resource2. Paraffin sections were processed for immunostaining after antigen retrieval, essentially as described (Kolvenbach et al., 2019). Sections were probed with antibody to SLC20A1 (1:200; Proteintech 12423-1-AP).



Resequencing of SLC20A1 in Individuals With BEEC

The resequencing study was conducted in adherence to the Declaration of Helsinki. Informed consents were obtained from affected individuals or by proxies in the case of minors. The study was approved by the ethics committee of the medical faculty of the University of Bonn (No. 031/19) as well as the respective ethic committee of the collaborating centers in Manchester (United Kingdom), Nijmegen (AGORA data- and biobank; Netherlands; Rooij et al., 2016), Torino (Italy), and Stockholm (for Sweden on behalf of Lund, Göteborg, and Uppsala). For resequencing, 690 (440 male and 250 female) BEEC individuals were included [epispadias n = 42; classic bladder exstrophy (CBE) n = 564; CE n = 84]. All three human SLC20A1 protein coding transcripts (ENST00000272542.7, ENST00000423633.5, ENST00000433924.5) listed in “ensembl database” (September 30, 2017)3 were sequenced. PCR-amplified DNA products (primer sequences are provided in Supplementary Data Sheet S15) were subjected to sequencing using a 3130XL Genetic Analyzer (Applied Biosystems, Foster City, United States).



Generation of Variants for in vitro Analysis

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent #210518) was used to generate variants from IMAGE clone 3918690 (primer sequences are provided in Supplementary Data Sheet S15).



Cloning for Cell Culture Experiments

N-terminally Flag tagged wild type (wt) and mutant SLC20A1 cDNA of human origin were cloned into pcDNA3 plasmid backbone (Clontech) (primer sequences are provided in Supplementary Data Sheet S15).



Cell Culture and Transient Transfection

HEK293 cells were cultured in DMEM/F12 (1:1) (GIBCO) + 10% fetal calf serum (FCS; GIBCO) + 1% penicillin (5,000 U/ml)/streptomycin (5,000 μg/ml). Cells were seeded 1:1 into 24 and six well plates, followed by transient transfection with 250–1,000 ng plasmid DNA per cm2 well surface using PANfect A transfection reagent (PAN Biotech, Germany). The experiments were performed 48 h after transfection.



Western Blot Analysis in HEK293 Cells

Transient transfected HEK293 cells were harvested and lysed in 75 μl homogenization buffer (250 mM sucrose; 20 mM HEPES; 1 mM EDTA in distilled H2O, pH 7.4) with 1 mM dithiothreitol; 100 μg of whole cell lysates were separated on 10% sodium dodecyl sulfate (SDS) gels, transferred on nitrocellulose membranes, and probed with antibodies against FLAG-tag (1:1,000; Sigma Aldrich; F3165) and ß-ACTIN (1:40,000; Sigma Aldrich; A3854). Non-transfected HEK293 cells served as negative control. For analysis of cleaved caspase-3 (CC3) levels 20 μg of cell lysates were loaded and probed with anti-CC3 (1:2,000; Cell Signaling; 9661) and ß-ACTIN (1:10,000; Sigma Aldrich; A5441). Analysis of proliferation cell nuclear antigen (PCNA) levels was performed by blotting 2 μg of cell lysates of all respective groups and probing those with anti-PCNA (1:5,000; Abcam; ab2426) and ß-ACTIN. ImageJ was used for WB densitometry.



Phosphate Uptake Assay in Human Embryonic Kidney 293 (HEK293) Cells

Transient transfected HEK293 cells seeded on 24 well plates were incubated in uptake buffer (96 mM NaCl; 2 mM KCl; 1.8 mM CaCl2; 1 mM MgCl2; 50 mM HEPES in distilled H2O) supplemented with 200 μM potassium phosphate buffer and 1 μCi 32PO43– per ml uptake buffer for 3and 15 min before washing, respectively. Cell-associated radioactivity was measured with a ß-counter (Tri-Carb® Liquid Scintillation Analyzer, Perkin Elmer). Values are given as counts per minute and calculated as percentage. Non-transfected HEK293 cells served as background control.



Computational 3D Structural Modeling

For 3D structure, modeling of human SLC20A1 variants (Uniprot ID: Q8WUM9) I-Tasser4 was used. This employs an integrated combinatorial approach comprising comparative modeling, threading, and ab initio modeling (Roy et al., 2010) using the procedure adopted by Dakal et al. (2017). The generated structures were visualized in Chimera 1.13rc version.



RESULTS


Morpholino KD of slc20a1a in Embryonic Zebrafish

To further functionally characterize SLC20A1 we performed ATG-blocking MO KD experiments in zfl. The zf has two ortholog genes, slc20a1a and slc20a1b. Focusing on the segment of chromosome 2 harboring the SLC20A1 locus in humans, none of the distinct chromosome loci of the two zf orthologs show conserved syntenies to the human segment. NCBI Unigene’s EST profile viewer reveals distinct expression patterns for both zf orthologs (Nichane et al., 2006): only slc20a1a appears to be strongly and specifically expressed in the embryonic kidney. While in the developing zfl no specific expression has been described for slc20a1b so far (January 2020)5, clearly slc20a1a has been established as a pronephric tubular marker (Howe et al., 2012; Zhang et al., 2017). Here, WISH analysis confirmed slc20a1a as a pronephric marker, with expression in the proximal (i.e., near to the glomerulus) section, while WISH analysis of slc20a1b did not show any signal in tissues relevant to urinary tract development (Supplementary Data Sheets S1A–F). Hence, we studied MO KD against slc20a1a to characterize its possible developmental impact on urinary tract and urorectal development. The injection procedure was uniform in all experiments. slc20a1a MO injected larvae showed a range of phenotypes on direct inspection. To facilitate analyses, we graded all MO injected zfl at 2 dpf (Long-pec, according to Kimmel et al., 1995) on the basis of several phenotypical features. Representative images of the grades (G) are depicted in Figure 1. In brief: G I embryos (5% at 2 dpf) appeared normal and identical to uninjected and control MO injected zfl; G II zfl (6% at 2 dpf) showed a mild phenotype with minimal reduction in body and head sizes, no or moderate hydrocephalus, mild pigmentations defects, and benign reduction of the yolk sac extension, but without changes in body curvature or eye abnormalities; G III zfl (46% at 2 dpf) showed a moderate phenotype characterized by decreases in body and head sizes, overt hydrocephalus (arrow heads, additional images in Supplementary Data Sheet S3), yolk endocytosis defects, lack of yolk sac extension along abdominal wall (arrows), eye abnormalities especially in size (Supplementary Data Sheet S3), straight body with or without kinking of the tail tip (no kinking shown here), pigmentation defects, and pericardial effusion; and G IV zfl (27% at 2 dpf) had marked malformations of various organ systems and additional defects in body curvature. Remarkably, no G IV larvae survived until 5 dpf and were therefore not further analyzed but scored as “dead” (G V) in the statistics presented. Supplementary Data Sheet S3 shows close-ups for better demonstration of hydrocephalus and eye development in all four grades presented.
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FIGURE 1. slc20a1a MO KD. KD was performed by injecting 0.75 ng of ATG-blocking MO into one-cell-staged wt zf eggs. Lateral view, dorsal to top, cranial on the left. (A) Phenotypical grading of MO injected zfl at 2 dpf in four grades increasing in severity and lethality. Scale bar: 500 μm. See main Results text for grading details. In brief, GI were normal in direct inspection; GII had mild defects; GIII had moderate defects, and GIV had severe defects. G V resembles dead zfl. Supplementary Data Sheet S3 shows close-ups for better demonstration of hydrocephalus and eye development in all four grades presented. (B) Examples for cloacal abnormalities in MO KD zfl at 2 dpf. Scale bar: 100 μm. Inspection of cloacal region after previous grading revealed malformations in cloacal region in G II and G III sorted zfl increasing in amount and severity with grading. G I sorted zfl had normal cloacal morphology, that is, a thin and curved organ with a distal opening (arrow). GII and GIII zfl have abnormally shaped cloacae, with dilated and/or apparently blind-ending lumens. Further cloacal close-ups of G II and III sorted zfl are shown in Supplementary Data Sheet S4. (C) WB shows efficacy of MO KD in zebrafish protein lysates from 2 dpf. 70 kDa: slc20a1a, 42 kDa: ß-Actin loading control; WT = uninjected control, Crtl = control MO injected, G II/III/IV = slc20a1a MO KD zfl sorted by grading II–IV. Slc20a1a can be detected in uninjected wt control and injected control MO group. Only a weak slc20a1a signal was seen in MO KD groups G II, III, and IV, which showed phenotypical features as described in (A). WB shows correlation between phenotype and protein expression. Raw data of WB is shown in Supplementary Data Sheet S6. (D) Co-injection of slc20a1a MO with 35 μg in vitro transcribed human SLC20A1 polyA mRNA shows partial rescue of various phenotypes underlining the Morpholino’s specificity. n = 5 (here n = 1 represents the average score in each experimental batch). Error bars show SD. X-axis shows groups at 3 dpf that were compared: zfl showing no or only a very mild phenotype (G I + G II), larvae with a moderate phenotype (G III) and a last group of larvae with a severe and lethal phenotype (G IV) together with those who were already dead at time of comparison (G V). Y-axis shows the percentage of zfl in the corresponding groups described before. A significant difference (∗p = 0.01) was seen within the first group of MO and MO-mRNA rescue group, showing a partial rescue of slc20a1a MO KD phenotype reflected in bigger group of phenotypically not or only mildly affected zfl. Mere overexpression of SLC20A1 wt mRNA in zfl resulted in phenotypical aberrations, which did not fit the grading characteristics and the phenotypes observed in slc20a1a MO KD. Further, pure SLC20A1 overexpression in zfl resulted in higher lethality compared to non-injected control groups (data not shown). These findings suggest that the MO rescue effect of SLC20A1 wt mRNA is weakened and disguised by the mRNA’s general negative overexpression effect. (E) Kaplan-Meyer curve shows significantly reduced survival (p < 0.0001) in slc20a1a MO-injected group compared to uninjected and control MO. Survival rates by day five post-fertilization: WT = 100%, control MO injected group = 93%, MO injected group = 35% (including all grades). Exclusion of embryos dying/not developing by 8 h post-fertilization (hpf) due to failed fertilization or consequences of tissue damage caused by injections with mechanical manipulation. Within these initial 8 hpf intervals, no difference was seen between control MO and slc20a1a MO injected groups.




Cloacal Anomalies in slc20a1a MO KD

Though cloacal anomalies were not part of the preceding grading, we frequently found malformations in the cloacal region and therefore the urinary outflow tract in mild (GII) and moderate (GIII) slc20a1a MO KD zfl (Figure 1B). These cloacal malformations could themselves be graded as moderate or severe (additional images in Supplementary Data Sheet S4). G I sorted zfl had normal cloacal morphology, that is, a thin and curved organ with a distal opening (arrow). G II and G III zfl has abnormally shaped cloacae, with dilated and/or apparently blind-ending lumens. Further cloacal close-ups of G II and III sorted zfl are shown in Supplementary Data Sheet S4. Importantly, the finding of cloacal anomalies in larvae that had only a mild whole-body phenotype suggests that the former is a “strong” primary effect and not simply a side effect of a more major whole-body malformation. For further characterization, we performed WISH in slc20a1a MO, control MO, and uninjected wt zfl with two different cloacal marker probes at two timepoints each. pax2a marks the distal part of the pronephric ducts up to their fusion at the cloaca. For quantification of pax2a expression, we determined the maximal distance orthogonal to the pronephric midline within the stained cloacal region (Supplementary Data Sheets S5A–C). evx1 is a WISH marker for the cloaca. The area of staining was measured using a common threshold in all zfl (Supplementary Data Sheets S5D–F). For pax2a, a wider cloaca was found in slc20a1a MO KD zfl at both timepoints. Cloacal area of expression of evx1 was significantly larger in slc20a1a MO KD zfl at both timepoints as well. These results suggest a defect in tissue development in the cloacal region of slc20a1a MO KD zfl.



Efficiency and Specificity of MO KD Shown by WB Analysis and mRNA Rescue

Efficacy of slc20a1a MO KD, at the protein level, was demonstrated by WB analysis at 2 dpf (Figure 1C). Slc20a1a protein was detected in both control groups at about 70 kDa molecular weight. We could only detect weak slc20a1a protein signal in the MO KD grades (G II–IV).

To test the specificity of our slc20a1a MO, we co-injected in vitro transcribed polyA mRNA of human wt SLC20A1. We detected a rescue effect of the human SLC20A1 mRNA in MO zfl, as evidenced by significant increase of the proportion of overtly normal or mildly affected zfl (GI + GII) (Figure 1D). This effect was even more notable given the fact that overexpression of SLC20A1 wt mRNA in non-morphant zfl resulted in higher lethality and phenotypical aberrations, which did not fit the grading characteristics and the phenotypes observed in slc20a1a MO KD. Collectively, the results support the slc20a1a MO’s specificity.

Survival of uninjected wt, control MO, and slc20a1a MO KD zfl were monitored until 5 dpf, showing a significant decrease (>50%) in survival rate in the MO KD larvae (Figure 1E).



Pronephric Cysts and Dilatation of Pronephric Ducts in slc20a1a MO KD Implicate slc20a1a as Important Player in Early Kidney Development

In zfl, the pronephros represents the anatomical structure that corresponds to the human urinary tract. The pronephric pattern is analogous to the mammalian nephron. The two pronephric ducts fuse and excrete the urine through the cloacal opening (Figures 2A,B). Figure 2C shows clear WISH signal for slc20a1a in the proximal zfl pronephros at 2 dpf. slc20a1a WISH in earlier developmental zfl stages show expression in intermediate mesoderm, which later forms the pronephros, red blood cells, and trunk endothelium (Supplementary Data Sheet S1). We used Tg(wt1b:eGFP) reporter fish (Perner et al., 2007) to assess the impact of slc20a1a on the development of the glomeruli and the proximal region of the pronephros (Figure 2D). Whereas control MO and slc20a1a MO G I zfl did not show any phenotypical differences concerning the morphology of the glomeruli and pronephros at 2 dpf, the majority of G II (79%) and G III (97%) sorted larvae showed glomerular cysts and a dilatation of the proximal part of the pronephric ducts (Figures 2E,F).
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FIGURE 2. Pronephric cysts in slc20a1a MO KD resulting from cloacal obstruction due to malformations. (A) Scheme of human abdomen, green: urogenital tract with kidneys, ureter, bladder, urethra; blue: abdominal wall. (B) Pronephros in zfl (green: right side) as equivalent to human urinary tract. Scheme of zfl, dorsal view at (2 dpf, patterning of zebrafish pronephros is similar to human nephron segmentation. Specific segments are color coded (left side) for better identification: G, Glomerulus; N, Neck; PCT, Proximal Convoluted Tubule; PST, Proximal Straight Tubule; DE, Distal Early; DL, Distal Late; CD, Collecting Duct. (C) Whole mount in situ hybridization (WISH) against slc20a1a in zfl at 2 dpf, labeling proximal part of pronephros. Scale bar: 500 μm. (D) Control MO zfl in Tg(wt1b:GFP) (Perner et al., 2007) marking proximal part of pronephros, Scale bar: 100 μm. (E) Glomerular close-ups in Tg(wt1b:GFP) zfl in dorsal view at 2 dpf (Scale bar: 50 μm). On the left, pronephric cysts (arrows) and dilatation of proximal part of pronephros increasing in severity with grading are shown. G I (upper pictures) showing no cystic phenotype, G II (middle pictures) showing a mild cyst formation, and G III (bottom pictures) showing severe cysts and a wide dilatation of the pronephros. Corresponding cloacal close-ups, shown on the right in lateral view (Scale bar: 50 μm), underline correlation between malformations in urinary outflow tract and cysts as well as pronephric dilatations in corresponding groups. (F) Graph shows percentage of zfl (Y-axis) in the following groups: Control MO, slc20a1a MO G I, slc20a1a MO G II, slc20a1a MO G III (X-axis). Each dot stands for one individual experiment (here N = 1 represents the average score in each experimental batch). Whereas control MO and slc20a1a MO G I larvae do not show any cystic phenotype, only an average of 21% of MO G II, and solely 3% of G III MO zfl show normal configuration of the proximal part of pronephros. The graph shows significant differences between control MO and phenotypically normal group MO G I compared to MO G II and G III, N = 3, ****p < 0.0001. Error bars show SD.)


We sought cilia within the pronephros using immunofluorescence staining against alpha-acetylated tubulin and GFP in Tg(wt1b:GFP) at 2 dpf. Our two-photon microscopy (Supplementary Data Sheet S7) revealed the presence of cilia. There were no gross structural anomalies, such as gross shortening or elongation, between the G II and G III MO-KD zfl. We did not, however, formally quantify cilia length nor did not assess motility study in G II and G III MO-KD zfl. The dilatation of their pronephric ducts was confirmed.

Dilatation of the ureter and pelvis of the kidney in human can be caused by a backlog of urine due to a functional or anatomical blockage of the urinary tract. This blockage occurs usually distal to the dilated parts of the renal tract. slc20a1a MO KD zfl show malformations in the urinary outflow tract (Figures 1B, 2E and Supplementary Data Sheet S4). Here, malformations of urinary outflow tract in morphants correlate with severe cystic dilatation of the pronephric kidney. This strongly supports the hypothesis that the cloacal malformations seen in slc20a1a MO KD zfl cause a backlog of urine, which leads to cystic and dilated pronephric kidneys.



Sulforhodamine 101 Excretion Assay in slc20a1a MO KD zfl Shows Gut Outlet Obstruction at the Cloaca

Figure 3 depicts the gastrointestinal tract (GIT) and cloacal opening of the hindgut. Schematic comparison of GIT of humans and zf is shown in Figures 3A,B (red). The close-up of the cloacal region in zfl shows opening of pronephros and GIT at cloaca in a healthy zfl at 5 dpf (Figure 3C).
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FIGURE 3. Sulforhodamine 101 excretion assay shows imperforate hindgut in slc20a1a MO KD zfl. (A) Scheme of human abdomen, red = GIT with stomach, duodenum, jejunum, ileum in light red and colon, rectum, anus in dark red; blue = abdominal wall. (B) Scheme of zfl, lateral view at 5 dpf; green = urogenital tract ((pronephros), red = GIT, blue = abdominal wall, beige = yolk sac, yellow = cloaca. (C) Cloaca in zfl at 5 dpf: fusion and opening of pronephros and GIT at cloaca between 4 and 5 dpf. Pseudocolored for identification as above in B: green = urogenital tract (pronephros), red = GIT, yellow = cloaca. Scale bar: 50 μm. (D) Opening of cloaca and excretion of SR101, a red fluorescent dye labeling the content of zfl intestine. Upper panel shows brightfield, middle panel red channel, lower panel shows a merged view of both channels. On the left we show slc20a1a MO KD G I zfl at 5 dpf compared to slc20a1a MO KD G II zfl at 5 dpf on the right side of the panel. In control MO and slc20a1a MO GI, zfl dye uptake is not disturbed; we could detect clear and bright red dye fluorescence in the gut of all animals. Dye excretion and opening of the cloaca was not disturbed. White arrow marks dye excretion from the cloaca. In contrary, we observed cloacal opening and excretion defects in slc20a1a MO KD G II zfl at 5 dpf mimicking an imperforate anus as shown on the right side of the panel. Black arrow marks opening defect and therefore resulting dilatation of intestine due to bag log. No changes in peristalsis of the GIT was observed; hence, expansion of distal part of intestine as shown here is solely caused by lack of cloacal opening. Scale bar: 50 μm. (E) Significant differences in opening of cloaca at 5 dpf in zfl between phenotypically affected and control MO. Cloacal opening was monitored for several minutes up to 1 h. Only 13.25% of G II and 5.5% of G III zfl showed cloacal opening and therefore excretion of SR101 from the GIT, whereas 82.5% of G II and 74% of G III zfl did not show any excretion. In the remaining 4.25% of G II and 20.5% of G III, zfl cloacal opening could not be assessed resulting from failure of SR101 uptake in the first place or misshape and tissue malformations not allowing to assess the cloacal region in the respective zfl. N = 4, ****p < 0.0001. Error bars show SD.)


Fluorescent dye (Sulforhodamine 101, SR101) uptake and excretion assay in zfl at 5 dpf showed normal excretion and opening of the cloaca in all control MO zfl and in an average of 98% in slc20a1a MO G I zfl (Figures 3D,E). On the contrary, excretion of SR101 was severely disturbed and absent in G II (82%) and G III (74%) slc20a1a MO zfl. This assay confirmed the high abundance of cloacal opening defects in slc20a1a morphants resembling an imperforate anus in humans. For clarification of the performed dye assay, representative fluorescent videos are provided in the supporting information (Supplementary Data Sheets S8, S9).



Embryonic Protein Expression of SLC20A1 in Human Embryonic Urogenital Tissue

Figure 4A shows a transverse section of a healthy (non-BEEC) 6-week gestation human embryo. SLC20A1 was immunodetected in several locations including the urogenital sinus and the urinary bladder precursor implicated in BEEC. Additionally, we immunodetected SLC20A1 in a 10-week-gestation metanephric kidney, with prominent signals in the proximal tubules and collecting ducts (Figure 4B).
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FIGURE 4. Exome sequencing and targeted Resequencing in families with BEEC phenotype identified disease variants in SLC20A1. (A) IHC of a transverse section of a 6-week-old human embryo. SLC20A1 was immunodetected (brown) in the urogenital sinus (UGS), which develops into the urinary bladder. Furthermore, (textitSLC20A1 was also detected in the spinal cord (SC), dorsal root ganglia (DRG), peripheric nerve trunk (PNT), hind limb (HL), hindgut (HG), migrating neural crest cells (MNCC), umbilical cord (UC), Wharton’s jelly (WG), midgut (MG), and umbilical artery (UA). Scale bars = 100 μm. (B) Histology section of the human 10-week-gestation metanephric metanephros. Note prominent SLC20A1 immunostaining (brown) in the proximal tubule (PT) and the collecting duct (CD). The glomerulus (G) shows a fainter signal. Scale bars: 100 μm. (C) Exome sequencing of eight CE case-parent-trios revealed de novo variant c.709G > A (p.Gly237Arg) in SLC20A1 in family 1 (Reutter et al., 2016). Resequencing of 690 individuals with BEEC led to identification of two more variants in individuals with CBE: c.893T > C (p.Val298Ala) in family 2 as de novo change c.1321A > C (p.Lys441Gln) with maternal inheritance (maternal phenotype: fusion defect of pelvic bone, mild phenotype) in family 3. Pedigrees of all three families are shown with genotypes of all individuals indicated. In family 3, the maternal grandfather (Figure 1B, family 3, person III.1) was not available for testing. For haplotype analysis of all available family members (Figure 1B, family 3, III.2, II.1, II.2, I.1), we used the synonymous marker rs4849091 at chromosomal position chr2:113404708 A > G (p.Leu101=) of the canonical transcript ENST00000272542.7. Genotypes of rs4849091 are shown in brackets. All variants are heterozygote changes and result in missense variants as shown in Sanger sequences including amino acid sequences below each pedigree.)




Resequencing of SLC20A1 Identifies Two Additional Variants

Resequencing of all three genomic SLC20A1 transcripts identified an additional de novo variant in a case-parent trio (c.893T > C, p.Val298Ala, ENST00000272542.7, allele frequency 0.000003979, Figure 4C, family 2, person I.1) as well as a novel de novo variant in an affected mother (Figure 4C, family 3, person II.2) who transmitted this variant to her affected son (c.1321A > C, p.Lys441Gln, ENST00000272542.7, Figure 4C, family 3, person I.1) (Supplementary Data Sheet S10 Table for additional information). In this family, the maternal grandfather of the index person (Figure 4C, family 3, person III.1) was not available for testing. Haplotype analysis of all available family members (Figure 1B, family 3, III.2, II.1, II.2, I.1) showed that the disease variant (c.1321A > C) must have occurred de novo in the grandmother’s derived germ cell (Figure 4C, family 3, person III.2). For haplotype analysis, we used the synonymous marker rs4849091 at chromosomal position chr2:113404708 A > G (p.Leu101) of the canonical transcript ENST00000272542.7. According to gnomAD this marker has a MAF of 0.4871 across all ethnicities and resides in exon 8 of SLC20A1 in proximity of 12 kb to variant c.1321A > C.



Prediction of Variant Localizations in SLC20A1

The SLC20A1 (PiT-1) protein is a sodium-dependent inorganic phosphate (Pi) symporter that contains 12 TMDs (O’Hara et al., 1990; Farrell et al., 2009). Three-dimensional crystal structures of most SLC family transmembrane proteins are unknown (Dakal et al., 2017). Figure 5A shows TMDs 6 to 9 of a putative 2D structure of the SLC20A1 protein, modeled by Beck et al. (2009). Here, variant c.709G > A (p.Gly237Arg) of family 1 is located in TMD 7, and both variants, c.893T > C (p.Val298Ala), of family 2 and variant c.1321A > C (p.Lys441Gln) of family 3 are located in a large intracellular loop between TMDs 7 and 8. A further attempt of ours to predict localization of the variants in a 3D model of SLC20A1 protein is shown in Supplementary Data Sheet S11. Our 3D model confirmed the localization of the two variants c.893T > C (p.Val298Ala) and c.1321A > C (p.Lys441Gln) in a large intracellular loop between TMD 7 and 8. The focus is on c.709G > A (p.Gly237Arg), though we predict a possible shift from TMD 7 (as described by Beck et al., 2009) to TMD 6 in our 3D model. In transmembrane proteins, glycine resides in helices, predominantly at the helix-helix interface, which makes it an important structural player (Li and Deber, 1992; Javadpour et al., 1999). In our proposed 3D model, p.Gly237Arg is present at the interface of TMD 6 and TMD 1. Accordingly, p.Gly237Arg might cause instability in TMD 6.


[image: image]

FIGURE 5. SLC20A1 as transmembrane phosphate transporter and in vitro characterization of its variants found in BEEC individuals. (A) In silico 2D model of SLC20A1, a multi-pass integral membrane protein, indicating localization of variants found in affected individuals, c.709G > A (p.Gly237Arg) in TMD 7, c.893T > C (p.Val298Ala) and c.1321A > C (p.Lys441Gln) are located in an intracellular loop. Only four (6–9) of a total of twelve TMDs are shown in this simplified model. The model was generated based on the data of Beck et al. (2009). (B,C) SLC20A1 mediated 32PO4 transport in transiently transfected HEK293 cells. (B) WB analysis of 100 μg whole cell homogenates obtained from HEK293 cells transfected with 500 ng plasmid DNA per cm2 well surface. Plasmid DNA was FLAG tagged and transfection efficiency was detected using anti-FLAG antibody (70 kDa) and anti-ß-ACTIN antibody (42 kDa), which served as loading control. As expected, no FLAG signal could be detected in negative control (untransfected HEK293 cells, marked as HEK). Transfection worked for wt SLC20A1 overexpression as well as the variants c.893T > C (p.Val298Ala) and c.1321A > C (p.Lys441Gln). No FLAG signal could be detected for c.709G > A (p.Gly237Arg) transfected cells. Even when transfected with higher plasmid concentrations, p.Gly237Arg was not detectable in HEK293 cells (Supplementary Data Sheet S12). (C) Endpoint assay of transient transfected HEK293 cells. Cells were incubated with 1 μCi 32PO43– and 200 μM K3PO4 for 15 min. For better comparison, a highest number of counts per minute in wt SLC20A1 overexpression group was set as 100% in each experiment (N = 6 with two datasets each), values of HEK293 and variants were calculated correspondingly, and resulting values in percentage are shown on the y-axis (Error bars show SD). A two-way ANOVA of the grouped analysis was significant ((p < 0.0001). p.Gly237Arg did not show any differences of phosphate uptake to negative HEK293 control. This is in line with the expression deficiency of p.Gly237Arg described before. Wt SLC20A1 overexpression showed a significant increase of phosphate uptake compared to untransfected HEK293 (Tukey’s multiple comparison: ****p < 0.0001). Amin acid change p.Lys441Gln and p.Val298Ala overexpression resulted in an even higher phosphate uptake than wt SLC20A1 overexpression with a significant difference between p.Val298Ala and wt SLC20A1 (Tukey’s multiple comparison: *p < 0.05). Therefore, variant overexpression does not impair phosphate uptake capability in vitro. (D,E) Densitometric analysis of WBs (N = 6) from whole cell homogenates was obtained from transfected HEK293 cells. WBs are provided in Supplementary Data Sheet S13. Y-axis shows normalized values against wt SLC20A1 overexpression. Error bars show SD. (D) Expression of CC3 as apoptosis marker was measured in six WBs of corresponding independent transfection experiments. The one-way ANOVA was significant (p = 0.0002), Tukey’s multiple comparison test was significant for HEK293 vs. WT (***p = 0.0005), and WT vs. p.Val298Ala (**p = 0.0038). Wt SLC20A1 overexpression in HEK293 cells increased apoptosis when compared to untransfected negative control (HEK). There is no induction of apoptosis inc.893T > C (p.Val298Ala) transfected cells, comparable to untransfected negative control (HEK). c.1321A > C (p.Lys441Gln) does not result in significant reduction of CC3 expression. However, a trend of reduced CC3 expression in comparison to wt SLC20A1 overexpression can be seen. (E) Same analysis was used to study expression of PCNA as a proliferation marker. A one-way ANOVA did not show significant results (p = 0.1903). Nevertheless, wt SLC20A1 overexpression seems to reduce PCNA expression when compared to negative control (untransfected HEK). Variants analyzed [c.893T > C (p.Val298Ala) and c.1321A > C (p.Lys441Gln)] tend to reduce PCNA less than WT overexpression (red dotted line for better comparison).)




Functional Characterization of SLC20A1 Variants in vitro

In vitro characterization of all three SLC20A1 variants was performed using HEK293 cells transfected with either human wt SLC20A1 or one of the three respective variants – all FLAG-tagged. Transfection efficiency was confirmed by WB (Figure 5B). Variant c.709G > A (p.Gly237Arg) was not expressed efficiently in HEK293 cells as protein. A dosage effect was excluded (Supplementary Data Sheet S12). Expression of c.893T > C (p.Val298Ala) and c.1321A > C (p.Lys441Gln) variants resulted in protein levels similar to that of expressed wt SLC20A1 protein. Phosphate uptake in the transfected cells was measured in a radioactive labeled phosphate assay (Figure 5C). Untransfected HEK293 cells and c.709G > A (p.Gly237Arg) transfected cells displayed a basal phosphate uptake. Cells transfected with either human SLC20A1 wt, c.893T > C (p.Val298Ala) or c.1321A > C (p.Lys441Gln) had a threefold increased capability of phosphate uptake compared to untransfected control cells. We therefore conclude that SLC20A1-linked phosphate uptake is not disturbed by the two de novo variants.

Given that SLC20A1 protein is known to play a role in apoptosis pathways (Salaün et al., 2010; Husseini et al., 2013) we used WB to assess the apoptosis marker CC3 in the above described transfected HEK293 cells. Overexpression of wt SLC20A1 increased the level of CC3. In order to quantify CC3 detection in WB, we performed densitometry (Figure 5D and Supplementary Data Sheet S13). In contrast to wt SLC20A1, variant c.893T > C (p.Val298Ala) failed to increase CC3 levels above those in control cells. Variant c.1321A > C (p.Lys441Gln) increased CC3 levels but to a lesser extent compared to wt SLC20A1 overexpression. Variant c.709G > A (p.Gly237Arg) was not studied further due to its expression deficiency in HEK cells previously mentioned (Figure 5B and Supplementary Data Sheet S12). We conclude that overexpression of BEEC variants shows differences compared to wt overexpression when analyzing expression of CC3 as an apoptosis marker. Additionally, we performed WB analysis of the proliferation marker PCNA (Figure 5E and Supplementary Data Sheet S13) and found no significant differences in PCNA levels between the experimental groups; yet, our data shows a trend: while wt SLC20A1 overexpression was associated with a reduced PCNA level, neither c.893T > C (p.Val298Ala) nor c.1321A > C (p.Lys441Gln) had a similar strong effect.



DISCUSSION

The results of our study suggest that SLC20A1 is not only involved in embryonic kidney formation but also in urinary tract and urorectal development. Furthermore, our findings suggest that monoallelic de novo variants in SLC20A1 are involved in BEEC formation. These conclusions are supported by the immunodetection of SLC20A1 in the BEEC relevant developmental organ field comprising the urogenital sinus and early human embryonic kidney. In this context, CBE and CE individuals present with an increased incidence of kidney and upper urinary tract anomalies comprising ureteropelvic junction obstruction, ectopic pelvic kidney, horseshoe kidney, kidney hypo- or agenesis, megaureter, ureteral ectopy, and ureterocele (Stec et al., 2012). Accordingly, we observed dilatation of the proximal part of pronephric ducts in slc20a1a MO KD zfl. From our morphological description of slc20a1a MO KD, it appears that the observed cystic dilatations and the dilatation of the pronephros are due to urinary backlog caused by pronephric outlet obstruction (Figures 1B, 2E and Supplementary Data Sheet S4). The latter interpretation resembles human hydronephrosis due to vesicoureteral reflux rather than a primary architectural defect of the pronephric mesenchyme.

In accordance with previous work, our WISH analysis confirms slc20a1a in zfl as specific pronephric marker in 48 hpf zfl (Figure 2C). Interestingly, expression of slc20a1a in zfl in earlier stages is not restricted to the proximal pronephric area but can be seen in the intermediate mesoderm as well as in the cloacal region (Supplementary Data Sheet S1). Whether slc20a1a is expressed in the cloacal tissue cannot be confirmed be our current data. Our data suggests slc20a1a as regulator of early urinary tract and kidney formation. The wide range of phenotypes that affect several organ systems seen in slc20a1a MO KD zfl stresses the importance of slc20a1a in early zf development. It not only alters the cloacal formation but leads to developmental defects of the eye, spine, and brain. Interestingly, the description of the phenotypical features of slc20a1a MO KD zfl matches phenotypes seen by Nathaniel Abraham (Abraham, 2004). In their study, Abraham used the autophagy specific inhibitor 3 methyladenine (3MA) and caspase 3 inhibitor Z-DEVD-FMK in developing zf embryos to study inhibition of two apoptosis pathways. The striking similarities between those zfl treated by Abraham with 3MA and Z-DEVD-FMK and our slc20a1a MO KD zfl suggest a defect in apoptosis due to KD of slc20a1a. This is in line with our overexpression studies of identified BEEC variants in HEK293 cells. Overexpression of both newly identified de novo variants in HEK293 cells resulted in lower CC3 levels compared to overexpression of wt hSLC20A1 (Figure 5D and Supplementary Data Sheet S13) suggesting that both variants interfere with apoptosis.

Previous exome sequencing in case-parent-trios with CE identified a novel de novo variant in SLC20A1 (Reutter et al., 2016). Here, we identified two additional de novo variants in SLC20A1 in two independent BEEC families. Of the three de novo variants identified so far, the variant with the highest predicted functional impact (c.709G > A, p.Gly237Arg, family 1) locates in TMD 7 of SLC20A1 (Figures 5A–D model). In the case of transmembrane proteins, glycine resides in helices predominantly at the helix-helix interface and thus plays a major structural role (Li and Deber, 1992; Javadpour et al., 1999). The amino acid change p.Gly237Arg is located in a transmembrane helix, but whether it is lying at a helix-helix interface cannot be determined using the 2D model by Beck et al. (2009). However, in our 3D model, p.Gly237Arg lies in TMD 6 and is present at the interface of TMD 6 and TMD 1 (Supplementary Data Sheet S11), suggesting that this variant might lead to instability in TMD 6. Expression deficiency of c.709G > A (p.Gly237Arg) in HEK293 cells points to the high impact of this variant on gene and protein function. According to the 2D and 3D model of SLC20A1 protein, variant c.893T > C (p.Val298Ala, family 2) and variant c.1321A > C (p.Lys441Gln, family 3) locate both in the large intracellular loop of SLC20A1 between TMD 7 and 8 (Figure 5A and Supplementary Data Sheet S11). Compared to variant of c.709G > A (p.Gly237Arg), the latter two variants were predicted to have less functional impact on SLC20A1 protein function.

As outlined earlier, the BEEC incorporates a spectrum of severity, which includes the mildest form, epispadias; the intermediate form, CBE; and the most severe form, CE, also called the omphalocele, exstrophy, imperforate anus, and spinal defects (OEIS) complex (BEEC; OMIM%600057) (phenotypical pictures and more detailed description in Supplementary Data Sheet S12 (taken from Ebert et al., 2009). The BEEC is the most severe of all human CAKUT. Most affected individuals have impaired fertility despite operative reconstruction, and therefore the anomaly remains nearly always sporadic. Hence, the pathogenesis of BEEC might be explained by as yet undefined genetic de novo perturbations or environmental.

The SR101 assay showed high abundance of opening defects of the hindgut among slc20a1a MO KD zfl, resembling the imperforate anus and rectal agenesis in human CE individuals (Diamond and Jeffs, 1985). The enhanced embryonic lethality of slc20a1a morphants reflects the high mortality of CE, which was always fatal prior to the 1960s, when most affected individuals would die in the neonatal period (Lund and Hendren, 1993; Inouye et al., 2014). Therefore, our findings of cystic dilatations of the pronephros, cloacal disorganization, and hindgut opening defects in slc20a1a morphants together with the observed expression of SLC20A1 in the urogenital sinus in a 6-week-old human embryo and the expression of SLC20A1 in a 10-week-gestation metanephric kidney suggest SLC20A1 to be involved in urinary tract and urorectal development.

In slc20a1a morphants, we saw several additional phenotypic features including growth retardation, defects of the tail and body formation, hydrocephalus, and defects in yolk sac endocytosis (Figure 1A). Accordingly, human CE presents with the exstrophic bladder, omphalocele, a rudimentary hindgut proximal to an imperforate anus, spinal defects, and intracranial anomalies comprising hydrocephalus, Chiari malformations, and craniosynostosis (Diamond and Jeffs, 1985), resembling all affected organ systems seen in slc20a1a morphants. While this phenotypic overlap of human CE phenotypes and slc20a1a morphants might be phenotypic overlap by chance, the multitude of affected overlapping organ system is suggestive of a specific effect in slc20a1a morphants. While our G III–IV MO KD phenotype (Figure 1A) resembles almost all if not all affected organ systems of the human CE phenotype, the milder affected slc20a1a MO zfl (G II) might resemble the broad phenotypic spectrum of BEEC ranging from diastasis of the symphysis only to epispadias, CBE, CE, and rare variants (Maruf et al., 2019).

Our present study supports zfl experiments for functional characterization of apparent disease genes and variants in human CAKUT phenotypes and/or congenital anorectal malformations. Additionally, our results suggest SLC20A1 to be involved in urinary tract and urorectal development and implicate SLC20A1 as a disease-gene for human BEEC.
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Placenta-Derived Osteoprotegerin Is Required for Glucose Homeostasis in Gestational Diabetes Mellitus
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Osteoprotegerin (OPG) is involved in various biological processes, including bone remodeling, vascular calcification and pancreatic β-cell function. Although some clinical studies have shown an increase in serum OPG level during pregnancy, the role of OPG in gestational diabetes mellitus (GDM) is largely unknown. Therefore, we explored the effect of OPG in metabolic homeostasis during pregnancy. We initially evaluated serum OPG levels using ELISA and western blotting techniques on samples from GDM patients. We also assessed OPG expression levels in maternal mice. We then used blastocysts transduced with lentiviruses capable of trophoblast-specific transgene expression to establish placenta-specific OPG knockdown or overexpression mouse models for functional and mechanistic investigation after embryo transplantation. We found that OPG expression was positively associated with GDM in clinical samples, and OPG levels were significantly increased in GDM patient sera and term placenta. Serum OPG was significantly increased in maternal compared to non-pregnant mice, and expression levels of OPG were the highest in placenta compared with other organs, including bone, liver and pancreas. OPG was also significantly increased in pregnant mice fed a high-fat diet (HFD). Placenta-specific OPG knockdown induced glucose intolerance, decreased β-cell proliferation and decreased serum insulin levels, whereas placenta-specific OPG overexpression promoted glucose tolerance and enhanced β-cell proliferation, which increased serum insulin production and decreased fetal weight in HFD-feeding pregnant mice. Placenta-derived OPG (pl-OPG) regulated glucose homeostasis during pregnancy via enhancement of β-cell proliferation, which suggests a potential therapeutic application of OPG for GDM.
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HIGHLIGHTS


-Placenta-derived OPG promotes interaction between pancreas and placenta in GDM.

-Placenta-derived OPG regulates blood glucose homeostasis in mice during pregnancy.

-Placenta-derived OPG directly promotes proliferation of β-cell during pregnancy.





INTRODUCTION

Gestational diabetes mellitus (GDM) is characterized by an impaired glucose tolerance that is first recognized during pregnancy using a 75-g oral glucose tolerance test (OGTT) at 24–28 weeks of gestation, according to the IADPSG criteria (International Association of Diabetes and Pregnancy Study Groups Consensus Panel, Metzger et al., 2010). GDM is also defined by disordered glucose metabolism, hyperglycemia, hyperinsulinemia and insulin resistance (Liang et al., 2010; Yao et al., 2017). The placenta produces hormones that play roles in fetal growth, but these hormones also affect maternal insulin levels, which causes insulin resistance and increased insulin secretion (Gauster et al., 2012). The global morbidity of GDM is approximately 10–15% of all pregnancies, and it shows an increasing trend (Li et al., 2016). The complications associated with GDM include macrosomia, increased perinatal mortality, increased risk of type 2 diabetes later in the mother’s life, and metabolic syndrome in GDM patients and their offspring (Shao et al., 2002; Bellamy et al., 2009).

Oxygen and nutrient transport are involved in maintaining metabolic homeostasis between the fetus and placenta during pregnancy (Garcia-Patterson et al., 2004; Qiao et al., 2015; Li et al., 2016). Many genes and hormones are involved in GDM via effects on β-cell expansion and function. Therefore, no particular factor may be singled out to explain the development of GDM. We previously reported that G protein-coupled receptor 1 (GPR1) was associated with GDM (Huang et al., 2019), and there are many reports on the pathogenic factors of GDM, including genes, lifestyle and environmental factors, which indicates that the developmental molecular mechanism of GDM remains poorly understood (Bo et al., 2001).

Osteoprotegerin (OPG) is a soluble, secreted glycoprotein that was first discovered in a cDNA sequence analysis of rat small intestines in 1997. It is a new member of the tumor necrosis factor receptor superfamily, and it functions include inhibition of the differentiation and maturation of osteoclasts, inducing apoptosis of osteoclasts, and increasing bone density (Simonet et al., 1997). OPG is expressed in healthy and disease states of various tissues, including bone, heart, blood vessels, kidneys, liver, spleen, thymus, lymph nodes, placenta, adipose tissue, and pancreas (Shen et al., 2012; Bernardi et al., 2016). Clinical studies reported increased serum OPG levels in patients with type 1 and type 2 diabetes mellitus (Browner et al., 2001; Knudsen et al., 2003; Galluzzi et al., 2005). OPG could regulate the proliferation of β-cells in diabetic, young and aged rodent models via prolactin (Kondegowda et al., 2015). These studies suggest that OPG is an active participant in the metabolic process. OPG knockout mice and LPS induced inflammatory mouse models showed significantly decreased insulin secretion and impaired glucose tolerance. Glucose homeostasis were significantly improved after exogenous OPG supplementation (Kuroda et al., 2016). OPG is significantly increased during pregnancy and rapidly decreased to pre-pregnancy levels after delivery in clinical studies, which is consistent with previous studies in mice (Yano et al., 2001; Naylor et al., 2003).

Given OPG is involved in metabolism and is generally expressed before and after delivery (Yano et al., 2001; Naylor et al., 2003), it may play a role in glucose metabolism during pregnancy. To reveal the role of OPG in metabolic homeostasis during pregnancy we firstly demonstrated OPG was associated with GDM in clinic. Next, we used mouse model to confirm this association, namely GDM mouse also showed significantly increase of OPG compared to normal pregnant mice. Further, we found that OPG derived from placenta as a secretory factor involved in metabolism homeostasis in GDM mice model that were induced by high-fat diet (HFD), and placenta-derived OPG (pl-OPG) could directly promote islet β-cell proliferation, thereby increasing serum insulin production in maternal mice.



MATERIALS AND METHODS


Human Samples

All women in the study underwent a 75-g OGTT at 24–28 weeks of gestation to identify GDM and were diagnosed according to IADPSG criteria (plasma glucose: 0 h (fasting) ≥ 5.1 mmol/L;1 h ≥ 10.0 mmol/L; 2 h ≥ 8.5 mmol/L). Human serum in the middle and late trimesters and full-term placentas after delivery were collected from normal women and GDM patients in the Shenzhen Maternity and Child Healthcare Hospital. Placental tissues were collected within 15 min of delivery, immediately snap-frozen in liquid nitrogen, and stored at −80°C. Informed written consent was obtained from the participants. The Committees on the Use of Humans for Teaching and Research, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences and Shenzhen Maternity and Child Healthcare Hospital, Southern Medical University, approved all research protocols associated with clinical samples.



Animal Experiments

Virgin female 7- to 8-week-old ICR (CD-1) mice and fertile 10- to 15-week-old male mice were obtained from Vitalriver (Keaoxieli, China) and acclimated to housing conditions for 1 week at a temperature of 22.0 ± 1°C, humidity of 40–60% and a 12-h light/dark cycle with fresh food and water available ad libitum. Vasectomy was performed on a portion of the fertile male mice. Female mice were mated with fertile or vasectomized males to induce pregnancy or pseudopregnancy, respectively (GD1 = day of vaginal plug). Pregnant mice were divided into two groups: chow and HFD (45% kcal fat, 35% kcal carbohydrates and 20% kcal proteins, Research Diets, United States). Blastocysts were collected from pregnant mice via a uterine wash with M2 medium at GD4. Placenta-specific transgene expression was described previously (Fan et al., 2014). In brief, the zona pellucida was removed from the blastocysts, and the blastocysts were transduced with lentiviruses for trophoblast-specific transgene expression. These cells were transplanted into pseudopregnant mice at GD3. A lentivirus vector (pLV1-U6/GFP/PURO) expressing scramble sequence (SCR: CCTAAGGTTAAGTCGCCCTCT) was used as a control, and the mouse shRNA-OPG sequence (shOPG: GCCTCCTGCTAATTCAGAAAG) was used in the OPG knockdown feeding with chow diet. Lentivirus vector (plVx-CMV-ccDB-EF1a-EGFP) expressing GFP alone was used as a control, and co-expression of mouse OPG overexpression and GFP was used in the OPG expression feeding with HFD. Concentrations of Lentivirus (1.25 × 1010 particles/ml) under light mineral oil for different duration of 6 h. Transduced blastocysts were washed with M2 medium to remove extra viruses and transferred into GD3 pseudo-pregnant mice, and 6 blastocysts per side uterine. The Committee on the Use of Live Animals for Teaching and Research, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, approved all research protocols associated with animal experiments. All animal experimental methods were performed in accordance with the approved guidelines and regulations.



Glucose Homeostasis and Serum Parameters

Intraperitoneal glucose tolerance tests (IPGTTs) were performed as described previously (Huang et al., 2019). Briefly, unrestrained mice were injected intraperitoneally with 2 g of D-(+)-glucose/kg body weight (anhydrous D-(+)-glucose, Sinopharm Chemical Reagent Co., Ltd., China) after fasting for 16 h, and blood glucose was sampled from the tail at 0, 15, 30, 60, and 120 min on GD16 using a glucose monitor (Roche). The intraperitoneal insulin tolerance test (IPITT) was performed in unrestrained mice that were fasted for 6 h and injected intraperitoneally with insulin (0.75 U/kg body weight) (Sigma-Aldrich), and blood glucose was sampled from the tail at 0, 15, 30, 60, and 120 min on GD17 using a glucose monitor (Roche). Fasting blood glucose (FBG) was also measured after fasting for 6 h. Blood was collected via retro-orbital bleeding on GD18. Blood was centrifuged at 3500 rcf and 4°C for 10 min, and serum was collected from the supernatant. Serum insulin levels were detected using insulin kits (Millipore, United States). Serum OPG levels were detected using OPG kits (R&D Systems, United States). Serum prolactin (PRL) levels were measured using commercial iodine-125 radioimmunoassay (RIA) kits (Beijing North Biotechnology Research Institute). The sensitivity of the progesterone and estradiol RIAs was 20 ng/ml. The intra-assay and interassay errors were <10 and <15%, respectively.



Immunofluorescence

Tissues, including pancreas and placenta samples, were rapidly removed from the animals and fixed in Bonn’s liquid, dehydrated in alcohol, embedded in paraffin, and sectioned. Morphological examination was performed on 5-μm sections of paraffin-embedded tissue using immunofluorescence. The antigens were retrieved in citrate buffer using microwave heat. The tissues were incubated with rat anti-CK8 (DSHB, United States), rabbit anti-OPG, mouse anti-PCNA, and guinea pig anti-insulin primary antibodies (Abcam, United Kingdom) followed by incubation with anti-rabbit IgG Alexa 568, anti-guinea pig IgG Alexa 568, anti-rat IgG Alexa 488 and anti-mouse IgG Alexa 488 (Invitrogen, United States). The expression of OPG, CK8, proliferating cell nuclear antigen (PCNA) and insulin was determined by fluorescence microscopy.



Western Blotting and Real-Time RT-PCR Analysis

Protein extraction and western blotting were performed as previously described (Qiao et al., 2015). Antibodies for OPG, glucose transport protein 3 (GLUT3) (Abcam, United Kingdom), phosphorylated (p)AKT/AKT (CST, United States), PCNA, GAPDH and β-actin (Sigma, United States) were used. Real-time qPCR was performed as previously described (Huang et al., 2018). Total RNA was isolated from mouse tissues or cells using RNA plus liquid kits (Takara, Japan) following the manufacturer’s protocol. RNA (0.5–2 μg) was reverse transcribed into cDNA using reverse transcription kits (Toyobo, Japan). Expression levels of several genes were determined by real-time RT-PCR using a Roche LightCyclerTM instrument (Roche) with SYBR Green (Toyobo) detection according to the manufacturer’s protocol. The following RT-PCR primers were used: mouse primer sequence of 18S rRNA (forward, GATCCCGGCTCTTAATATTCGAAT; reverse, GCCAGAGTCTCGTTCGTTATC); and OPG (forward, CCGAGTGTGTGAGTGTGAGG; reverse CCAGCTTGCACCACTCCAA).



Islet Isolation and Culture

Mouse islets were isolated following the injection of collagenase P through the pancreatic duct as previously described (Garcia-Ocana et al., 2000). Islets were treated with recombinant OPG (R&D Systems, 459-MO-100, United States) without FBS for 24 h. Glucose-stimulated insulin secretion (GSIS) was performed in islets that were preincubated in glucose-free Krebs-Ringer buffer (KRB) (114 mM NaCl; 4.7 mM KCl; 1.2 mM KH2PO4; 1.16 mM MgSO4; 2.5 mM CaCl2; 25 mM NaHCO3; 20 mM HEPES; and 0.2% fatty acid-free BSA, pH 7.4) for 1 h, then incubated for 1 h in KRB containing glucose (2.5 or 16.7 mM). Insulin secretion into the KRB and insulin contents were measured using insulin ELISA (Millipore). Insulin levels were normalized to the number of islets.



Cell Culture

HTR-8/SVneo cells were provided by Dr. Charles H. Graham, Queen’s University (Kingston, ON, Canada) and cultured in DMEM-F12 (Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (FBS; Gibco). Cells were cultured as previously described (Huang et al., 2019). Stable overexpression of OPG in HTR-8/SVneo cells was established using a human OPG expression vector and Lipofectamine 2000 transfection reagent (Invitrogen, United States).



Statistical Analysis

All data are presented as the means ± SEM. Statistically significant differences were confirmed using Student’s t-test or two-way ANOVA using GraphPad Prism. P < 0.05 was considered statistically significant.



RESULTS


Expression Levels of OPG Were Increased in GDM Patients

To investigate the role of OPG on GDM development, we performed ELISA, western blotting and immunofluorescence using normal and GDM samples. As shown in Figure 1A, ELISA results showed significantly increased OPG levels in the GDM patients compared to the normal controls in the middle and late trimesters for both groups. The serum OPG levels measured in the late trimester were significantly higher than those in the middle trimester in both groups. Immunofluorescence revealed that OPG was also expressed in human placental tissues in the third trimester of pregnancy. Western blot analysis showed significantly increased expression levels of OPG in GDM placentas compared to normal term placenta (Figures 1B,C). Similarly, the colocalization of OPG and the trophoblast marker CK8 showed stronger expression in trophoblasts in the placenta of GDM patients than in the normal pregnant women (Figure 1D), suggesting that OPG is involved in the regulation of glucose metabolism homeostasis during pregnancy.
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FIGURE 1. Expression levels of OPG were increased in GDM patients. (A) ELISA analysis of serum OPG levels in normal pregnant women and GDM patients in the second (Mid) and late trimesters (Mid: n = 16 normal and 17 GDM samples, Late: n = 16 normal and 21 GDM samples). (B) Representative western blotting analysis of OPG protein expression and (C) quantification of OPG protein from panel (B) in term placentas of normal pregnant women (n = 4) and GDM patients (n = 4). (D) The colocalization of OPG and CK8 was analyzed in term placentas of normal pregnant women and GDM patients using fluorescence. CK8 is a marker of trophoblasts in placenta, Scale bar = 50 μm. Values are presented as the means ± SEM.*P < 0.05, ***P < 0.001 compared with normal pregnant women.




Upregulation of OPG in Mice During Pregnancy

To understand the pathophysiological significance of OPG in GDM, we examined the expression of OPG in mice. found that serum OPG levels were significantly increased in pregnant mice compared to non-pregnant mice (Figure 2A). OPG expression levels were analyzed in different tissues, including placenta, bone, spleen, brain, heart, liver, kidney, pancreas and lung, in GD18 mice using ELISA. The placenta tissues showed significantly higher OPG expression than the other tissue types (Figure 2B). Mouse placental expression patterns of OPG using RT-PCR found an increase from GD10 to GD18 during pregnancy (Figure 2C). As shown in Figures 2D,E, we generated the GDM mouse model by feeding the mice HFD, which caused a remarkably increased glucose intolerance and insulin resistance in the IPGTT and IPITT, respectively. This HFD-induced mouse model was reported and used previously (Huang et al., 2019), which indicated that HFD dams have elevated fasting-glucose and body weight has no difference for mice treatment with HFD during pregnancy. The monitoring of serum OPG levels revealed a continuous increase from GD12 to GD18 during pregnancy (Figure 2F). A notable increase in serum OPG levels was found in HFD-fed compared to chow-fed pregnant mice from GD15 to GD18. These results indicated that OPG expression was significantly higher in maternal mice, with especially high expression in the placenta. In conjunction with the finding that OPG was also highly expressed in the HFD-induced GDM mice, these results suggested that OPG played a role in metabolism homeostasis during pregnancy.
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FIGURE 2. Expression levels of OPG were increased during pregnancy. (A) ELISA analysis of serum OPG levels in non-pregnant (NP, n = 3) and pregnant (GD18, n = 4) mice on day 18. (B) ELISA analysis of the expression levels of OPG in different organs in pregnant mice on GD18 (n = 4). (C) Real-time-PCR analysis of OPG mRNA expression levels in the placentas of chow-fed pregnant mice on GD10, GD15, and GD18 (n = 4). (D) Intraperitoneal glucose tolerance test (IPGTT) and (E) intraperitoneal insulin tolerance test (IPITT) were performed in chow- and HFD-fed pregnant mice on GD16 (n = 6). (F) ELISA analysis of serum OPG levels in chow- and HFD-fed pregnant mice at non-pregnant (NP), GD10, GD15, and GD18 (4). Values are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with NP, placenta and chow, respectively.




pl-OPG Knockdown Induced Glucose Intolerance in Maternal Mice

To verify the physiological and biological functions of OPG in metabolism homeostasis in maternal mice, we generated placenta-specific OPG knockdown mice fed a chow diet using a previously described method of transducing blastocysts with lentiviruses for trophoblast-specific transgene expression, ELISA and western blotting techniques (Fan et al., 2014). OPG expression levels were significantly decreased in serum (ELISA) (Figure 3A) and placenta (western blot) (Figures 3B,C) in the placenta-specific OPG knockdown mice compared to the SCR group of chow-fed mice. GLUT3 protein expression decreased significantly in the placentas with decreased OPG levels (Figures 3B,D). Fetal and placenta weights were not significantly different between the OPG-knockdown and SCR placenta groups (Figures 3E–G).
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FIGURE 3. pl-OPG knockdown induced glucose intolerance in maternal mice. (A) ELISA analysis showing decreased serum OPG levels in maternal mice with placenta-specific OPG knockdown on GD18 (chow-SCR: n = 3, chow-shOPG: n = 4). (B) Representative Western blotting showing decreased OPG levels in placentas with decreasing GLUT3 levels after transducing with lentiviruses shOPG on GD18. Quantification of OPG (C) and GLUT3 (D) from panel (B). (E–G) pl-OPG shOPG did not significantly alter fetal weight (F) or placental weight (G) on GD18 (chow-SCR: n = 3, chow-shOPG: n = 4). (H) IPGTT was significantly increased at 15 and 30 min (chow-SCR: n = 3, chow-shOPG: n = 4). (I) IPITT was not different in chow-fed pregnant mice with placenta OPG knockdown on GD16 (chow-SCR: n = 3, chow-shOPG: n = 4). (J) Fasting 6-h blood glucose (FBG) was not significantly different (chow-SCR: n = 3, chow-shOPG: n = 4). (K) Serum insulin levels were significantly decreased in chow-fed pregnant mice with placenta OPG knockdown on GD18 (chow-SCR: n = 3, chow-shOPG: n = 4). (L) Immunofluorescent staining showing (M) significant numbers of PCNA-positive β-cells in chow-fed pregnant mice with placenta OPG knockdown on GD18, scale bar = 50 μm. Values are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to Scramble (SCR).


We evaluated the effects of OPG on glucose homeostasis in pregnant mice. As predicted by our hypothesis, maternal mice with placental OPG knockdown exhibited significantly impaired glucose tolerance compared to the chow-fed SCR group (Figure 3H). However, the placental OPG knockdown maternal mice exhibited similar insulin tolerance compared to the chow-fed SCR group (Figure 3I). Maternal mice from the placental OPG knockdown group exhibited no significant difference in FBG compared with the SCR group of chow-fed mice (Figure 3J). Insulin secreted by β-cells in the pancreas regulates blood glucose. Our results showed that serum insulin levels dramatically decreased in placental OPG knockdown maternal mice compared to the chow-fed SCR mice (Figure 3K). We also analyzed a marker for proliferation and expression signaling, PCNA, and found a notable decrease in the percentage of PCNA-positive β-cells, which was consistent with immunofluorescence results of colocalization of PCNA and insulin β-cells (Figures 3L,M).

Collectively, these data strongly indicate that placenta-specific OPG plays a role in regulating glucose homeostasis by promoting glucose tolerance, decreasing blood glucose, and increasing insulin secretion. These results suggested that OPG had an important function in glucose metabolism during pregnancy and is required for metabolism homeostasis because insulin production and the proliferation of β-cells during pregnancy required OPG signaling.



pl-OPG Overexpression Improved Glucose Homeostasis in HFD-Induced GDM Mice

Our current experiments found that placental OPG knockdown impaired glucose tolerance. To further study the developmental role of OPG in GDM, placenta-specific OPG overexpression was established in an HFD-induced GDM mouse model that we previously reported (Huang et al., 2019). Blastocysts were transduced with lentivirus-expressing GFP alone as a control, and a coexpressing OPG overexpression and OPG expression-linked GFP construct was used in the cells with OPG expression. OPG expression levels and fetal and placental development were evaluated. OPG protein expression levels were significantly increased in serum (Figure 4A) and the placenta (Figures 4B,C) in the OPG overexpression mice compared to the control. OPG overexpression induced a significant upregulation of GLUT3 protein in the placentas of these mice (Figures 4B,D). In direct support of previous data showing increased fetal weight in an HFD-induced GDM mouse model (Huang et al., 2019), Figure 4E indicates that pl-OPG improved fetal development and reduced fetal size. Overall, fetal weights were prominently decreased in placenta-specific OPG overexpression mice fed an HFD (Figure 4F). The placenta weight in placenta OPG overexpression mice showed a significant decrease (Figure 4G).
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FIGURE 4. Placenta OPG overexpression improved glucose homeostasis in maternal mice. (A) ELISA analysis showing increased serum OPG levels in maternal mice with placenta-specific OPG overexpression on GD18 (HFD-GFP: n = 5, HFD-mOPG: n = 6). (B) Representative western blot showing increased OPG levels in placentas with increasing GLUT3 levels after transducing with lentiviruses mOPG on GD18. Quantification of OPG (C) and GLUT3 (D) from panel (B). (E–G) OPG overexpression significantly decreased fetal weight (F) and placental weight (G) on GD18 (HFD-GFP: n = 5, HFD-mOPG: n = 6). (H) IPGTT was significantly decreased at 30, 60, and 120 min (HFD-GFP: n = 5, HFD-mOPG: n = 6). (I) IPITT was not different in HFD-fed pregnant mice with placenta OPG overexpression on GD16 (HFD-GFP: n = 5, HFD-mOPG: n = 6). (J) Fasting 6-h blood glucose (FBG) was significantly decreased. (K) Serum insulin and (L) serum prolactin were significantly increased in HFD-fed pregnant mice with placenta OPG overexpression on GD18 (HFD-GFP: n = 5, HFD-mOPG: n = 6). (M) Immunofluorescent staining showing (N) significant numbers of PCNA-positive β-cells in HFD-fed pregnant mice with placenta OPG overexpression on GD18, scale bar = 50 μm. Values are presented as the means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with empty control.


Glucose homeostasis was also evaluated in maternal mice fed an HFD after blastocyst transfer using IPGTT, IPITT, and fasting 6-h blood glucose (FBG). Glucose tolerance was dramatically increased, and blood glucose was significantly decreased at the 30-, 60-, and 120-min time points after glucose injection in the IPGTT in placenta-specific OPG overexpression mice fed an HFD (Figure 4H). However, no difference in insulin sensitivity was observed in the IPITT in the placenta-specific OPG overexpression mice fed an HFD (Figure 4I). We also found a significant decrease in the fasting 6-h blood glucose in the placenta-specific OPG overexpression mice fed an HFD (Figure 4J). ELISA found a significant increase in the serum insulin levels of the placenta-specific OPG overexpression mice compared to control mice fed an HFD (Figure 4K). Consistent with previous reports that prolactin improved maternal β-cell proliferation and insulin secretion during pregnancy (Huang et al., 2009), we also detected significantly increased prolactin levels in placenta-specific OPG overexpression mice compared to the controls fed an HFD (Figure 4L). Therefore, we investigated whether increased OPG enhanced β-cell function and lead to a rescue of GDM via simulating a physiological compensation due to placenta-specific OPG overexpression. We evaluated proliferation using the colocalization of insulin and PCNA in β-cells of maternal mice fed an HFD after blastocyst transfer. The percentage of PCNA-positive β-cells increased notably, which suggests that β-cells had significantly higher proliferation compared to the control (Figures 4M,N).

Taken together, these data showed that placenta-specific OPG overexpression rescued GDM, including improvements in fetal and weight development via decreasing fetal weight and increasing GLUT3 expression in the placenta and restored glucose homeostasis via enhancing β-cell proliferation and insulin production. These results suggest that OPG promotes metabolic activity via regulation of insulin levels and the transport of nutrients in the placenta during pregnancy.



OPG Directly Promoted β-Cell Proliferation in Maternal Mice

The above results indicated that OPG regulated insulin production during pregnancy. To understand whether OPG stimulated insulin secretion and β-cell proliferation, islets were isolated from maternal mice and treated with mouse OPG. GSIS was performed on primary islets isolated from maternal mice to study the effects of OPG on insulin secretion in vitro. Insulin secretion levels were only significantly increased in high concentrations of glucose versus low, and insignificant differences were found between the treated OPG islets and the control (PBS) islets under high and low concentrations of glucose (Figure 5A). This result indicated that OPG does not directly promote insulin secretion in maternal islet. However, PCNA was significantly increased in the maternal islets treated with OPG compared to PBS (Figures 5B,C). This result indicates that OPG promotes the proliferation of maternal islet. OPG also promoted serum prolactin secretion (Figure 4L). Taken together with previous reports that prolactin improved insulin secretion in maternal β-cells (Huang et al., 2009), our results strongly suggest that OPG promotes insulin production via its direct effects on increasing β-cell proliferation and stimulating prolactin secretion in maternal mice.
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FIGURE 5. Placenta OPG overexpression promoted β-cell function in HFD-fed mice. (A) Islets were treated with 100 ng/mL mouse recombination OPG without FBS for 24 h. GSIS was performed in islets that were preincubated in glucose-free Krebs-Ringer buffer for 1 h and incubated for 1 h in KRB containing glucose (2.5 or 16.7 mM). Insulin secreted into the KRB and insulin contents were measured using ELISA (Millipore). Insulin levels were normalized to the number of islets. (B) Representative western blot showing increased PCNA levels in maternal GD16 islets treated with OPG. (C) Quantification of PCNA from panel (B). Values are presented as the means ± SEM. n = 4, *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control, PBS or low concentrations of glucose (2.5 mM), respectively.




OPG Directly Promoted GLUT3 Upregulation in Trophoblasts

We generated stable human OPG overexpression HTR-8/SVneo cells to further investigate the OPG pathway in glucose homeostasis in trophoblasts. As shown in Figure 6, OPG protein levels were significantly increased in the OPG-overexpression cell line (Figures 6A,B). GLUT3 also showed a notable increase with OPG upregulation (Figures 6A,D). Phosphorylation (p)AKT/AKT signaling showed no significant difference (Figures 6A,C). These results indicate that OPG may directly regulate GLUT3 expression because phosphorylation (p)AKT/AKT signaling did not change in OPG-overexpression trophoblasts.
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FIGURE 6. OPG regulated GLUT3 upregulation in trophoblasts. (A) Western blotting analysis of OPG, phosphorylated (p)AKT/AKT and GLUT3 expression in HTR-8/SVneo cells. (B–D) Quantification of protein expression from panel (A). Three independent experiments were performed. Values are presented as the means ± SEM. **P < 0.01 compared with control.




DISCUSSION

We first identified the association of OPG with GDM in clinical samples and found significant increases in OPG levels in pregnant mice in the middle and late trimesters compared to normal mice. As shown in Figure 7, we confirmed that OPG derived and secreted from the placenta was involved in metabolic homeostasis in maternal mice. Placenta-specific OPG knockdown mice given a chow diet exhibited significant glucose intolerance, but placenta-specific OPG overexpression maternal mice fed an HFD exhibited significantly rescued glucose homeostasis. Mechanistically, pl-OPG directly promoted islet β-cell proliferation, which increased serum insulin production in maternal mice. Our current study found that OPG stimulated prolactin production, which was previously reported to improve maternal β-cell proliferation and insulin secretion during pregnancy (Huang et al., 2009). We used placenta-specific OPG overexpression in a GDM model and revealed that OPG derived from placenta acted as a curial regulator in promoting the interaction between endocrine cells in the pancreas and placenta to regulate metabolic homeostasis.
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FIGURE 7. The working model of OPG regulation of glucose homeostasis during pregnancy. OPG directly enhances placental GLUT3 and PRL expression. Placenta-derived OPG stimulates the pancreas to increase islet proliferation and insulin secretion.


Previous studies showed that OPG played a role in pregnancy complications. OPG levels increased with gestational age growth, with median OPG concentrations being significantly higher in the third trimester than early pregnancy (Hong et al., 2005). OPG was also higher in placentas of preeclampsia compared to normal pregnancy at the protein and mRNA levels (Shen et al., 2012). The current study found that serum OPG levels were dramatically increased in GDM patients compared to normal pregnant women. OPG levels were also increased in the HFD-induced GDM mouse model, as previously reported (Huang et al., 2019). These studies reveal the potential role of OPG in pregnancy complications, particularly metabolic disorders during pregnancy. Several conflicting studies indicated that OPG induced normal or impaired glucose tolerance in mice. Kondegowda et al. (2015) revealed that OPG acted as a β-cell mitogen and enhanced β-cell proliferation in young, aged, and diabetic mice via lactogen mediation. In contrast, Toffoli et al. (2011) reported that mice injected with human recombinant OPG at low doses (1.0 μg/mouse) showed islet inflammation and β-cell death, which led to hypoinsulinemia and hyperglycemia. However, human OPG generated antibodies in rats against the human peptide, which may explain these negative effects (Mochizuki et al., 2002).

Collectively, OPG was increased in the placentas of GDM patients compared to normal pregnant women. Notably, serum OPG levels in mice were also increased during pregnancy, with the highest expression found in the placenta. Previous studies revealed that a systemic increase of OPG using transgenic overexpression of OPG in rats did not regulate blood glucose homeostasis in the long term (Ominsky et al., 2009). Given the short gestation period in mice, we generated placenta-specific OPG expression changes to study whether OPG was involved in metabolism homeostasis in maternal mice, as previously reported (Fan et al., 2014). Based on our findings, placental OPG knockdown impaired glucose homeostasis (Figure 3). As previously shown, macrosomia is one of the risks of GDM development (Demirci et al., 2012; Qiao et al., 2015), which supports our previous result of a significant increase in the fetal weights in the HFD-induced GDM mice model (Huang et al., 2019). Fetal weight was decreased in mice with placenta-specific overexpression of OPG in our study. GLUT3 protein expression correlated with OPG levels in maternal mice, with decreased GLUT3 in the placenta-specific OPG knockdown group fed a chow diet and increased GLUT3 in the OPG-overexpression group fed an HFD, which may impact glucose transport and fetal growth during pregnancy (Brown et al., 2011; Janzen et al., 2013). GPR1 may regulate GLUT3 expression via phosphorylation (p)AKT/AKT signaling, as previously described (Huang et al., 2019). Mechanistically, OPG did not change phosphorylation (p)AKT/AKT signaling, which suggests that OPG directly regulates GLUT3 expression in vitro. These results indicate that pl-OPG majorly improved the symptoms of GDM. Consistent with the results that OPG regulated blood glucose levels in GDM, with the knockdown and overexpression models showing opposite effects, the tested insulin levels were increased in maternal mice with placenta-specific overexpression of OPG fed an HFD. PCNA-positive β-cells were also increased in maternal mice with OPG overexpression, which suggests that OPG promotes maternal β-cell proliferation. The evaluated prolactin levels were increased in maternal mice with OPG overexpression in the current study, which may also directly increase β-cell proliferation and insulin secretion (Brelje et al., 2004; Demirci et al., 2012). However, we only found that OPG led to maternal mice β-cell proliferation, not direct stimulation of insulin secretion in vitro, which suggests that OPG directly stimulates β-cell proliferation and promotes insulin secretion via prolactin in maternal mice in GDM status.



CONCLUSION

In conclusion, we found a novel feedback mechanism related to the regulation of glucose homeostasis during pregnancy.
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Purpose: Stomach adenocarcinoma (STAD) is one of the most frequently diagnosed cancer in the world with both high mortality and high metastatic capacity. Therefore, the present study aimed to investigate novel therapeutic targets and prognostic biomarkers that can be used for STAD treatment.

Materials and Methods: We acquired four original gene chip profiles, namely GSE13911, GSE19826, GSE54129, and GSE65801 from the Gene Expression Omnibus (GEO). The datasets included a total of 114 STAD tissues and 110 adjacent normal tissues. The GEO2R online tool and Venn diagram software were used to discriminate differentially expressed genes (DEGs). Gene ontology (GO) and Kyoto Encyclopedia of Gene and Genome (KEGG) enriched pathways were also performed for annotation and visualization with DEGs. The STRING online database was used to identify the functional interactions of DEGs. Subsequently, we selected the most significant DEGs to construct the protein-protein interaction (PPI) network and to reveal the core genes involved. Finally, the Kaplan-Meier Plotter online database and Gene Expression Profiling Interactive Analysis (GEPIA) were used to analyze the prognostic information of the core DEGs.

Results: A total of 114 DEGs (35 upregulated and 79 downregulated) were identified, which were abnormally expressed in the GEO datasets. GO analysis demonstrated that the majority of the upregulated DEGs were significantly enriched in collagen trimer, cell adhesion, and identical protein binding. The downregulated DEGs were involved in extracellular space, digestion, and inward rectifier potassium channel activity. Signaling pathway analysis indicated that upregulated DEGs were mainly enriched in receptor interaction, whereas downregulated DEGs were involved in gastric acid secretion. A total of 80 DEGs were screened into the PPI network complex, and one of the most important modules with a high degree was detected. Furthermore, 10 core genes were identified, namely COL1A1, COL1A2, FN1, COL5A2, BGN, COL6A3, COL12A1, THBS2, CDH11, and SERPINH1. Finally, the results of the prognostic information further demonstrated that all 10 core genes exhibited significantly higher expression in STAD tissues compared with that noted in normal tissues.

Conclusion: The multiple molecular mechanisms of these novel core genes in STAD are worthy of further investigation and may reveal novel therapeutic targets and biomarkers for STAD treatment.

Keywords: stomach adenocarcinoma, gene profiling, biomarker, differentially expressed genes, bioinformatical analysis


INTRODUCTION

Stomach adenocarcinoma (STAD) is one of the common malignant tumors, which accounts for high mortality and high incidence worldwide, notably in East Asia. In China alone, approximately 3,804,000 new cancer cases were diagnosed and 2,296,000 cancer deaths were reported in 2015 (Chen et al., 2018). Among them, the incidence and mortality of STAD ranked third (Bray et al., 2018). Although the gastroscopy and diagnostic techniques have made significant improvements in the treatment options of STAD, the overall survival rate for STAD patients remains unfavorable. According to the latest report, the 5-year survival rate for STAD is estimated to be approximately 10% (Chen et al., 2016). STAD is a complicated and gradual process and several genetic and environmental factors play important roles in its pathogenesis. Some of these risk factors, such as H. pylori infection, diet, smoking, chemical exposure, alcohol consumption, and exercise can also influence the development of STAD (Karimi et al., 2014). Cumulative evidence has shown that genetic factors, such as Glutathione S-transferase M1 (GSTM1)-null phenotypes and variants in the E-cadherin (CDH1), interleukin-17 (IL-17) and interleukin-10 (IL-10) contribute to the development of STAD (Meng et al., 2014; Long et al., 2015; Alvarez-Escola et al., 2019; Gao et al., 2019). Currently, numerous studies have focused on studying the mechanisms of STAD and several considerable improvements have been made in the efficacy of the clinical therapeutic methods. However, the lack of tumor-sensitive biomarkers that can be used early is considered to lead to poor prognosis. Therefore, it is essential to understand the pathogenesis and identification of novel promising prognostic biomarkers for individualized therapies, which can be beneficial in the improvement of life and survival of STAD.

In recent years, gene expression microarray and gene chip detection techniques have increased dramatically and biomedical research is commonly used to screen differentially expressed genes (DEGs) in a given organism and to identify prospective biomarkers for early diagnosis and advanced treatment of tumors (Vogelstein et al., 2013). The Gene Expression Omnibus (GEO) profiles and the Cancer Genome Atlas (TCGA) are public databases that have accumulated a large amount of core chipdata on the association between genes and diseases at the gene level (Petryszak et al., 2014). Therefore, large amounts of gene expression profiles and prognostic biomarkers can in theory be identified for STAD. Significant improvement has been made in the field of bioinformatic research on STAD in recent years (Liu et al., 2018; Pectasides et al., 2018; Chu et al., 2019). Nevertheless, the results are distinct or limited due to independent sample heterogeneity. To overcome these disadvantages, we adopted the methods of integrating bioinformatics with gene chip techniques.

In the present study, we obtained four original gene chip profiles, namely GSE13911, GSE19826, GSE54129, and GSE65801 from GEO. The datasets included a total of 114 STAD tissues and 110 adjacent normal tissues. The GEO2R online tool and Venn diagram software were used to discriminate DEGs. Gene ontology (GO) and Kyoto Encyclopedia of Gene and Genome (KEGG) enriched pathways were also performed for annotation and visualization with DEGs. The STRING online database was used to identify the functional interactions of DEGs. Subsequently, the most significant DEGs were selected to construct the protein-protein interaction (PPI) network and to reveal the core genes. Finally, the prognostic information was assessed for the core DEGs using the Kaplan-Meier Plotter online database and the Gene Expression Profiling Interactive Analysis (GEPIA). Due to its comprehensive analysis, the present study is one of the few to gather multiple databases regarding STAD. In conclusion, it can be deduced that the core DEGs and the enriched pathways in STAD may aid the screening and the identification of novel biomarkers and treatment targets of STAD in the future.



MATERIALS AND METHODS


Microarray Data Information

The four gene chip profiles GSE13911, GSE19826, GSE54129, and GSE65801 containing information on STAD and adjacent normal tissues (ANT) were obtained from NCBI-GEO. The GSE13911, GSE19826, and GSE54129 were based on the GPL570 platforms, whereas GSE65801 was based on GPL14550. The GSE13911, GSE19826, GSE54129, and GSE65801 contained 38STAD and 31ANT, 12STAD and 15ANT, 111STAD and 21ANT, and 32STAD and 32ANT, respectively.



Data Preprocessing of DEGs

The GEO2R online tools (Davis and Meltzer, 2007) were used to distinguish DEGs between stomach tumors and adjacent normal tissues by the cut-off criteria of adjusted P < 0.05 and |log2FC| > 1.5. Subsequently, the Venn software was used online to identify the original data among the four datasets and to reveal the commonly encountered DEGs.



GO and Pathway Enrichment Analysis

Gene ontology (Ashburner et al., 2000) is a tool used to identify genes and proteins and to reveal the biological property of the chip database. KEGG (Kanehisa and Goto, 2000) is a collection of databases dealing with genomes and biological pathways. GO and KEGG analyses were used by the DAVID (Huang da et al., 2009), an online bioinformatic resource that can afford tools for several gene functions, such as DEG enrichment. The cut-off criterion was P < 0.05.



PPI Network and Module Analysis

Initially, the search Tool for the Retrieval of Interacting Genes (STRING1) (Szklarczyk et al., 2015) was used to evaluate the PPI information. Secondly, Cytoscape (Shannon et al., 2003) was used to construct the potential association between these candidate DEGs. Finally, the Molecular Complex Detection (MCODE) software was used to screen the modules of the PPI network according to degree cutoff = 2, Depth = 100, k-core = 2, and node score cutoff = 0.2.



Core Gene Analysis

The Kaplan-Meier Plotter online database was used to assess the overall survival of the core genes. GEPIA (Tang et al., 2017) was used to determine the expression levels related to the core genes. GEPIA is an online tool that can achieve characteristic functionalities based on TCGA and GTEx data. The hazard ratio (HR) with 95% confidence intervals and log-rank P value were computed and plotted.



RESULTS


Identification of DEGs in STAD

The overall design of this study is illustrated in Figure 1A. 4 gene expression array datasets were obtained from the GEO database as follows: GSE13911, GSE19826, GSE54129, and GSE65801, respectively (Table 1). Following screening of the data with GEO2R online tools with the cut-off criterion of adjusted P < 0.05 and |log2FC| > 1.5, 1,294, 899, 2,419, and 1,734 DEGs were screened from the four expression profile data, respectively. The volcano plot of the DEGs depending on FCs was displayed in Supplementary Figure 1. Finally, the commonly expressed 114 DEGs, including 35 upregulated and 79 downregulated genes were identified in the STAD tissues compared with the non-tumor samples via the Venn diagram software in the four datasets (Table 2 and Figures 1B,C).
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FIGURE 1. Authentication of 114 common DEGs in the four datasets (GSE13911, GSE19826, GSE54129, and GSE65801) through venn diagrams software (available online at: http://bioinformatics.psb.ugent.be/webtools/venn/). Different color meant different datasets. (A) Overall diagram of the study. (B) 35 DEGs were up-regulated in the four datasets (log2FC > 1.5). (C) 79 DEGs were down-regulated in the four datasets (log2FC > –1.5).



TABLE 1. The detailed information of the four GEO datasets.
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TABLE 2. All 114 commonly differentially expressed genes (DEGs) were detected from four profile datasets, including 79 downregulated genes and 35 upregulated genes in the STAD tissues compared to normal STAD tissues.
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DEGs, GO, and KEGG Pathway Analysis in STAD

To comprehend the DEG functional levels, the online biological tool DAVID6.8 was performed using the GO analysis with a significance threshold of P < 0.05. The results of the 34 DEGs in the GO terms of the categories were divided into three groups as follows: biological process (BP), cellular component (CC), and molecular function (MF). As indicated in Table 3, the CC of overexpressing DEGs were mainly enriched in collagen trimer, proteinaceous extracellular matrix, extracellular space, extracellular exosome, and extracellular region; the downregulated DEGs were involved in the extracellular space, apical plasma membrane, extracellular exosome, and anchored component of membrane and lysosome. The BP of the overexpressing DEGs was mainly enriched in cell adhesion, endodermal cell differentiation, collagen fibril organization, cellular response to amino acid stimulus, and skeletal system development. The downregulated DEGs were involved in digestion, cellular aldehyde metabolic process, xenobiotic metabolic process, oxidation-reduction process, and potassium ion import. The MF of the overexpressing DEGs were mainly enriched in identical protein binding, extracellular matrix structural constituent, protein binding, calcium ion binding, and platelet-derived growth factor binding; the down-regulated DEGs were involved in inward rectifier potassium channel activity, benzaldehyde dehydrogenase (NAD+) activity, hydrogen:potassium-exchanging ATPase activity, retinal dehydrogenase activity, and ligand-gated sodium channel activity. In general, the GO terms of the top 10 were displayed in Figures 2A–C according to the P-value (Supplementary Table 2).


TABLE 3. Gene ontology analysis of differentially expressed genes in STAD.
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FIGURE 2. Gene Ontology enrichment and KEGG pathway analysis of the differentially expressed genes. (A–D) The numbers of enriched according to the (A) biological process, (B) molecular function, (C) cellular component categories, and (D) KEGG pathway analysis.


Furthermore, to distinguish the potential pathway of DEGs, we used KEGG pathway enrichment analyses. As indicated in Figure 2D and Table 4, the results demonstrated that upregulation of DEGs was mainly enriched in receptor interaction, protein digestion, and absorption and focal adhesion. The downregulated DEGs were involved in gastric acid secretion, retinol metabolism, and drug metabolism-cytochrome P450.


TABLE 4. KEGG pathway analysis of differentially expressed genes in STAD.

[image: Table 4]


DEG PPI and Modular Analysis

In order to achieve core candidate gene and vital gene modules in STAD, PPI network analysis was performed. A total of 80 DEGs were screened into the PPI network complex, involving 80 nodes and 215 edges, and the remaining 34 DEGs were not screened (Figure 3A). According to Cytoscape, 14 central node genes were identified depending on the criteria of the edge degree ≥ 10 (Table 5 and Supplementary Table 1). According to the edge degree rank, the 10 core genes were COL1A1, COL1A2, FN1, COL5A2, BGN, COL6A3, COL12A1, THBS2, CDH11, and SERPINH1. Furthermore, we used the MCODE plug-in to screen the highest degree module in the PPI network. The results of the analysis revealed that the highest degree module contained 17 nodes and 92 edges (Figure 3B).
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FIGURE 3. Common DEGs PPI network constructed by STRING online database and Module analysis. (A) There were a total of 80 DEGs in the DEGs PPI network complex. The nodes meant proteins, the edges meant the interaction the proteins, blue circule meant down-regulated DEGs, and red hexagons meant up-regulated DEGs. (B) Module analysis via Cytoscope software (degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max Depth = 100).



TABLE 5. The central node genes in the PPI network were identified based on the filtering degree ≥10.
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Core Gene Analysis

To achieve the 10 core-gene survival data, we performed Kaplan-Meier curves to analyze the overall survival. The results indicated that all 10 core genes exhibited a prominent prognosis for STAD patients (P < 0.05, Figure 4). Subsequently, we analyzed the expression status of these genes using the GEPIA. The results indicated that all 10 core genes exhibited significantly higher expression in the STAD tissues compared with those of the normal tissues (P < 0.05, Figure 5). Subsequently, we re-analyzed all 10 core genes associated with poor survival in STAD by KEGG pathway enrichment. The results of the re-analysis indicated that six genes (COL6A3, COL1A2, COL1A1, THBS2, COL5A2, and FN1) were significantly enriched in the extracellular matrix-receptor (ECM-receptor) interaction (P < 0.05, Table 6 and Figure 6).
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FIGURE 4. The prognostic information of the 10 core genes. Kaplan-Meier plotter online tools were used to identify the prognostic information of the 10 core genes and genes had a significantly worse survival rate (P < 0.05).
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FIGURE 5. Significantly expressed 10 genes in STAD cancer patients compared to healthy people. To future identify the genes’ expression level between STAD cancer and normal people, 10 genes which were related with poor prognosis were analyzed by GEPIA website. A total of 10 genes significant expression level in STAD specimen compared to normal specimen (*P < 0.05). Red color means tumor tissues and gray color means normal tissues.



TABLE 6. Re-analysis of 10 selected genes via the KEGG pathway enrichment.
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FIGURE 6. Re-analysis of 10 selected genes by KEGG pathway enrichment. (A) 10 high expressed genes in STAD tissues with poor prognosis were re-analyzed by KEGG pathway enrichment and they were significantly enriched in ECM-receptor interaction. List 10 genes are shown in red``*”. (B) Presumed patterns of changes in the ECM-receptor interaction pathway of the four most expressed genes.




DISCUSSION

Stomach adenocarcinoma is one of the most frequently diagnosed cancers in the world with both high mortality and high metastatic capacity (Siegel et al., 2017). Certain genes have been shown to play an important role in STAD. It has been reported that CDH1 may be used in identifying families with high risk of cancer as well as aiding the design of chemopreventive programs that are focused at high-risk subgroups (van der Post et al., 2015). It is well known that the GSTM1-null phenotype can increase significantly the risk of STAD (Darazy et al., 2011; Qiu et al., 2011; García-González et al., 2012; Jing et al., 2012). In spite of a large number of studies examining STAD, its molecular mechanism has not been satisfactory explained due to the limited number of stable and effective markers. The main reason is that previous studies were too narrow. Therefore, multiple cohort types of research regarding effective molecular biomarkers are required for STAD prevention, diagnosis and treatment.

In the present study, the identification of more effective molecular biomarkers for STAD was performed by merging four profile datasets (GSE13911, GSE19826, GSE54129, and GSE65801). Bioinformatic analysis was performed and resulted in the identification of 193 STAD and 99ANT genes. Subsequently, the commonly identified 114 DEGs included 35 upregulated and 79 downregulated genes in STAD tissues compared to those noted in the non-tumor samples, which were identified by the Venn diagram software in the four datasets. For the purpose of an in-depth understanding of the DEG functional levels, we used the GO function and KEGG pathway to analyze these DEGs. Subsequently, PPI network analysis was used to identify these DEGs based on Cytoscape software and the online database STRING. A total of 80 DEGs were screened by the PPI network complex, involving 215 edges. The highest degree module was screened from the PPI by the MCODE plug-in. Eventually, 10 core DEGs were identified according to the edge degree rank in the PPI network complex and the results of the survival analysis demonstrated that the patients with aberrant expression of DEGs exhibited a significantly lower survival for STAD patients. In addition, we re-analyzed all 10 core genes with poor survival in STAD by KEGG pathway enrichment. The results of the re-analysis indicated that the six genes (COL6A3, COL1A2, COL1A1, THBS2, COL5A2, and FN1) were significantly enriched in the ECM-receptor interaction. Among these genes, COL1A1, COL1A2, FN1 and COL5A2 were considered as perspective effective targets that play prominent roles in the development and recurrence of the tumor, including STAD.

COL1A1 and COL1A2 are the genes, which encode the pro-alpha chains of type I collagen whose triple helix comprises two alpha 1 chains and one alpha 2 chain. It has been reported that the potential of the COL1A1 gene structure and intron variation for common bone-related diseases can be determined by comparative vertebrate evolutionary analyses of type I collagen (Stover and Verrelli, 2011). COL1A1 can be used as a new therapeutic marker and a target for hepatocellular carcinogenesis (Ma et al., 2019). Another study demonstrated that COL1A2 may affect proliferation, migration, and invasion of colorectal cancer cells (Yu et al., 2018). Omar Ret al., reported that COL1A2 affects cell migration of fibrosarcoma and chondrosarcoma by acting on TBX3 (Omar et al., 2019). Several studies have shown that COL1A1/2 plays a huge role in osteogenesis (Pollitt et al., 2006; Sato et al., 2016; Wang et al., 2019; Zhytnik et al., 2019). COL1A1 and COL1A2 have been shown to play an important prognostic role in STAD (Tamilzhalagan et al., 2017; Shi et al., 2019; Li J. et al., 2020). Recently Wang et al., reported that COL1A1 suppressed the invasion and migration of STAD cells by combining with miR-129-5p (Wang and Yu, 2018). Furthermore, COL1A2 was reported to suppress STAD cell invasion, and migration via regulation of the PI3k-Akt signaling pathway (Ao et al., 2018).

FN1, encodes fibronectin, a glycoprotein present in a soluble dimeric form in plasma and in a dimeric or multimeric form at the cell surface and in the extracellular matrix. Cai et al. demonstrated that the low expression of FN1 in colorectal cancer could significantly inhibit the growth and metastasis of tumor cells (Cai et al., 2018). Cadoff et al., demonstrated specific mechanistic insights into the cellular effects of a novel FN1 variant associated with a spondylometaphyseal dysplasia (Cadoff et al., 2018). Liu et al., indicated that the low expression of NEAT1 could affect the radioactive iodine resistance by the miR-101-3p/FN1/PI3K-AKT signaling pathway in papillary thyroid carcinoma cells (Liu et al., 2019). Gene expression database research demonstrated that FN1 could be used as a new marker of radiation resistance for head and neck cancer (Amundson and Smilenov, 2010; Zhan et al., 2018). In addition, FN1 is often detected in STAD tissues and cell lines and its abnormal expression is closely associated with the invasion and metastasis of STAD (Xu et al., 2014; Arita et al., 2016; Sun et al., 2020). Moreover, it has been reported that FN1 combined with microRNA-200c can inhibit the migration and invasion of STAD cells (Zhang et al., 2017).

COL5A2 encodes an alpha chain for one of the low abundance fibrillar collagens. Fibrillar collagen molecules are trimers that can be composed of one or more types of alpha chains. Yang et al., indicated that the decrease of COL5A2 expression could induce femoral head necrosis (Yang et al., 2018). Park et al., demonstrated that abnormal expression of COL5A2 may lead to new abnormalities in skin and adipose tissue, which can further lead to the occurrence of aortic aneurysms and dissections (Park et al., 2017). Park et al., demonstrated that homozygosity and heterozygosity for null COL5A2 alleles produced embryonic lethality and a novel classic Ehlers-Danlos syndrome-related phenotype (Park et al., 2015). A retrospective analysis of bladder cancer gene expression data presented that COL5A2 in patients with bladder cancer and ischemic heart disease may possess important clinical significance (Azuaje et al., 2013; Meng et al., 2018; Zeng et al., 2018). Moreover, COL5A2 was considered a potential molecular marker in STAD using bioinformatic analysis (Li J. et al., 2020; Li Z. et al., 2020). However, a limited number of reports have been conducted on the mechanism of COL5A2 in STAD.

In the present study, we identified candidate biomarkers that may play a distinct clinical significance of STAD. These newly discovered core genes could be regarded as potential biomarkers to further explore the molecular mechanism and the prognostic effects of STAD. However, the present study contains certain limitations, which can be listed as follows: (1) the present study requires additional experiments to complement the bioinformatic analysis; (2) the basic characteristics of the tumor, such as gender, age, sample size, tumor grade and stage and main misleading outcomes were not considered in the present study; (3) although 4 datasets were included, no definitive results could be obtained. Therefore, subsequent studies should be employed to confirm the association between these core genes and STAD.



CONCLUSION

In summary, the present study integrated four different microarray GEO datasets, and identified 114 DEGs, including 35 upregulated and 79 downregulated genes. Subsequently, we observed that four core genes (COL1A1, COL1A2, FN1, and COL5A2) exhibited the highest interaction degrees. The results of the analysis demonstrate that these four genes play prominent roles in the complicated and gradual process of STAD. However, the primary conclusions of the analysis require further confirmation by a series of clinical experiments. The multiple molecular mechanisms of these novel core genes in STAD may reveal novel therapeutic targets and biomarkers for STAD treatment.
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SALL4, a transcriptional factor involved in embryonic stem cell self-renewal and pluripotency, is overexpressed in gastric cancer (GC). However, the association of SALL4 with the survival of GC patients is not well-understood, and the role of SALL4 in cancer progression is still unknown. In the present study, a total of 1,815 GC patients who underwent radical resection at Peking Cancer Hospital were included consecutively from 2015 to 2018, confirming the prognostic value of SALL4 and validating by data from TCGA and GEO. The protein and mRNA expression levels of SALL4 were evaluated by immunohistochemistry and qPCR, respectively. Besides, GSEA and WGCNA were applied to explore the SALL4-related cancer-promoting signaling pathways and gene modules. Our results showed that overexpression of SALL4 was observed in 16.7% of GC patients. SALL4 positivity was associated with male, older age, mixed-type histology, late stages, lymphatic metastasis, vascular invasion, non-cardia location, high AFP level, and no EBV infection background. SALL4 could be served as a marker for prognostic prediction in GC, and SALL4-positive GC was significantly associated with shortened survival. Further, the bioinformatic analysis indicated that the Wnt/β-catenin signaling pathway was activated in SALL4-high cases compared with SALL4-low cases. Expression of SALL4 was also positively correlated with the expression of multiple co-expressed genes, such as TRIB3, which plays an important role in activating the Wnt/β-catenin pathway. Our findings indicate that SALL4 is associated with clinicopathological features related to cancer progression in GC and its function in the Wnt/β-catenin pathway.

Keywords: gastric cancer, SALL4, immunohistochemistry, prognosis, weighted gene co-expression network analysis, enrich pathway analysis, Wnt signaling pathway


INTRODUCTION

Gastric cancer (GC) is the third leading cause of cancer-related mortality worldwide (Bray et al., 2018). The incidence and mortality rates for patients with GC have declined recently. However, despite recent advancements in treatment strategies, the prognosis of patients with GC is still poor, and the 5-year survival rate is <30% (Araki et al., 2018; Cats et al., 2018; Kudou et al., 2018). Therefore, the identification of novel biomarkers related to GC progression is imperative. The ideal markers not only would promote the current understanding of GC pathogenesis but also could reveal new effective strategies for GC treatment to us.

Spalt-like transcription factor 4 (SALL4), located on chromosome 20q13.2, encodes a zinc finger transcription factor that plays a key role in maintaining the pluripotency and self-renewal capacity of embryonic stem cells (Zhang et al., 2014). SALL4 was first described in human acute myeloid leukemia (Ma et al., 2006). Subsequently, overexpression of SALL4 was reported in a variety of cancers, such as breast cancer, lung cancer, liver cancer, endometrial cancer, germ cell cancer, as well as GC (Camparo and Comperat, 2013; Gonzalez-Roibon et al., 2013; Li et al., 2015; Zhang et al., 2015; Tatetsu et al., 2016). Numerous studies have revealed the role of SALL4 in the process of carcinogenesis, including invasion and metastasis, cell proliferation, stemness, and apoptosis (Liu et al., 2015; Kim et al., 2017).

Previous research conducted at the mRNA level has suggested that SALL4 is a factor for poor prognosis in GC (Zhang et al., 2014; Yanagihara et al., 2015). However, the association between SALL4 protein expression and the clinical outcome in patients with GC is not yet defined and the functional role of SALL4 in GC is still unknown. This study aimed to comprehensively analyze SALL4 expression in GC and explore its prognostic value, along with the underlying mechanism. We determined SALL4 protein expression in GC and analyzed its relationship with clinicopathological features. Then, using The Cancer Genome Atlas (TCGA) data, we explored the regulation of SALL4 gene expression by analyzing the correlation between DNA copy number variation (CNV) and aberrant SALL4 mRNA expression in GC. Besides, bioinformatics analysis was used to investigate the relevant pathways and co-expression genes of SALL4 in GC, including gene set enrichment analysis (GSEA), weighted gene co-expression network analysis (WGCNA), and differential expression gene analysis, which provides new insight into the follow-up research.



MATERIALS AND METHODS


Patients

GC patients, who underwent radical resection at Peking University Cancer Hospital between 2015 and 2018, were consecutively enrolled. Patients without paraffin-embedded clinical tissue specimens or incomplete clinicopathological information were excluded. In total, 1,815 cases were eligible for analyses. TNM stage was determined in accordance with the 7th edition of classification recommended by the American Joint Committee on Cancer (AJCC). All patients underwent follow-up evaluations until October 2020. This investigation was approved by the Ethics Committee of Peking University Cancer Hospital. Informed consent was obtained from each patient at the time of sample collection.



Immunohistochemistry Staining

Four-micrometer-thick sections of formalin-fixed paraffin-embedded tissues were mounted on poly-L-lysine-coated slides. Then, the slides were deparaffinized in xylene and rehydrated with a gradient of ethanol and distilled water. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide for 10 min at room temperature. The slides were inactivated by incubation in 10 mmol/L ethylenediaminetetraacetic acid (EDTA; pH 8.0) for 3 min. The sections were incubated overnight at 4°C with mouse anti-SALL4 antibody (1:100) (Zsbio; Beijing, China). The primary antibodies were probed with a two-step Poly-HRP Anti-Mouse/Rabbit IgG Detection System (Zsbio; Beijing, China). Positive and negative controls in immunohistochemistry (IHC) were routinely used. For the negative controls, the primary antibody was replaced with non-immune mouse serum to confirm specificity. We also used an internal positive control (seminoma tissue) for quality assurance.



Quantitative RT-PCR Analysis

Reverse transcription-quantitative real-time PCR (RT-qPCR) was performed to determine the relative SALL4 mRNA expression levels in the clinical samples as previously described (Wang et al., 2017). Extracted mRNA was amplified with human SALL4-specific primers by q-PCR. The human GAPDH was included as an internal control. Each sample was assessed in triplicate. Expression of gene was given as the ratio of expression of target gene mRNA to that of GAPDH mRNA.



Pathological Scoring

Evaluation of SALL4 staining was principally based on the scoring criteria described previously (Yong et al., 2013). Briefly, only nuclear reactivity with a diffuse pattern was considered as SALL4 positive. Patchy granular nuclear reactivity was scored as negative (Liu T.-C. et al., 2014). SALL4 expression was classified according to a semi-quantitative score based on the percentage of tumor cells displaying a diffuse nuclear pattern of SALL4 immunoreactivity, as described previously: 0, <5%; 1, 5–30%; 2, 31–50%; 3, 51–80%; 4, >80%. Scores >1 were defined as positive (Cao et al., 2009b; Yong et al., 2013). SALL4 expression in GC tissues was scored independently by two senior pathologists. If any disagreement arose during the evaluation, a third pathologist was consulted.



Retrieval of TCGA and Gene Expression Omnibus Data

Gene expression profiles and clinical and survival data of GC patients in the TCGA stomach adenocarcinoma (STAD) dataset (n = 407) were downloaded from the TCGA Data Portal (https://portal.gdc.cancer.gov/). The survival data and microarray datasets of GSE15459, GSE34942, GSE57303, and GSE62254 were obtained from the gene expression omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), which included a total of 626 Asian GC patients. After array annotations, all samples in four datasets were integrated to reduce deviation and variability by batch normalization. Also, SALL4 mRNA expression and copy number data were obtained from the UCSC Xena browser (http://xena.ucsc.edu/).



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was used to further elucidate the significant enriched pathway data between high and low SALL4 expression group. Transcription data from four GEO and TCGA datasets were analyzed by GSEA 3.0 software (Broad Institute; Cambridge, Massachusetts, USA), and the number of permutations was set to 1,000. The mean expression value of each gene was used for correlation analysis.



Screening for SALL4-Related Gene Modules by Weighted Gene Co-Expression Network Analysis

Based on GEO microarray data (GSE15459, GSE34942, GSE57303, and GSE62254), SALL4-related gene modules were identified using WGCNA. Correlation coefficients between the module eigengenes and traits were calculated by using Pearson's approach. High SALL4-related gene modules were defined as those with maximum correlation coefficients. We then constructed a PPI network by the STRING database using Cytoscape (V.3.8.0) for network visualization.



Functional Enrichment and Differentially Expressed Genes Analysis of Co-Expression Modules

The pathway enrichment analysis was performed on these genes in the most relevant gene modules using Enrichr (https://amp.pharm.mssm.edu/Enrichr/). The DEGs of high SALL4 expression-related gene modules were identified using the R package limma with a threshold of |log2FoldChange| >1 and P < 0.05.



Statistical Analysis

Statistical analysis was performed using SPSS software version 22.0 (IBM, Armonk, NY, USA). The association between SALL4 expression and clinicopathological parameters in GC was assessed by the chi-square test. Univariate analysis of cumulative overall survival was conducted using a Cox regression model. Overall survival and its association with SALL4 protein expression were evaluated by the Kaplan–Meier method followed by the log-rank test. Subsequent multivariate analysis of prognostic factors was conducted using the Cox regression model. Unpaired Student's t-test and a receiver operating characteristic (ROC) curve were performed to assess the differential expression of SALL4 in GC and normal tissues. The correlation between copy number and SALL4 mRNA expression was also analyzed. SALL4 mRNA expression and co-expressed genes were evaluated by linear regression and correlation analyses. The significance threshold is P < 0.05.




RESULTS


Patient Characteristics

A total of 1,815 consecutive patients with GC (1,296 males and 519 females) were included in this study. The mean age at diagnosis was 59 ± 10 years. Most cancers were diagnosed at relatively early stages (27.7% at stage I and 29.6% at stage II), localized to the non-cardia sites of the stomach (75.6%), and classified as Lauren intestinal type (38.3%). Of 1,812 patients for whom lymph node status was available, 1,072 (59.1%) had lymph node metastasis. Vascular invasion was observed in 974 (53.7%) out of 1,811 patients (Supplementary Table 1).



Expression of SALL4 in GC and Its Correlation With Clinicopathological Features

SALL4 staining was localized to the nucleus of cancer cells, and only diffuse nuclear staining was considered positive for SALL4 (Figures 1A–G). Three hundred four (16.7%) tumors were SALL4-positive by IHC. There was rare SALL4 staining in adjacent non-neoplastic tissues (Figures 1A,B). The results of RT-qPCR were concordant with the IHC findings in this sample set (Supplementary Figure 1). Among SALL4-positive and SALL4-negative GCs according to the IHC assessment, the samples were dichotomized into high and low expression subgroups based on RT-qPCR analysis of SALL4 mRNA (R = 0.670, P < 0.001).


[image: Figure 1]
FIGURE 1. SALL4 expression in human primary gastric cancer (GC) by immunohistochemistry (IHC). Representative images of immunohistochemical staining for SALL4 in GC. Original magnification (×100) (A), adjacent non-tumors gastric mucosa (×200) (B), and cancer (×200) (C). Staining intensity in GC is classified as negative staining (D), weak staining (E), moderate staining (F), and strong staining (G). Original magnification, ×200. Bar = 200 μm.


We observed that the SALL4-positive rate was higher in patients with advanced stage GC (P = 0.006), lymph node metastasis (P = 0.002), non-cardia localization (P = 0.043), and vascular invasion (P = 0.023). Tumor SALL4-positive was also more common in Lauren mixed-type GC (P < 0.001). In addition, SALL4 expression in tumor cells was more frequent in male patients (P = 0.001) and in older patients (P = 0.012).

Among the GC subtypes, SALL4 expression was negatively correlated with Epstein–Barr virus (EBV) infection (P < 0.001), which is also referred to as EBV associated gastric cancer (EBVaGC) and is generally acknowledged to have a favorable prognosis. In addition, another GC subtype, lymphoepithelioma-like carcinoma (LELC) of GC, featured with intense lymphocytic infiltration and partially overlapped with EBVaGC subtype (Yang et al., 2019), was SALL4-negative. SALL4 was frequently expressed in GC patients with high AFP levels (Table 1).


Table 1. Clinicopathological and molecular features according to SALL4 expression.
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Prognostic Significance

Univariate Cox regression analysis revealed that the TNM stage, Lauren type, degree of differentiation, SALL4 expression, lymph node metastasis, vascular invasion, perineural invasion, location, sex, and distant metastasis were the significant prognostic indicators of GC (P < 0.05, respectively) (Table 2). In the multivariate model, TNM stage, location, vascular invasion, sex, and the degree of differentiation were statistically significant predictors of mortality. In addition, SALL4-positive predicted poorer survival (HR = 2.211, 95% CI, 1.384–3.533, P = 0.001, Table 3).


Table 2. Univariate Cox regression analysis of potential poor prognostic factors for gastric cancer patients in our study.
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Table 3. Multivariate Cox regression analysis of potential poor prognostic factors for gastric cancer patients in our study.
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Patients with GC having SALL4-positive expression showed worse survival in the Kaplan–Meier survival analysis (3-year overall survival, 0.66 vs. 0.93, log-rank test, P < 0.001, Figure 2A). In further analysis, the discrepancy in survival remained significant when patients were stratified by the TNM stage (Figures 2B–D). In stage II GC, patients with SALL4-positive tumors had shorter overall survival than those with SALL4-negative tumors (log-rank test, P < 0.001, Figure 2C).


[image: Figure 2]
FIGURE 2. SALL4 is a poor prognostic factor in patients with gastric cancer (GC). Kaplan–Meier survival curves for all patients (A), stage I (B), stage II (C), and stage III (D) in different expression groups, which were stratified by SALL4. SALL4-positive is associated with worse outcome in the subgroup of TNM stage II (C) patients.




Analysis of SALL4 Expression From TCGA Dataset

To compare with our findings, we analyzed the association between SALL4 mRNA expression and prognosis in the TCGA dataset, which includes 375 GC patients (Supplementary Table 2). SALL4 mRNA expression was significantly increased in primary gastric tumors when compared with adjacent non-tumor tissues (P < 0.001, Figure 4A). We also plotted the area under the ROC curves (AUCs), which illustrated strong separation between the tumor and normal tissues, with an AUC of 0.954 for SALL4 (Figure 4B). We divided GC patients into two groups (high-expression group vs. low-expression group) according to the analysis of X-title. As shown in the Kaplan–Meier survival curve, patients in the high-expression group had shorter survival than those with low or silenced SALL4 expression (3-year overall survival, 0.42 vs. 0.65, log-rank test, P = 0.01, Figure 3A). After being stratified by tumor stage, SALL4 overexpression predicted poor prognosis in stage III GC patients (P = 0.05, Figure 3C), but not in patients with other stages of GC. Note that results at the mRNA level were consistent with our observations at the protein level (Tables 4, 5).


[image: Figure 3]
FIGURE 3. Survival of gastric cancer (GC) patients in The Cancer Genome Atlas (TCGA) and gene expression omnibus (GEO) stratified by SALL4. GC patients with high SALL4 expression had worse prognosis than those with low SALL4 expression in TCGA (A) and GEO (B). Kaplan–Meier survival curves for all stage I, II, III, and IV in different expression groups of TCGA (C) and GEO (D). SALL4 low expression is associated with better outcome in the subgroup of TNM stage III patients.



[image: Figure 4]
FIGURE 4. mRNA expression and copy number variant of SALL4 in gastric cancer (GC) in The Cancer Genome Atlas (TCGA). SALL4 overexpressed in tumor compared to adjacent non-tumor gastric mucosa (***P < 0.001) (A). ROC curve for SALL4 expression in normal gastric tissue and GC (B). Copy number variant of SALL4 in gastric cancer (GC). A pan-cancer analysis of SALL4 comparing GC (red) with data from TCGA for other cancer types (green). SALL4 is amplification in various types of cancers, especially GC (C). DNA copy number gain (D) is associated with SALL4 mRNA expression (E) in primary GC (BRCA, breast cancer; COAD, colon adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; OV, ovarian cancer; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; UCS, uterine carcinosarcoma).



Table 4. Univariate Cox regression analysis of prognostic factors for gastric cancer patients in TCGA*.
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Table 5. Multivariate Cox regression analysis of potential poor prognostic factors for gastric cancer patients in TCGA*.
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Analysis of SALL4 Expression in the GEO Dataset

Since the TCGA dataset includes only a few Asian patients with GC, we downloaded raw data and platform information of four datasets of Asian GC patients (GSE15459, GSE34942, GSE57303, and GSE62254) from the GEO database. To lessen the bias of false-positive findings, four datasets were batch corrected and merged, and raw and normalized data are shown in Supplementary Figure 3. Then, the survival data of 573 GC samples from these four datasets were used to analyze the association between SALL4 mRNA expression and outcomes among Asian GC patients.

Kaplan–Meier survival analysis also indicated SALL4 to be highly correlated with survival (3-year overall survival, 0.43 vs. 0.61, log-rank test, P < 0.001, Figure 3B). SALL4 overexpression predicted poor prognosis in patients with stage I (P = 0.02), stage III (P < 0.001), and stage IV GC (P = 0.02, Figure 3D).



DNA Copy Number Gain Contributes to the Overexpression of SALL4 in Primary GC

We also analyzed the mutation level of SALL4 base on the TCGA dataset. Although SALL4 is rarely mutated (0.1%) in GC, analysis of the TCGA pan-cancer dataset revealed that SALL4 is amplified in GC and other human cancers, including lung squamous cell carcinoma, colon carcinoma, bladder carcinoma, and lung adenocarcinoma (Figure 4C). A positive association between SALL4 copy number gain and SALL4 mRNA expression (R = 0.3615, P < 0.001, Figures 4D,E) was noted in the TCGA dataset. These findings demonstrate that the DNA copy number gain contributes to the up-regulation of SALL4 in GC.



SALL4-Induced Key Signaling Cascades and Genes in GC

To understand the molecular mechanisms underlying the pro-tumorigenic action of highly expressed SALL4, GESA pathway enrichment analysis was performed based on GEO (GSE15459, GSE34942, GSE57303, and GSE62254) and TCGA datasets. The results showed that SALL4 significantly dysregulated Wnt/β-catenin signaling, KRAS signaling, epithelial–mesenchymal transition and mitotic spindle (Figure 5) in GEO datasets. GSEA results also revealed Wnt signaling, transforming growth factor-beta (TGF-beta) signaling pathways, and gap junction signaling differentially enriched in high SALL4 expression GC in TCGA dataset (Supplementary Figure 4). We herein assumed that up-regulated SALL4 also contributed to the poor prognosis of GC via the Wnt/β-catenin signaling pathway.
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FIGURE 5. High SALL4 expression promotes tumorigenesis through multiple pathways. Gene set enrichment analysis (GSEA) of gastric cancer (GC) samples from four GEO datasets (GSE15459, GSE34942, GSE57303, and GSE62254) showed that SALL4 expression is positively correlated with Wnt/β-catenin signaling, KRAS signaling, mitotic spindle, and epithelial–mesenchymal transition. Each bar corresponds to one gene.


To further explore the role of SALL4 in Wnt signaling pathway, we conducted an integrated analysis of four GEO datasets to find SALL4-related genes and their function (Figures 6A,B). By using R package WGCNA, we obtain SALL4-related genes that include 16 gene modules. The correlation between the trait and gene modules showed that eight gene modules were related with high SALL4 expression (P < 0.05), especially the red module. The genes in the red module were used to construct the PPI network (Figure 7A). To better understand the biological characteristics of the SALL4-related gene module, we performed pathway analysis using the genes in the red module by Enrichr. The red module genes were enriched in Wnt-mediated activation of DVL (Figure 7B).


[image: Figure 6]
FIGURE 6. Identification of SALL4-related gene modules. Gene modules identified by WGCNA in GSE15459, GSE34942, GSE57303, and GSE62254 (A). The correlation between gene module and trait in four GEO datasets (B). The case represented high SALL4 expression and control represented low.



[image: Figure 7]
FIGURE 7. Co-expression genes of SALL4 and its function. Protein–Protein Interaction (PPI) network of the red module, which is the most related gene module of high SALL4 expression (A). Pathway enrichment analysis of genes in the red module in the PPI network (B). The volcano plot of genes in the red module by the R package limma (C). Scatter plot analysis of mRNA expression of SALL4 and its co-expression gene TRIB3 (D). SALL4 binding motif, TTGTTTA(T)T(G)T, was identified by motif analysis tool, MEME-Chip (E).


To find the core gene in the red module, we then analyzed the differential expression of genes (DEGs), and TRIB3 was significantly differentially expressed (Figure 7C). Also, we found that the expression of SALL4 was positively correlated with that of TRIB3 (Figure 7D). TRIB3 interacted with the β-catenin–TCF4 complex, thus activating Wnt/β-catenin signaling (Zhang et al., 2019), pointing that activation of Wnt signaling by SALL4 may need TRIB3. It was evident that SALL4, as a transcriptional regulator, trans-activates CTNNB1 by binding to the promoter of CTNNB1 (Chen et al., 2019), and we wondered whether SALL4 activates Wnt signaling through regulating TRIB3 at the transcriptional level. Using an online motif analysis tool, MEME-Chip, to screen SALL4 binding motifs, one binding motif has been identified: TTGTTTA(T)T(G)T (Figure 7E). Collectively, the present results suggested that the up-regulation of SALL4 may activate the oncogenic Wnt signaling pathway to promote gastric tumorigenesis by influencing the transcriptional mechanisms of TRIB3.




DISCUSSION

The clinical outcomes of GC differ among patients, and TNM staging is used as a conventional clinical prognostic indicator that only partially reflects biological malignancy. Therefore, prognostic biomarkers of oncogenic potential are required for better risk assessment. This study aimed to investigate whether SALL4, a putative oncofetal gene, influences the prognosis of GC patients, and to investigate the mechanism underlying its effects.

Although SALL4 has been reported as a prognosis-related biomarker for many cancers, such as liver cancer, esophageal cancer, germ cell cancer, and breast cancer (Cao et al., 2009a; Liu T.-C. et al., 2014; Yue et al., 2015; He et al., 2016), the correlation between SALL4 expression and GC prognosis has not been clarified. Previous studies on the prognostic significance of SALL4 in GC are limited by their small sample size (103 cases), and the clinical significance of SALL4 has been evaluated exclusively at the mRNA level, rather than at the protein level (Liu J. et al., 2014). This study, which included a larger series of 1,815 patients, reported that 16.7% of GC tumors were SALL4-positive and that SALL4 positivity was associated with cancer progression-related clinicopathologic parameters, such as advanced stage, lymph node metastasis, and vascular invasion. Our findings are consistent with those of previous reports, which indicated that SALL4 levels were positively associated with lymph node metastasis and that SALL4 is an indicator of metastatic potential in GC (Zhang et al., 2018). A novel finding of our study is that SALL4 is negatively associated with EBV infection in GC. EBVaGC, a molecular subtype classified by TCGA that accounts for approximately 5% of GC cases, has distinct clinicopathological and genetic features, and EBV infection and a lack of SALL4 may mark a group of GC patients with a better prognosis (Yang et al., 2019).

In both univariate and multivariate Cox regression analyses, we noted that SALL4-positive was associated with poor survival in GC. Notably, among patients with stage I and II GC, a SALL4-positive status has a poorer overall survival than a SALL4-negative status. There was no prognostic value among stage III GC patients, implying that SALL4 may predict aggressive types in the early stages of GC. We compared the present results with data from the TCGA STAD dataset and four Asian GC cohorts from GEO by analyzing the association between SALL4 mRNA expression and patient prognosis.

Previous studies have demonstrated the regulation of SALL4 overexpression in cancer. Hypomethylation of the promoter region of SALL4 has been observed in myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) and is strongly associated with high mRNA levels of SALL4 (Lin et al., 2013; Ma et al., 2013). Also, some studies have demonstrated that miR-16 and lncRNA DANCR mediate the up-regulation of SALL4 (Zhou et al., 2016; Pan et al., 2018). SALL4 is reportedly up-regulated in CDX1-positive intestinal metaplasia of the stomach in both humans and mice (Bard et al., 2009; Fujii et al., 2012). The up-regulated group plays an important role in tumor stemness, drug resistance, apoptosis, cell proliferation, and invasion, highlighting the need to further the current understanding of SALL4 regulation in GC. Several studies on GC have recently suggested gene amplification to be associated with up-regulation (Gorringe et al., 2005; Tsukamoto et al., 2008). In this study, we also found a positive correlation between CN vs. and the mRNA expression of SALL4 in the TCGA dataset, suggesting that the SALL4 copy number gain may contribute to its overexpression in GC.

Several lines of evidence suggest that overexpression of SALL4 in human cancers affects multiple cellular processes involved in tumorigenesis, tumor growth, and tumor progression (Ma et al., 2006; Yang et al., 2008; Itou et al., 2013). To explore how SALL4 affects tumor behavior, especially the molecular mechanisms relevant to SALL4 in GC, we identified the relevant pathways of SALL4 and its co-expressed genes by pathway enrichment analysis and WGCNA. By comparing the enrichment of DEGs with SALL4 in GC, we demonstrated that high expression of SALL4 GC was more concentrated in several signaling pathways, such as Wnt/β-catenin, epithelial–mesenchymal transition, KRAS, and TGF-beta signaling pathways. Several studies have shown that the deregulation of CD44 and TGF-beta signaling could be involved in the SALL4-mediated oncogenic mechanisms (Yuan et al., 2016; Zhang et al., 2018). SALL4 expression has also been reported to be regulated by the Wnt signaling pathway in cervical cancer, hepatocellular carcinoma, and esophageal squamous cell carcinoma (Böhm et al., 2006; He et al., 2016). The Wnt signaling pathway is strongly induced in tumorigenesis, activating kinases to transmit extracellular signals that regulate cell growth, differentiation, proliferation, apoptosis, and migration. Meanwhile, the results of correlation analyses indicated that the co-expression genes of SALL4, such as TRIB3, exhibited positive correlations with SALL4 expression. TRIB3 is a core gene in the Wnt signaling pathway by interacting with β-catenin. A previous study demonstrated that SALL4 could bind to the promoter of CTNNB1 (the gene name of β-catenin) and further activate Wnt/β-catenin signaling in cervical cancer cells, and then we explored whether the transcriptional regulator SALL4 could regulate the expression of TRIB3. Using MEME-Chip, we screen the putative SALL4 binding motif: TTGTTTA(T)T(G)T that is found in the promoter region of TRIB3. Together, activation of the Wnt pathway and SALL4-related genes may result in poor survival in GC, giving new ideas for the follow-up study.

In conclusion, an analysis of 1,815 consecutive GC cases revealed that patients with SALL4-positive GC experience significantly worse outcomes than SALL4-negative patients, indicating that SALL4 is a prognostic indicator in GC. The corresponding increase in the regional copy number of SALL4 and SALL4 mRNA overexpression suggests that its overexpression may due to DNA copy number changes. Besides, SALL4, as well as its co-expressed genes, could potentially activate several pathways, especially the Wnt signaling pathway, which is closely associated with a worse prognosis in GC patients.
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Introduction: Autism spectrum disorder (ASD) is characterized by deficits in communication, social interaction, and repetitive behavior. Up to 70% of ASD cases are linked with intellectual disability (ID). The major genetic causes for ASD and ID are largely unknown, however, a shared genetic etiology between ASD and ID must be assumed. The trafficking protein particle complex subunit 9 (TRAPPC9) is highly expressed in postmitotic neurons of the cerebral cortex, playing a key role in development. Among 43 reported cases with mutations in TRAPPC9, all (100%) showed ID and developmental delay. Among the cases including information about ASD, 26% were affected (19 cases with information, among them 5 with ASD). Nevertheless, in some cases not classified as ASD, descriptions of autistic features like hand-flapping movements were present.

Clinical Findings: The affected individual presented with delay of speech development. Physical development was normal. Besides lateral slope of the eye-lid axis no facial abnormalities were evident. The individual was diagnosed with ID and ASD by structured testing. Cerebral MRI revealed associated abnormalities.

Genetical Findings: The chromosome set was 46,XY without structural changes. Array-CGH showed a normal molecular karyotype (arr(1-22)x2,(X,Y)x1). PCR for the FMR1 gene showed 41 ± 1 CGG repeats, and therefore no evidence of fragile X syndrome. A panel diagnostic for syndromal ID (CASK, EP300, HIVEP2, KIF1A, TRAPPC9) revealed two structural changes in TRAPPC9 in the compound heterozygosity. The mutations c.1678C > T (p.Arg560Cys) and c.3370C > T (p.Pro1124Ser) are classified as missense mutations and are both not described in the literature.

Conclusion: We report two new missense mutations in the TRAPPC9 gene in one individual with ID and ASD. The TRAPPC9 gene should be part of the diagnostic assessment in ID. ASD must be considered as a feature of TRAPPC9-associated ID. It might have been neglected in the literature and should result in specific testing for ASD in affected individuals.

Keywords: autism, TRAPPC9, intellectual disability, genetics, pediatrics


INTRODUCTION

Autism spectrum disorder (ASD) is characterized by deficits in communication, social interaction, and repetitive behavior. Up to 70% of ASD cases are linked with intellectual disability (ID) (Yeargin-Allsopp et al., 2003; Chakrabarti and Fombonne, 2005; Christensen et al., 2016). ID is characterized by an intelligence quotient (IQ) < 70 with onset in childhood, accompanied by deficits in adaptive behaviors that interfere with everyday life. ID affects more than 1% of children worldwide. About an estimated 25% of the cases of all individuals with non-syndromic forms are linked to autosomal recessive disorders and are particularly prevalent in genetic isolates and highly consanguineous populations (Roeleveld et al., 1997). The major genetic causes for ASD and ID are largely unknown, however, a shared genetic etiology between ASD and ID must be assumed, affecting genes in brain development, functions, and neuronal pathways, and also in the enteric nervous system (Bodnar et al., 2020). Genetic heterogeneity and its usual non-syndromic nature make it difficult to achieve consistent genotype–phenotype correlations. Homozygous mutations in the TRAPPC9 gene are reported to be linked to brain abnormalities, microcephaly, ID, developmental delay (Mir et al., 2009; Mochida et al., 2009; Philippe et al., 2009; Koifman et al., 2010; Abou Jamra et al., 2011; Kakar et al., 2012; Marangi et al., 2013; Giorgio et al., 2016; Abbasi et al., 2017), and is thus in combination with ASD (Mortreux et al., 2018; Hnoonual et al., 2002).

The trafficking protein particle complex subunit 9 (TRAPPC9) is highly expressed in postmitotic neurons of the cerebral cortex (Mochida et al., 2009) and is responsible for the activation of nuclear factor kappa b (NFκB) and intracellular trafficking as well as the interaction with the inhibitor of nuclear factor kappa-B kinase (IκK-beta) and thus with the NFκB-kinase (NIK) (Hu et al., 2005). NFκB is a ubiquitously expressed molecule that regulates the expression of a variety of genes, playing a key role in development. This pathway is known to be involved in other diseases with ID, such as autosomal recessive mental retardation 3 (MRT 3, MM#608443) (Basel-Vanagaite et al., 2006) and MRT 13 (#MM613192). TRAPPC9 is also involved in sorting and recycling proteins from the plasma membrane (Cai et al., 2005) as a part of the TRAPPII trafficking pathway (Sacher et al., 2008).

Among the 43 reported cases with mutations in TRAPPC9 in the literature all (100%) individuals showed ID and developmental delay. ASD was reported in 5 cases (12%), whereupon no information about specific symptoms for ASD or structured testing was available in 47% of the reports (20 cases). Among the cases including information about ASD, 26% were affected (19 cases with information, among them 5 with ASD). Nevertheless, in some cases not classified as ASD, descriptions of autistic features like hand-flapping movements were present. Most families were from Persian origin (41 cases, 95%), two cases were reported in Caucasian families (5%).

In this report we firstly describe two new compound heterozygous variants in the TRAPPC9 gene in a male Caucasian patient with ID, ASD, and brain abnormalities.



MATERIALS AND METHODS

One male individual with developmental delay and typical symptoms for ASD was ascertained by diagnostic genetic testing to determine the genetic risk for future children of the parents. Blood samples were taken from the child and his parents, DNA was extracted using standard laboratory protocols: target enrichment (TruSight One Expanded) and following NGS (MiSeq, NextSeq Illumina) of the coding areas of interest. An analysis of the sequences was performed with SeqNext® (JSI) and GSvar® by comparing the individual sequence with the given information in the database. Intronic splice site mutations more than 10 bp away from the exon/intron transition were unlikely to be captured by this method. The identified mutations were verified through Sanger sequencing and segregation analysis.



RESULTS


Clinical Findings

The affected individual presented with a delay of speech development at the age of 3 years and 5 months, physical development was normal with 17 kg in body weight (75th centile), a height of 101 cm (75th centile), and a head circumference of 51 cm (25th centile). He was able to sit at 9 months and started walking at 15 months. First words were used at the age of 2 years. At 3 years he was able to use three words, but difficulties in receptive language were also evident. There was no history of seizures. Besides lateral slope of the eye-lid axis no facial abnormalities were evident. The interaction was dominated by a total lack of eye-contact and other autistic symptoms like hand-flapping movements and mechanistic body contact to parents and the investigator. Family history revealed no other cases of developmental delay or ASD. Both parents had reached normal school graduation, the father graduated in civil engineering, the mother had completed her education as a nurse. The family pedigree is presented in Figure 1. At the age of 4 years and 5 months the individual still showed no directed use of language but furthermore normal motor development was seen. Potty training was still unsuccessful. Hand-flapping movements, irregular jumping in context of emotion, and non-communicative noises were also evident. Physical development was also still normal with 18.9 kg in body weight (75th centile), a height of 110 cm (75th centile), and a head circumference of 53 cm (50th centile). The individual was diagnosed with ASD according to the autism diagnostic observation schedule 2 (ADOS-2): social affects subscale 20 points, subscale restrictive and repetitive behavior 6 points, total 26 points (cut-off value 16 points, 25–26 points for age 3 years equivalent to symptom score 10 out of 10). Autism-diagnostic interview (ADI-R): subscale A, abnormality in reciprocal interaction 23 points (cut-off 10 points), subscale B, abnormality in communication 14 points (cut-off 8 points), subscale C, repetitive, restrictive, and stereotype behavior 10 points (cut-off 3 points), subscale D, abnormal development until 36 months 3 points (cut-off 1 point), and the German version of the Social Communication Questionnaire (SCQ) total values: completed by parents 21 points (cut-off 16 points), completed by a kindergarten teacher 21 points (cut-off 16 points), completed by a remedial teacher 21 points (cut-off 16 points).
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FIGURE 1. Family pedigree. The affected individual is marked in red.


Auditory findings, including brain-stem evoked response audiometry (BERA, threshold level 10 db) and transitory evoked otoacoustic emissions (TEOAE) were both normal.



Cerebral MRI

The cerebral MRI (Figure 2) at the age of 4 years and 8 months showed a thinned but fully formed corpus callosum and normal cerebellar structures. A normal gyral pattern and normal volume of white matter was evident besides delayed myelination of the internal capsules. Abnormal circumscribed areas of T2W hyperintensities in periventricular white matter were evident besides diffuse white matter abnormalities in the periventricular and subcortical.
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FIGURE 2. Cerebral MRI. (A) T2-weighted sagittal TSE image of the patient shows a slightly thinned but fully formed corpus callosum and normal cerebellar structures. (B) T2-weighted axial TSE image of the patient reveals normal gyral pattern of the cerebral cortex and normal volume of white matter but delayed myelination of the internal capsules. (C) T2-weighted axial GRE image (T2∗) shows diffuse white matter abnormalities in the periventricular and subcortical. (D,E) T2-weighted coronal 3D-FLAIR images demonstrate focal as well as diffuse areas of hyperintensity in periventricular white matter.




Genetical Findings

The chromosome set was 46,XY without structural changes. Array-CGH showed a normal molecular karyotype (arr(1-22)x2,(X,Y)x1). PCR for the FMR1 gene showed 41 ± 1 CGG repeats, and therefore there was no evidence of fragile X syndrome. A panel diagnostic for syndromal ID (CASK, EP300, HIVEP2, KIF1A, TRAPPC9) revealed two structural changes in TRAPPC9 in the compound heterozygosity. The mutations c.1678C > T (p.Arg560Cys, Exon 9) and c.3370C > T (p.Pro1124Ser, Exon 22) are classified as missense mutations and are both not described in literature. A summary of the reported TRAPPC9 mutations is given in Figure 3. The genetic analysis of the mother showed the c.1678C > T mutation, the analysis of the father revealed the c.3370C > T mutation in TRAPPC9, thus proving the compound heterozygosity in the affected individual.
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FIGURE 3. Summary of the reported TRAPPC9 mutations. All mutations previously reported are presented in the box with black lines. The new mutations from this report are marked in the box with red lines. The mutations c.568_574del and c.2134C > T are only reported in the compound heterozygosity with the deletion variants of 8q24.3.




DISCUSSION

Trafficking protein particle complex subunit 9 gene codes for the trafficking protein particle complex 9 (MIM 61699) contains 23 exons and is expressed in muscle, kidney, heart, placenta, and brain (postmitotic neurons) (Hu et al., 2005; Mochida et al., 2009). The protein interacts directly with NIK and IκK-beta, which are part of the NFκB pathways involved in neuronal cell differentiation, synaptic plasticity, neurogenesis (Denis-Donini et al., 2008), and myelination (Philippe et al., 2013; Blank and Prinz, 2014). In the argumentation, TRAPPC9 defects that lead to clinical manifestations of ID and ASD were traceable.

To our knowledge, ten different mutations in the TRAPPC9 gene have been reported in 43 different patients in 16 pedigrees, mainly in homozygous conditions in consanguine families from Persian origin. Only three reports revealed compound heterozygous conditions in an Italian, a French and a Thai pedigree. In this study we can support the previous findings and add two novel missense mutations to the genetic pool for autosomal recessive ID. The clinical presentation of all 44 patients is summarized in Table 1. All patients showed ID and developmental delay in childhood. Secondary microcephaly was described in 95% of the cases in literature, but not in our case. Considering that two cases in the literature with normal head circumferences and our case were diagnosed in childhood [3 years (this case), 10 years (Mortreux et al., 2018), and 14 years (Mir et al., 2009)], the development of secondary microcephaly might be a feature of adolescence and consecutively results in microcephaly only in adulthood. This might also be the case for obesity, which was reported in 47% of the literature. Additionally, it is remarkable that the appearance of speech disorders in all the cases with TRAPPC9 mutations and the high prevalence of autistic features (26%) in cases with specific information about ASD or structured testing (19 cases), besides some cases not being classified as ASD but including descriptions of autistic features like hand-flapping movements. Among the reported cases, a correlation of genetical findings and the appearance of autistic features (genotype-phenotype correlation) was not evident. Additionally, it is remarkable that in the presented case the cerebral MRI not only showed mild cerebral abnormalities but also abnormalities of the white matter as repeatedly reported in the literature. Also the mild facial abnormalities suggest a connection to milder impairment of individuals affected by the reported mutations. Dysmorphic facial features are described in 56% of the cases and thus it seems to be a common, but not obligatory clinical feature.


TABLE 1. Patients with homozygous/compound heterozygous mutation or deletion/duplication in TRAPPC9.

[image: Table 1]The individual in the current study and reported other individuals with an identification of TRAPPC9 mutations in childhood and diagnosis of ASD reveal ASD as a feature of TRAPPC9-associated ID which might have been neglected in previous literature and should result in closer examination in future reports.



CONCLUSION

We report, to our knowledge, two not yet described missense mutations in the TRAPPC9 gene in one individual with ID and ASD. The TRAPPC9 gene should be part of the diagnostic assessment in ID. ASD must be considered as a feature of TRAPPC9-associated ID. It might have been neglected in previous literature and should result in specific testing for ASD in affected individuals.



LIMITATIONS

For a detailed work-up, a family screening should have been performed. Due to long travel distances to the study center no additional family member was examined. For underlining the pathogenetic relevance of the mutation we found, further individuals should be described. At the time of publication, no other individuals with TRAPPC9 mutations were under treatment in our center.
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The aim of any surgical resection for pancreatic ductal adenocarcinoma (PDAC) is to achieve tumor-free margins (R0). R0 margins give rise to better outcomes than do positive margins (R1). Nevertheless, postoperative morbidity after R0 resection remains high and prognostic gene signature predicting recurrence risk of patients in this subgroup is blank. Our study aimed to develop a DNA replication-related gene signature to stratify the R0-treated PDAC patients with various recurrence risks. We conducted Cox regression analysis and the LASSO algorithm on 273 DNA replication-related genes and eventually constructed a 7-gene signature. The predictive capability and clinical feasibility of this risk model were assessed in both training and external validation sets. Pathway enrichment analysis showed that the signature was closely related to cell cycle, DNA replication, and DNA repair. These findings may shed light on the identification of novel biomarkers and therapeutic targets for PDAC.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) accounts for over 90% cases of pancreatic malignancies, and is characterized by an overall 5 years survival rate of less than 9% (Hackeng et al., 2016; Siegel et al., 2019). Over the past decade, its incidence has been increasing in many countries, making PDAC a major global health challenge (Kamisawa et al., 2016). Surgery is currently the only therapeutic strategy that potentially cures this devastating disease (Kamisawa et al., 2016). Complete resection with no microscopic residual disease (R0 resection) is considered the main objective of surgery (Bockhorn et al., 2014; Baldwin et al., 2016). R0 margins give rise to significantly longer recurrence-free survival (RFS) compared with R1 margins (positive resection margins). However, even if R0 resection is achieved, more than half of patients subsequently experience local recurrence or distant metastases within 2 years of surgery (Kim et al., 2017; Strobel et al., 2017; Ghaneh et al., 2019; Tummers et al., 2019). Clinical features including but not limited to tumor size and tumor grade have been associated with tumor recurrence (Abe et al., 2020; Kim et al., 2020; Yoon et al., 2020); nevertheless, their predictive ability was not always satisfactory in R0-treated patients. Effective prediction of recurrence may help to tailor adjuvant chemotherapy and postoperative surveillance in this subgroup of patients.

DNA replication represents an under-explored source of prognostic markers that could be employed to predict tumor recurrence (Trenner and Sartori, 2019). The standard regimens after surgery, radiotherapy and chemotherapy, both kill cancer cells by amplifying genomic instability and by ultimately activating cell death pathways (Slade, 2020). Faithful execution of the DNA replication program through accurate replication and timely repair of damage to DNA is essential for cancer cell propagation and genomic stability, contributing to chemoresistance and radioresistance (Pilié et al., 2019; Kanellou et al., 2020; Wengner et al., 2020). Because of the cardinal importance of DNA replication in cancer, approaches targeting this biological process may provide a hopeful adjuvant therapy to improve PDAC prognosis. For example, poly ADP-ribose polymerase (PARP) inhibitors, which induce cell death via replication stress-induced mitotic catastrophe, have demonstrated anti-tumor efficacy in several clinical trials (Zhu et al., 2020). For these reasons, studying the role of DNA replication-related genes in cancer prognosis may assist individualized patient management.

Therefore, in the present study, we analyzed R0-resected PDAC patients using the MTAB-6134 and The Cancer Genome Atlas (TCGA) datasets. We measured the ability of expression of DNA replication-related genes to predict recurrence, and constructed a 7-gene risk model with powerful predictive ability in both training and validation datasets. This signature is closely associated with cell cycle and DNA repair, two key biological processes that are involved in response to chemotherapy and radiotherapy. These findings may lay the foundation for the development of individual treatment strategies and may potentially be implemented in clinical management.



MATERIALS AND METHODS


Data Sources

The gene expression profiles and corresponding clinical information of the MTAB-6134 dataset were downloaded from the ArrayExpress database1. Normalized RNA-sequencing data and matched clinical data of TCGA dataset were retrieved from TCGA hub at UCSC Xena2. The MTAB-6134 dataset was adopted as the training set, and TCGA dataset was employed for external validation. Samples with follow-up time <1 month or lack of clinical information were excluded from further analyses. After careful review, 282 cases (234 cases with R0 resection and 48 cases with R1 resection) from MTAB-6134, and 124 cases (77 cases with R0 resection and 47 cases with R1 resection) from TCGA were analyzed in this study. No patients received neoadjuvant treatment in both cohorts. Clinical information regarding adjuvant chemotherapy was only provided in TCGA cohort. A total of 44 patients, who received adjuvant chemotherapy and had corresponding drug response information in TCGA cohort, were selected to investigate the association of the gene signature with a response to adjuvant treatment. All clinical data from included patients are detailed in Table 1. The DNA replication-related gene set (DNA_REPLICATION) was extracted from the MSigDB database3. Expression profiles of selected genes in tumor and normal samples were downloaded from the Ualcan website4.


TABLE 1. Clinicopathological characteristics of samples.
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PDAC Tissues

A total of sixty PDAC samples were harvested at the Department of General Surgery of Ruijin Hospital from April 2012 to August 2018. The follow-up lasted until February 2019. The dissected tissues were stored in liquid nitrogen. Written informed consent was obtained from all patients. This study was conducted in accordance with the Declaration of Helsinki, and the Ethics Committee of Ruijin Hospital affiliated with Shanghai Jiao Tong University approved the study.



Construction of the DNA Replication-Related Gene Signature

In the MTAB-6134 dataset, DNA replication-related genes that were significantly associated with the RFS of R0 resected patients were identified using univariate Cox regression analysis and LASSO regression analysis. To avoid overfitting, a multivariate Cox regression analysis was further applied to determine an optimal risk signature with the minimum Akaike Information Criterion value. The risk score was computed as follows: Risk score = (coefficient ∗ expression value of gene 1) + (coefficient ∗ expression value of gene 2)+⋅+(coefficient ∗ expression value of gene X). The best cut-off value for next survival analysis was determined by X-tile software (Camp et al., 2004). Prognostic performance of this signature was evaluated by Kaplan–Meier (K-M) survival analysis, receiver operating characteristic (ROC) analysis, and calibration curves in both training and validation cohorts.



Nomogram Based on the Signature

Nomogram is a quantitative method that is widely used for individual patient survival prediction. Survival-associated factors derived from the Univariate Cox regression analysis in MTAB-6134 cohort were identified. Based on the 234 patients in MTAB-6134 cohort, a nomogram comprised prognostic indicators was established to predict the 1-, 2-, and 3 years RFS by using the “rms” R package. Next, we used K-M survival analysis to assess the prognostic potential of this nomogram. In addition, we compared the predictive accuracy of this nomogram with that of clinical factors using the time-dependent area under the curve (AUC) generated from the “timeROC” R package.



Functional and Pathway Analyses

Correlated genes of the risk score were screened using Spearman correlation analysis in MTAB-6134 dataset (| Spearman’s r| ≥ 0.3) and TCGA dataset (| Spearman’s r| ≥ 0.4). The correlated genes were then submitted to the Metascape database (Zhou et al., 2019) for function annotation and pathway enrichment.



RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The total RNA from 60 PDAC samples (Ruijin cohort) was extracted using TRIzol reagent (Invitrogen, United States) and reverse-transcribed using an Evo M-MLV RT Kit (Accurate Biology, China). Real-time PCR was performed with an ABI 7900 instrument using ChamQ SYBR qPCR Master Mix (Vazyme, China). Quantitation was performed in triplicate. mRNA expression was calculated using the 2–ΔΔCT method and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers for the amplified mRNAs are summarized in Supplementary Table S1.



Statistical Analysis

The statistical analyses and graphic production were conducted using R software (version 3.5.2). K-M survival curves with log-rank tests were generated using the “survival” package. ROC analyses were performed using the “survivalROC” package. Parameters in univariate and multivariate Cox analyses were derived from the “survival” package and were visualized using the “forestplot” package. The nomogram composed of independent prognostic indicators was established using the “rms” R package. Time-dependent area under the curve (AUC) values were calculated using the “timeROC” package. Boxplots depicting the distribution of gene expression and risk score were derived from the “ggpubr” package. P < 0.05 was considered significant.



RESULTS


Survival Difference Between R0 and R1 Resected Patients

Survival analysis showed significantly decreased OS in the R1-resection group in the MTAB-6134 dataset (HR = 1.83, 95% CI = 1.26–2.67, P = 0.0013, Figure 1A) and TCGA dataset (HR = 2.01, 95% CI = 1.25–3.24, P = 0.0036, Figure 1B). Similarly, R1 resection was related to shorter RFS in the MTAB-6134 dataset (HR = 2.15, 95% CI = 1.53–3.02, P < 0.0001, Figure 1C) and TCGA dataset (HR = 2.13, 1.39–3.27, P = 0.0004, Figure 1D). PDAC patients with R0 resection had lower recurrence rates than did patients with R1 resection in the MTAB-6134 dataset (71 vs. 92%, P = 0.0018, Figure 1E) and TCGA dataset (57 vs. 66%, P = 0.2103, Figure 1F). These results suggest that patients with R0 resection had better survival and lower recurrence rates after surgery. Because R0 resection was the main objective of surgical resection, we endeavored to construct a recurrence prediction model for this group of PDAC patients.
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FIGURE 1. Survival difference between R0 and R1 treated patients. (A,B) K-M curves estimate OS difference between R0 and R1 margin. (C,D) K-M curves of RFS between patients with R0 and R1 resection. (E,F) Relationship of resection margin status and recurrence rate.




Development of the DNA Replication-Related Signature

Univariate Cox regression analysis identified 20 genes that were significantly associated with RFS in the MTAB-6134 dataset. The LASSO Cox regression algorithm was applied to these 20 genes to select the most useful predictive features, and 14 candidate genes were identified for further analysis (Figures 2A,B). Then, multivariate Cox regression analysis was applied and a risk prediction model comprising seven DNA replication-related genes was created finally (Figure 2C). According to the expression values and corresponding coefficients of the seven genes derived from multivariate Cox regression analysis, we established a risk-score formula: Risk score = 0.420 ∗ expression value of EREG −0.441 ∗ expression value of KCTD13 −0.610 ∗ expression value of MCM3AP + 0.330 ∗ expression value of MCM7 + 0.328 ∗ expression value of POLG2 −0.542 ∗ expression value of TERF2 + 0.263 ∗ expression value of TP73. Kaplan–Meier analysis showed that these seven individual genes adequately distinguished the RFS of patients in the MTAB-6134 cohort (Figures 2D–J). Expression profiles of the selected seven genes in normal and tumor samples are shown in Supplementary Figure S1.


[image: image]

FIGURE 2. Development of the DNA replication-related signature. (A) Cross-validation for tuning parameter (lambda) screening in the LASSO regression model. (B) LASSO coefficient profiles of 20 prognostic DNA replication-related genes. (C) Forest plot of the seven DNA replication-related genes. (D) Survival cure for EREG. (E) Survival cure for KCTD13. (F) Survival cure for MCM3AP. (G) Survival cure for MCM7. (H) Survival cure for POLG2. (I) Survival cure for TERF2. (J) Survival cure for TP73. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.


Prognostic performance of risk signature in MTAB-6134 cohort.

Based on the optimal cut-off value determined by X-tile, we classified patients into high- and low- risk groups. The distribution of survival status, risk scores, and heatmap for expression levels of seven genes in training samples are shown in Figure 3A. The survival curve illustrated that patients in the low-risk group had significantly longer RFS (HR = 4.55, P < 0.0001) than did patients in the high-risk group (Figure 3B). ROC analysis showed that the risk score had moderate predictive value for short-term recurrence, with an AUC of 0.759 for 1 year RFS (Figure 3C). In addition, the 7-gene signature had a higher AUC than grade, N stage and T stage in predicting 1 year RFS (Figure 3C). The calibration curves indicated that the predicted survival probabilities using this model accorded well with the observed survival probabilities (Figure 3D). Univariate Cox regression analysis revealed that histological grade, T stage, N stage, and risk score were risk factors for RFS in MTAB-6134 cohort (Figure 3E). After further multivariate Cox regression of prognostic factors, risk score remained an independent predictor of patient survival (Figure 3F). Figure 3G illustrates that the risk score distributed differently with respect to the histological grade. We applied this risk signature in patients with R1 resection and found that the predictive accuracy was lower in this subgroup of patients with AUC value predicting 1 year RFS decreasing to 0.683 in the MTAB-6134 cohort (Supplementary Figure S2).
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FIGURE 3. Prognostic performance of risk signature in MTAB-6134 cohort. (A) From top to bottom are the survival status distribution, risk score distribution and heat map analysis of seven genes. (B) RFS difference between low- and high-risk groups. (C) ROC analysis of the risk signature. (D) Calibration curves for risk score. (E) Univariate and (F) multivariate Cox regression analyses of clinical pathologic features and gene signature for RFS. (G) Distribution of risk scores in different histological grade.




Prognostic Performance of Risk Signature in TCGA Cohort

Figure 4A shows the distribution of the survival status, risk scores, and expression value of the seven genes in validation samples. K-M survival curves demonstrated that patients in the high-risk group had shorter survival times (Figure 4B). The risk score showed a satisfactory 1 year AUC of 0.757 in TCGA dataset (Figure 4C). The 7-gene signature exhibited better predictive performance for early recurrence than several traditional clinical indicators, including grade, N stage, and T stage (Figure 4C). The calibration plot revealed optimal agreement for prediction of 1-, 2-, and 3 years survival probability in TCGA cohort (Figure 4D). Both univariate and multivariate Cox analyses demonstrated the independent prognostic role of the risk signature for predicting tumor recurrence (Figures 4E,F). Figure 4G shows that higher histological grade correlated with higher risk score. However, the risk signature was no longer an appropriate tool for predicting early recurrence of R1-treated patients in TCGA cohort (Supplementary Figures S3A,B), indicating that this model has good specificity. Adjuvant chemotherapy is the standard treatment for PDAC after surgery. However, PDAC is refractory to the chemotherapeutic agents and currently no effective biomarkers are indicative of the response to adjuvant chemotherapy. We then investigated whether our model could stratify postoperative patients with different response to chemotherapeutic treatment in TCGA cohort. 44 patients who received adjuvant chemotherapy with related drug response information were divided into low- and high- risk group based on the medium value of risk score. Patients whose drug response is “clinical progressive disease” or “stable disease” were classified into chemotherapy-resistant group, while patients whose drug response is “complete response” or “partial response” were classified into chemotherapy-sensitive group. As shown in Supplementary Figure S3C, patients in low-risk group were more sensitive to adjuvant chemotherapy compared with patients in high-risk group. It could partly explain the lower recurrence rate of patients in low-risk group compared with high-risk group.
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FIGURE 4. Prognostic performance of risk signature in TCGA cohort. (A) From top to bottom are the patients’ survival overview, risk score, and heat map of seven prognostic genes expression. (B) K–M curves evaluating the RFS between low- and high-risk groups. (C) ROC curve analysis of risk score in TCGA cohort. (D) Calibration curves for risk score. (E) Univariate and (F) multivariate Cox regression analyses of parameters for RFS. (G) Distribution of risk scores with respect to grade.




Validation of the Prognostic Performance in a Local Cohort

In order to improve the credibility of this signature, we subsequently validated the prognostic ability in the Ruijin cohort. K-M curves showed that the signature effectively captured the survival differences in RFS (Figure 5A). As illustrated in Figure 5B, the signature showed remarkable accuracy in predicting 1 year RFS as the AUC value was 0.816. These biological findings further confirmed the prognostic accuracy of the 7-gene signature.
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FIGURE 5. Prognostic validation in a local cohort. (A) K-M curve of RFS in Ruijin cohort. (B) ROC curve of the signature in predicting 1 year RFS in Ruijin cohort.




Comprehensive Analysis of EREG Expression in PDAC

To obtain an overview of the expression profiles of seven DNA replication-related genes in PDAC, we investigated the correlation between gene expression values and clinical features in both MTAB-6134 and TCGA datasets. It is worth noting that the expression of EREG was significantly higher in grade three patients than grades 2 or 1 patients in both MTAB-6134 and TCGA cohort (P < 0.05, Figures 6A,B). This result suggests that elevated expression levels of EREG might promote tumor malignancy. Expression levels of seven genes in patients categorized by T stage and N stage were also assessed in two cohorts. No common genes were distributed differently with respect. T stage and N stage (Supplementary Figure S4). The GEPIA database further confirmed the elevated expression levels of EREG in tumor tissues (Figure 6C). Except for tumor tissues, EREG was also found to be highly expressed in PDAC cell lines compared with HPNE cells, which are derived from normal human pancreatic duct (Figure 6D). In addition, elevated EREG expression levels were associated with shorter RFS in TCGA validation set (Figure 6E). These results jointly demonstrated that EREG may be a novel therapeutic target in PDAC treatment.
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FIGURE 6. Comprehensive analysis of EREG expression in PDAC. (A,B) Expression of EREG in PDAC patients stratified by histological grade in MTAB-6134 and TCGA cohorts. (C) Expression of EREG in tumor tissues and normal tissues. (D) Expression of EREG in pancreatic cell lines based on the RNA-sequencing data downloaded from GSE138437 dataset. (E) Survival curve for EREG in TCGA cohort. *p < 0.05; **p < 0.01; ***p < 0.001.




Nomogram Construction

To facilitate clinical application, a graphic nomogram was developed based on the 234 patients in the MTAB-6134 cohort. Independent prognostic factors, including histological grade, T stage, N stage, and risk score, which were derived from the abovementioned univariate Cox analysis in MTAB-6134 cohort, were variables in the nomogram (Figure 7A). K-M analysis showed that this nomogram effectively discriminated patients with poor outcome from patients with favorable outcome (Figure 7B). The predictive efficacy of this nomogram was confirmed using AUC plots (Figure 7C). The risk score exhibited higher dynamic AUC value than grade, T stage, and N stage over time, suggesting that our risk model outperformed clinical indicators in terms of survival prediction.
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FIGURE 7. Nomogram construction. (A) Nomogram integrating risk score, grade, T stage, and N stage for RFS prediction. (B) K–M survival curve of nomogram in MTAB-6134 cohort. (C) Time-dependent AUC curves of prognostic indicators in MTAB-6134 cohort.




Functional Annotation and Pathway Enrichment

Pearson correlation analysis identified 193 and 621 genes that were co-expressed with the risk score in the MTAB-6134 and TCGA cohorts, respectively. Functional analysis revealed that 193 correlated genes in the MTAB-6134 cohort were involved in pathways related to cell cycle and DNA repair, suggesting an indispensable role in tumor recurrence (Figure 8A). Similar results were observed in TCGA cohort; 621 correlated genes in this cohort were found to be enriched in pathways associated with cell cycle, DNA replication, and DNA repair (Figure 8B).
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FIGURE 8. Functional annotation and pathway enrichment. (A,B) Enriched pathways of the genes positively correlated with risk score in MTAB-6134 cohort and TCGA cohort.




DISCUSSION

Despite recent advances in the development of surgical techniques and perioperative management for patients with resectable PDAC, rates of postoperative morbidity, and mortality remain high (Ikuta et al., 2019). Unfortunately, due to the high degrees of heterogeneity, clinicopathological features including age, smoking history, TNM staging system, and histological grade provide limited information for estimating recurrence risk and outcome after surgery (Zhang et al., 2016). Considering the current situation of this devastating disease, any attempts help to predict tumor recurrence and guide the selection of reasonable treatment options after surgery should be welcomed. In this study, we systematically assessed the prognostic performance of DNA replication-related genes for predicting tumor recurrence and constructed a novel and robust signature including EREG, KCTD13, MCM3AP, MCM3, POLD2, TERF2, and TP73. The AUC values for 1 year RFS of this model were 0.759 and 0.757 in the MTAB-6134 and TCGA cohorts, respectively, indicating moderate predictive accuracy. Univariate and multivariate Cox analyses demonstrated that this signature was an independent and powerful predictor of short-term recurrence. Pathway enrichment analysis revealed that the signature was closely associated with DNA repair, cell cycle, and DNA replication.

Advancements in gene expression profiles derived from various high throughput technologies have improved our understanding of genetic and molecular alternations in PDAC. In recent years, many prognostic gene signatures have been developed by assessing crucial biological processes in PDAC progression, including autophagy (Yue et al., 2020), cell stemness (Feng et al., 2020) and immunological pathways (Wu et al., 2020). These models provided information for predicting OS. RFS prediction models are rare, to say nothing of risk models for the subgroup of R0 resected patients. In the present study, R0 margins were found to be associated with longer OS and RFS than were R1 margins in MTAB-6134 and TCGA cohorts. This finding is consistent with findings of earlier studies and indicates that survival analysis should be accurate for subgroup analysis. R0 resection is the aim of any curative resection, and the rate of R0 resection is considered a quality indicator for adequate oncological resection (Merkow et al., 2014). Thus, recurrence prediction for patients of this subgroup may have more clinical significance. Stratifying patients with resectable disease based on the predicted recurrence risk may facilitate personalized treatment and surveillance imaging. For patients with potentially resectable disease, if recurrence risk remains high even after complete resection, neoadjuvant therapy instead of upfront surgery is recommended to avoid futile surgery (Ikuta et al., 2019). For localized but unresectable disease, applying this model to biopsies obtained through a EUS-guided needle may help to tailor individualized treatments. That is to say, if the predicted recurrence risk is low, patients should be encouraged to receive neoadjuvant chemotherapy and potential complete resection. However, for localized but unresectable patients with high recurrence risk even after neoadjuvant chemotherapy and subsequent R0 resection, palliative treatments with the aim to improve life quality and ameliorate cancer complications may be more preferable.

Compelling evidence has revealed that DNA replication is closely associated with chemotherapy resistance, and several DNA replication-related genes have been confirmed as potential therapeutic targets in PDAC (Dunlop et al., 2020; Lloyd et al., 2020). Nevertheless, it remains unclear as to how DNA replication-related genes affect patient outcome, and this phenomenon has not been well reported. It would be significant to identify DNA replication-related biomarkers to predict recurrence risk and to explore novel targets of chemotherapy. In the present study, we systematically analyzed prognostic values of DNA replication-related genes for predicting tumor recurrence and integrated seven genes into a single signature using LASSO algorithm and multivariate Cox analysis. This signature effectively distinguished patients with significantly different postoperative survival in MTAB-6134 and TCGA cohorts. ROC analyses revealed that the signature had better predictive ability than clinical indicators, suggesting that the signature may serve as a complement to the current TNM staging system.

Among the seven genes, EREG, MCM7, and TP73 were previously reported to be involved in PDAC initiation and progression. EREG encodes a 46-amino acid protein that belongs to the epidermal growth factor receptor tyrosine kinase family (Toyoda et al., 1995). EREG is up-regulated in PDAC and stimulates pancreatic cancer cell growth in vitro (Zhu et al., 2000). MCM2-7 family members interact with one another to trigger the initial step of DNA replication (Evrin et al., 2009). High MCM7 expression results in poor outcomes in patients with PDAC (Peng et al., 2016; Liao et al., 2018). TP73 is activated in response to DNA damage and regulates many downstream biological processes including cell cycle and apoptosis (Barbhuiya et al., 2019). Ex2 + 4G > A genotypes of TP73 are significant predictors for tumor response, tumor resectability and overall survival in PDAC (Dong et al., 2009). TERF2 has remarkable tumor-specific effects; however, its role in PDAC remains unknown. TERF2 is a robust predictor of patient survival in cervical cancer (Benhamou et al., 2016) and oral carcinoma (Ozden et al., 2014). The role of TERF2 in cancers is primarily to promote angiogenesis (El Maï et al., 2014; Zizza et al., 2019). KCTD13, MCMAP3, and POLG2 have been rarely reported in published studies.

Despite our remarkable findings, this study has some limitations. First, detailed data of patient therapy were not available from the MTAB-6134 dataset. Although this signature effectively distinguished patients with various recurrence risks, individual survival benefits of chemotherapy and radiotherapy in each risk group remain unclear. Second, the current study was performed on retrospective data, and should therefore be tested using prospective data. Third, there are differences with respect to the definition of R0 resection: 0 mm tumor distance from resection margin in the United States and >1 mm in many centers in Europe and Australia (Demir et al., 2018). Although this model has been validated in both European (the MTAB-6134 cohort) and American populations (TCGA cohort), care should be taken to apply this model in patients of different nationalities. Fourth, more in vivo and in vitro experiments are needed to clarify biological function of the seven genes in terms of tumor progression.

In conclusion, we first reported a practical seven-gene signature based on the DNA replication-related genes and demonstrated that this signature could serve as a powerful predictor of tumor recurrence for patients with PDAC following R0 resection. The signature may help to provide reliable guidance and improved accuracy for treatment administration and surveillance imaging after surgery. However, the considerable variability with respect to the definition of R0 may impair accuracy and the predictive efficacy of this signature needs to be investigated in prospective studies.
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Emerging resistance to the tyrosine kinase inhibitors that target the BCR-ABL1 oncoprotein has prompted research for novel therapeutics against chronic myeloid leukemia (CML). Herein, we evaluated the tumor inhibitory properties of the human Wharton’s jelly stem cells (hWJSCs) co-culture (hWJSC-CC) and their extracts, namely, the hWJSC-conditioned medium (hWJSC-CM; 100%) and hWJSC-lysate (hWJSC-L; 15 μg/ml), on a CML cell line K562 in vitro. The hWJSCs expressed mesenchymal stem cell (MSC)-related cluster of differentiation (CD) markers and demonstrated mesodermal tissue differentiation potential. The cell metabolic activity showed a mean maximal decrease in the K562 cells by 49.12, 41.98, and 68.80% following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively, at 72 h. The sub-G1 population in the cell cycle was decreased by 3.2, 4.5, and 3.8% following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, whereas the G2/M cell population was increased by 13.7 and 12.5% with the hWJSC-CM and hWJSC-L, respectively, at 48 h. Annexin V–allophycocyanin (APC) assay showed an increase in the apoptotic cells by 4.0, 3.9, and 4.5% at 48 h. The expression of pro-apoptotic BAX and CASP3 genes were increased, whereas BIRC5 (Survivin) was decreased compared with the control. The pro-inflammation-related genes, namely, IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12A, were decreased, whereas the anti-inflammatory genes, namely, IL-4 and IL-10, were increased following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L at 48 h. Multiplex bead-based cytokine assay also demonstrated decreases in the pro-inflammatory cytokines (IFN-γ, TNF-α, IL-1β, IL-6, and IL-12) and an increase in the anti-inflammatory cytokine (IL-10) compared with the control. The pro-inflammatory cytokine IL-8 showed an increase with the hWJSC-CC and decreases with both the hWJSC-CM and the hWJSC-L. The hWJSCs and their extracts inhibited the K562 cells by causing cell cycle arrest and inducing apoptosis via the soluble cellular factors. However, an in vivo evaluation is necessary to unravel the true potential of the hWJSCs and their extracts before its use in CML inhibition.
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INTRODUCTION

Leukemia is a heterogeneous group of hematopoietic cancers that belong to either myeloid or lymphoid lineages. The global burden of disease cancer collaboration study identified leukemia as having the eighth highest incidence, with 606,000 new cases and 35,300 deaths (Wang et al., 2016). The majority of the leukemic disorders arise as a de novo malignancy in an otherwise healthy individual and are marked by clonal expansion of undifferentiated myeloid precursors, with the production of abnormal cells. Among the various adult leukemias, chronic myeloid leukemia (CML) is a chronic myeloproliferative disorder and accounts for 15% of the adult leukemia (American Cancer Society, 2015). The Saudi cancer registry reported 8,712 cases of leukemia during the study period 1999–2013, with a higher incidence in males (57.2%) than in females (42.8%). In contrast to the global higher incidence in adults, in Saudi Arabia, the highest age-standardized rate was reported in children aged 0–4 years (Bawazir et al., 2019).

CML is characterized by chromosomal translocation of “breakpoint cluster region, bcr” and “Abelson, abl” gene sequences from chromosomes 22 and 9, respectively, t(9;22)(q34;q11.2), well known as Philadelphia (Ph) translocation or Ph chromosome (Nowell and Hungerford, 1960). Rearrangement and amplification by 4–8-fold of cellular abl sequences were reported in K562, a Ph-positive cell line derived from a patient with CML in blast crisis (Collins and Groudine, 1983). The Bcr-Abl active tyrosine kinase is responsible for the maintenance of the malignant phenotype and also the intracellular signaling related to cell survival and proliferation (Kabarowski and Witte, 2000). Abnormal cellular expansion or malignant hematopoiesis occurs at the expense of normal hematopoietic mechanisms and hence is associated with a decrease in mature cells, immunosuppression, and marrow failure (Bonnet and Dick, 1997).

Over the last two decades, the management of CML mainly relies upon the tyrosine kinase inhibitors (TKIs), such as the first generation (imatinib), the second generation (nilotinib, dasatinib, bosutinib), and/or its third generation (ponatinib). The effectiveness of these therapies and the overall survival rates in CML are based upon the complete hematologic, cytologic, or molecular responses to these pharmacological agents (Bonifacio et al., 2019). The emergence of resistance with frontline TKIs has made the targeted therapies to become less effective especially when disease transition occurs from chronic to accelerated or blast crisis (Goldman and Melo, 2003; Bonifacio et al., 2019). Nevertheless, the advent of TKIs has mostly replaced or used in combination with the use of standard chemotherapeutic agents (hydroxyurea, cyclophosphamide, vincristine, doxorubicin) depending upon the phase and outcome of the disease (Litzow et al., 2017; Pasic and Lipton, 2017). Despite the success with the frontline TKIs, and/or chemotherapy, where the complete molecular response can be achieved, there still remain a subset of CML patients especially the young who may require hematopoietic stem cell transplantation (HSCT) following induction and post-remission therapy (Litzow et al., 2017).

Interestingly, naïve or engineered mesenchymal stem cells (MSCs), isolated from different sources, such as the bone marrow, placenta, or umbilical cord, are reported to have anti-tumor effects (Chen et al., 2012; Tang et al., 2014). The umbilical cord-derived MSCs (UC-MSCs), when co-cultured with leukemic cells, induced cell cycle arrest (Chen et al., 2013); similarly, the use of the UC-MSCs per se or their extract inhibited cell viability and proliferation of Burkitt’s lymphoma cells (Lin et al., 2014). We have earlier identified that the MSCs derived from the Wharton’s jelly of the human umbilical cord (human Wharton’s jelly stem cells, hWJSCs) inhibit human breast and ovarian cancer cells (Gauthaman et al., 2012; Kalamegam et al., 2018). It is not known whether the anticancer effects of the hWJSCs are limited to a few cancers, and also there are no previous reports of its use against CML. Therefore, in the present study, we evaluated the effects of the hWJSCs and/or their extracts against the human chronic myeloid leukemic cell line (K562) in vitro, in terms of their viability, cell cycle, cell death, and related gene and protein expression.



MATERIALS AND METHODS


Ethical Approval

The protocol for the derivation and use of the hWJSCs and the commercial human leukemic cell line was approved by the Bioethics Committee of the King Abdulaziz University vide approval number 33-15/KAU.



Isolation and Culture of the hWJSCs

The human umbilical cords (hUCs) were collected following full-term delivery with informed patient consent from the Department of Obstetrics and Gynecology, King Abdulaziz University Hospital. The hWJSCs isolation and culture were done according to our earlier published studies (Fong et al., 2010; Gauthaman et al., 2012). Briefly, the UC was cut into ∼3 cm pieces and opened lengthwise. The tissue pieces were gently washed in sterile phosphate-buffered saline (PBS), and the opened side was placed facing down in a sterile plastic Petri dish (Greiner, Hamburg, Germany) containing enzymatic cocktail solution, comprising collagenase type I (2 mg/ml), collagenase type IV (2 mg/ml), and hyaluronidase (100 IU) (Sigma, MO, United States). The Petri dishes were then incubated at 37°C for 30 min in a 5% CO2 incubator (Life Technologies, Thermo Fisher Scientific, MA, United States) to facilitate the release of the hWJSCs. The cell suspension was then centrifuged (300 × g, 10 min), and the cell pellet was resuspended in the hWJSCs culture medium composed of 90% Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% insulin–transferrin–selenium, 1% non-essential amino acids, 1% penicillin/streptomycin antibiotic mixture, and 16 ng/ml basic fibroblast growth factor (Life Technologies, Thermo Fisher Scientific, MA, United States). The hWJSCs were cultured in T25 cm2 tissue culture flasks (Greiner, Hamburg, Germany) and incubated at 37°C in a 5% CO2 incubator.



Culture of the Human Chronic Myeloid Leukemia Cell Line (K562)

The commercial human leukemic cell line (K562) was purchased from the American Type Culture Collection (ATCC, MD, United States). The K562 cells were plated in a T25 cm2 tissue culture flask (Greiner; Hamburg, Germany) containing RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin mixture (Life Technologies, Thermo Fisher Scientific, MA, United States) and cultured in a humidified 5% CO2 incubator under standard culture conditions of 37°C and air atmosphere.



Preparation of the hWJSC Extracts

The hWJSC extracts, namely, the hWJSC-conditioned medium (hWJSC-CM) and the hWJSC-lysate (hWJSC-L), were prepared according to an earlier published protocol (Gauthaman et al., 2012). Briefly, the hWJSC-CM was prepared from the early passages (P3–P4) of the hWJSCs (70–80% confluence) cultured in the hWJSCs medium for 48 h under standard culture conditions of 37°C and air atmosphere of 5% CO2. The medium was separated, filtered through a 0.22 mm Millex-GP syringe filter (Millipore, MA, United States), and stored at −20°C until use in experiments. The hWJSC-L was prepared by lysing the pelleted hWJSCs using 100 μl commercial mammalian cell lysis buffer (Cell Lytic, Sigma, MO, United States) and incubation on ice for 45 min. The lysate was centrifuged (15,000 rpm, 15 min), and aliquots of the supernatant were stored at −80°C until use in experiments. The total protein content of the hWJSC-L was measured using a NanodropTM spectrophotometer (Nanodrop Technologies, DW, United States).



MSC-Related CD Markers Expression

The surface CD markers expression in the hWJSCs was analyzed using flow cytometry as reported earlier (Kalamegam et al., 2018). Briefly, the hWJSCs (1 × 105) were treated with different antibody cocktails (negative and positive) and incubated in the dark at 4°C for 30 min. The samples were washed twice with PBS containing 3% FBS and centrifuged (1,000 rpm, 5 min), and the pellet was resuspended in 500 μl of 3% FBS before analysis using FACS (FACS Aria III; BD Biosciences). The following antibodies (5 μl per CD marker; Miltenyi Biotec) were used: MSCs positive cocktail 1 (containing CD29-APC, CD90-FITC, and CD73-PERCP), MSCs positive cocktail 2 (containing CD44-APC and CD105-FITC), and MSCs negative cocktail 3 (containing CD34-APC and CD45-PE).



Differentiation of the hWJSCs

The hWJSCs were differentiated into adipocytes, chondroblasts, and osteocytes using adipocytic (A10070-01), chondrocytic (A10071-01), or osteocytic (A10072-01) differentiation kits (StemPro®; Thermo Fisher Scientific) as reported earlier (Gari et al., 2016). Briefly, the hWJSCs (5 × 104 cells/well) were seeded into three different 6-well plates and allowed to attach overnight, in the complete culture medium. The hWJSCs were then cultured in respective differentiation basal medium supplemented with appropriate supplement (StemPro® kit content; Thermo Fisher Scientific) with fresh addition/change of medium every 72 h. The control cells were cultured using the differentiation basal medium alone. The hWJSCs that were differentiated into adipocytes, chondroblasts, and osteocytes were stained with oil red O, alcian blue, or alizarin red, respectively, according to the manufacturer’s instructions (Sigma, MO, United States) and imaged using light microscopy.



Cell Morphology

Both the hWJSCs and the K562 cells were plated at a seeding density of 1 × 104 cells, respectively, per well in a 24-well tissue culture plate for co-culture experiments. The K562 cells were plated at a seeding density of 2 × 104 cells/well in a 24-well tissue culture plate for experiments with the hWJSC-CM (100%) and hWJSC-L (15 μg/ml). In all these experiments, the cells were cultured in a humidified 5% CO2 incubator at standard conditions of 37°C and air atmosphere for 24, 48, and 72 h. The morphological changes, if any, were imaged using a phase contrast microscope (Nikon ECLIPSE TS100, Japan).



Cell Metabolic Activity (MTT Assay)

The K562 cells were plated as above, and the metabolic activity in the different experimental arms, namely, the hWJSCs co-culture (hWJSC-CC), hWJSC-CM (100%), and hWJSC-L (15 μg/ml), following culture for 24, 48, and 72 h was evaluated using MTT assay according to the manufacturer’s instructions. Briefly, at the end of the treatment period, 10 μl MTT reagent in 100 μl of fresh culture medium was added and incubated for 4 h at 37°C in a humidified incubator containing 5% CO2. The medium was removed, and 200 μl of dimethylsulfoxide (DMSO) (Sigma, MO, United States) was added to each well and incubated for 30 min in the dark to solubilize formazan crystals. The absorbance at 570 nm was measured using a spectrophotometer (SpectraMax i3 Multimode reader; Molecular Devices, United States).



Cell Cycle (Propidium Iodide Assay)

The K562 cells were plated as above, and the cell cycle assay for the different experimental arms, namely, the hWJSC-CC, hWJSC-CM (100%), and hWJSC-L (15 μg/ml), was evaluated following culture for 48 h. The untreated K562 cells were used as a control. Briefly, the K562 cells were collected, washed in PBS thrice, and then fixed in ice-cold ethanol (70%) by dropwise addition to prevent cell clumps. The samples were stored at −20°C overnight. Before analysis, the fixed cells were centrifuged (1,000 rpm, 5 min) and washed twice with PBS. The cells were resuspended in 400 μl of staining solution containing propidium iodide (PI; 50 μg/ml) and RNAse (10 μg/ml). Following incubation in the dark for 15 min, the stained cells were analyzed using the FACS Aria III flow cytometer (BD Biosciences).



Cell Death (Annexin V–APC and PI Staining Assay)

Both the hWJSCs and the K562 cells were plated at a seeding density of 1 × 104 cells, respectively, per well in a 24-well tissue culture plate for co-culture experiments. The K562 cells were plated at a seeding density of 2 × 104 cells/well in a 24-well tissue culture plate for experiments with the hWJSC-CM (100%) and hWJSC-L (15 μg/ml). The cell death assay, namely, Annexin V–allophycocyanin (APC) and PI, in the different experimental arms was evaluated according to the manufacturer’s instruction, following culture for 48 h. Briefly, the cells were washed with Annexin V binding buffer, stained with 5 μl Annexin V–APC at room temperature (RT) for 15 min, and then counterstained with PI (1 mg/ml). The cells were then centrifuged (1,000 rpm, 10 min), and the pellet was resuspended in 400 μl of Annexin V binding buffer and analyzed using flow cytometry (FACS Aria III; BD Biosciences).



Gene Expression Analysis Using Real-Time Polymerase Chain Reaction

Gene expression following treatment of the K562 cells with either the hWJSC-CC, hWJSC-CM (100%), or hWJSC-L (15 μg/ml protein) and untreated controls at 48 h was evaluated using real-time polymerase chain reaction (qRT-PCR) as reported earlier (Kalamegam et al., 2018). Briefly, the total RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany). First-strand cDNA was synthesized with random hexamers using a reverse transcriptase kit (Promega, WI, United States), and qRT-PCR was done using the SYBR Green master mix (Life Technologies, Thermo Fisher Scientific, MA, United States). The following genes related to inflammation (IFN-γ, TNF-α, IL-1β, IL-4, IL-6, IL-8, IL-10, and IL-12A) and cell death (BAX, BCL2, BIRC5, CASP-3) were analyzed using StepOnePlusTM real-time PCR system (Thermo Fisher Scientific, MA, United States). The primer sequences were taken from earlier published studies and are given in Table 1.


TABLE 1. The genes and primer sequences used for real-time quantitative reverse transcription PCR.
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Cytokine Analysis Using Multiplex Bead-Based Immunoassay

The cytokine analysis was performed using the Human Cytokine Magnetic bead-based assay (Thermo Fisher Scientific). The culture supernatant collected at 48 h following treatment of K562 with the hWJSC-CC, hWJSC-CM (100%), or hWJSC-L (15 μg/ml protein) was assayed as reported earlier (Kalamegam et al., 2018). Briefly, the various kit contents were prepared to working concentrations before use in the experiment. The 96-well plate was pre-wetted with 1× wash buffer, 25 μl/well of the antibody-coated polystyrene magnetic beads was added, and the beads were washed twice with 1× wash buffer. The standard (1:3 dilution) and undiluted samples were added to the beads and incubated at RT on an orbital shaker for 2 h to capture the analytes. Biotinylated detection antibodies (100 μl/well) were added and incubated for 1 h at RT and then with streptavidin-R-phycoerythrin antibodies (100 μl/well) for 30 min. The plate was washed twice with a wash buffer between incubations with different antibodies, using a hand-held magnetic bottom to safely retain the magnetic antibody beads. The beads were finally resuspended in wash buffer and analyzed using the Luminex MAGPIX® instrument (Luminex Corporation, Austin, TX, United States). The data obtained were analyzed using the Luminex xPONENT® multiplex assay analysis software (v.4.2.1324.0; Luminex Corporation).



Statistical Analysis

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS) version 21. Students’ t-test or One-way ANOVA with Bonferroni post-hoc test was used for analysis between the control and treated groups. The values were expressed as mean ± standard error of the mean (SEM) from a minimum of three experimental replicates. Asterisk (∗) indicates the statistical significance of P < 0.05.



RESULTS


Culture Morphology of the hWJSCs and K562 Cells

The hWJSCs were successfully isolated from all the umbilical cords and established in culture. Numerous colonies of the cells were observed in the primary cultures that formed confluent adherent cell monolayers from the first passage onwards. These cells resembled short fibroblasts in the initial cultures, and in the later passages, they appeared as long spindle-shaped fibroblasts (Figures 1A,B). The K562 cells grew as a suspension culture and showed rapid cell expansion. The K562 cells demonstrated their characteristic spherical shape resembling undifferentiated blast cells. These cells in suspension cultures appeared as either single or small clusters (5–7 cells) (Figure 1C).
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FIGURE 1. Phase contrast images showing primary cultures of the human Wharton’s jelly stem cells (hWJSCs) derived from the umbilical cord obtained following normal full-term delivery at (A) early passage (P0) and (B) later passage (P5). (C) Phase contrast image of the human chronic myeloid leukemia cell line (K562) in culutre. (D) Representative histogram of the CD surface markers on the hWJSCs using fluorescent activated cell sorting (FACS) analysis. The MSC positive surface CD markers, namely, CD29, CD73, CD44, CD90, and CD105, and the MSC negative surface CD markers, namely, CD34 and CD45, are shown. The independent CD marker antigens were tagged with different fluorochromes. All the MSC positive CD surface markers demonstrated more than 90% positivity. PE, phycoerythrin; APC, allophycocyanin; FITC, fluorescein isothiocyanate.




hWJSCs Express MSCs Positive CD Markers

The early passages of the hWJSCs analyzed showed more than 90% expression of MSC-related CD surface markers, namely, CD29 (98.2%), CD73 (94.0%), CD90 (99.4%), CD44 (98.7%), and CD105 (99.7%) (Figure 1D). In addition, the hWJSCs were negative for the hematopoietic markers, namely, CD34 (0.6%) and CD45 (0.2%) (Figure 1D). The expression of MSC-related CD markers at high percentages confirmed the stemness potential of the hWJSCs.



hWJSCs Demonstrate Mesodermal Tissue Differentiation

The hWJSCs cultured in adipogenic, chondrogenic, and osteogenic differentiation media showed respective differentiation (Figure 2A). The hWJSCs cultured in adipocytic differentiation medium developed lipid vacuolations as early as 7 days of differentiation, and their numbers and size increased by day 21. These cells with vacuolations showed positive staining with oil red O (Figure 2A). The hWJSCs cultured in chondrocytic differentiation medium showed the transformation of spindle-shaped fibroblasts to more rounded chondroblast-like cells at day 21 that showed positive staining with alcian blue (Figure 2A) indicative of proteoglycans secretion in the extracellular matrix. In the osteogenic differentiation medium, the hWJSCs showed accumulation of granular deposits starting from day 14, and these cells showed positive staining with alizarin red (Figure 2A) indicative of calcium mineralization.
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FIGURE 2. (A) In vitro differentiation images of the human Wharton’s jelly stem cells (hWJSCs) into adipocytes (top row), chondrocytes (middle row), and osteocytes (bottom row). The left column represents the respective controls, the middle column shows the differentiated images, and the right column is the magnified images of the boxed area. (B) Phase contrast images of the chronic myeloid leukemai cell line (K562) treated with the hWJSC co-culture (hWJSC-CC, top row), hWJSC-conditioned medium [hWJSC-CM (100%), middle row), and hWJSC lysate (hWJSC-L (15 μg/ml), bottom row] for 24, 48, and 72 h. A mild to moderate decrease in the K562 cells was eveident with an increase in cell death (black arrows) with time following treatment with the hWJSCs or their extracts.




hWJSCs Alter the Morphology of K562 Cells

The morphology of the K562 cells treated with the hWJSCs, hWJSC-CM, and hWJSC-L showed mild to moderate changes in cell morphology at different durations of culture, namely, 24, 48, and 72 h. Upon co-culture, the K562 cells settled onto the surface of the adherent hWJSCs and demonstrated variable changes in their morphology with some showing cell shrinkage, whereas others were enlarged compared with the control (Figure 2B, top row). The K562 cells treated with the hWJSC extracts in general showed enlarged cells that later were associated with membrane damage and cell death in both the hWJSC-CM (Figure 2B, middle row) and the hWJSC-L (Figure 2B, bottom row).



hWJSCs Decrease the Metabolic Activity of K562 Cells

The biological baseline cultures of both the hWJSCs and the K562 cells showed an increase in the metabolic activity that indirectly reflects an increase in cell numbers with the duration of culture (Figures 3A,B). The increases in cell metabolic activity of the hWJSCs were 47.45 and 90.11% at 48 and 72 h compared with 24 h (Figure 3A). Similarly, the observed metabolic activities in the K562 cells were significantly increased by 24.54 (P = 0.018) and 57.48% (P = 0.0001), respectively, compared with 24 h (Figure 3B).
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FIGURE 3. Cell metabolic activity (MTT) assay showing the cell growth profiles of (A) the human Wharton’s jelly stem cells (hWJSCs), (B) the chronic myeloid leukemai cell line (K562), and (C) the K562 cells treated with the hWJSC co-culture (hWJSC-CC), hWJSC-conditioned medium (hWJSC-CM, 100%), and hWJSC lysate (hWJSC-L, 15 μg/ml) for 24, 48, and 72 h. Mean increases in proliferation of the hWJSCs and K562 cells indicative of their biological cell growth characteristics were observed (A,B). Mean decreases in proliferation of the K562 cells were observed following treatment with the hWJSCs and their extracts (hWJSC-CM, hWJSC-L) especially at 48 and 72 h, and these decreases were statistically significant compared with the control (C). The values are expressed as mean ± SEM of three different experiments. ∗ indicates statistical significance (P < 0.05).


The K562 cells co-cultured with the hWJSCs (hWJSC-CC) demonstrated a significant increase in the cell metabolic activity at 24 h by 44.85% (P = 0.0001). In contrast, significant decreases in cell metabolic activity by 15.52 (P = 0.028) and 49.12% (P = 0.0001) were observed at 48 and 72 h, respectively, compared with their controls (Figure 3C). The K562 cells treated with the hWJSC-CM (100%) showed moderate to high decreases in cell metabolic activity by 30.42 and 41.98% at 48 and 72 h, respectively (Figure 3C). Similarly, the K562 cells treated with the hWJSC-L (15 μg/ml) also showed high decreases in cell metabolic activity by 32.23 and 68.80% at 48 and 72 h, respectively, compared with their controls (Figure 3C). All the above decreases in cell metabolic activity were statistically significant (P = 0.0001).



hWJSCs Cause G2/M Arrest in K562 Cells

Cell cycle analysis of the K562 cells following treatment with the hWJSC-CC, hWJSC-CM (100%), and hWJSC-L (15 μg/ml) for 48 h demonstrated various changes in the sub-G1 and G2/M phases of the cell cycle (Figure 4A). The control (untreated) K562 cells showed normal cell cycle profiles. The K562 cells treated with the hWJSC-CC, hWJSC-CM, and hWJSC-L showed a decrease in the sub-G1 phase percentage by 3.2, 4.5, and 3.8%, respectively, compared with the control. There was an increase in the G2/M phase by 13.7 and 12.5% following treatment with the hWJSC-CC and hWJSC-CM (100%) compared with the control. In contrast, the K562 cells treated with the hWJSC-L (15 μg/ml) showed a decrease of 9.7% (Figure 4A).
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FIGURE 4. (A) Cell cycle (propidium iodide) assay. The K562 cells treated with the hWJSC co-culture (hWJSC-CC), hWJSC-conditioned medium (hWJSC-CM, 100%), and hWJSC lysate (hWJSC-L, 15 μg/ml) for 48 h showed an increase in the G2M phase of the cell cycle indicative of metaphase arrest. (B) Annexin V–APC and PI assay. The K562 cells treated as above with the hWJSCs and hWJSC extracts for 48 h showed an increase in the number of apoptosis cells compared with the control.




hWJSCs Induce Apoptosis in K562 Cells

Treatment of the K562 cells with the hWJSC-CC, hWJSC-CM (100%), and hWJSC-L (15 μg/ml) demonstrated cell death following incubation for 48 h (Figure 4B). The percentage of apoptotic cells was higher following treatment with the hWJSC-L (15 μg/ml) at 48 h compared with the hWJSC-CC and hWJSC-CM (100%). The K562 cells demonstrated apoptosis by 4.0, 3.9, and 4.5% with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively, compared with the control (Figure 4B).



hWJSCs Increase the Expression of Apoptotic Genes and Decrease the Inflammatory Genes

The K562 cells treated with the hWJSC-CC, hWJSC-CM (100%), and hWJSC-L (15 μg/ml) were evaluated for apoptosis- and inflammation-related genes. BIRC5 (Survivin) showed a decrease in expression in the treated group compared with the control (GAPDH). The fold decreases in Survivin expression were 3.9, 5.8, and 6.2 for the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively (Figure 5A). The anti-apoptotic BCL2 was increased compared with the control, but showed a declining trend with the hWJSC-CC (7.54-fold), hWJSC-CM (5.13-fold), and hWJSC-L (2.17-fold) in that order (Figure 5B). The pro-apoptotic BAX and CASP3 were increased compared with the control. The fold increases in BAX were 52.78, 84.86, and 142.58, and the fold increases in CASP3 were 442.55, 883.34, and 1,158.94 following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively (Figures 5C,D).
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FIGURE 5. Gene expression analysis of the apoptosis- (A–D), anti-inflammation- (E,F), and pro-inflammation-related genes (G–L), namely, BIRC5, BCL2, BAX, CASP3, IL-4, IL-10 IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12A, in theK562 cells treated with the hWJSC co-culture (hWJSC-CC), hWJSC-conditioned medium (hWJSC-CM, 100%), and hWJSC lysate (hWJSC-L, 15 μg/ml) for 48 h, using quantitative real-time PCR. Data analysis and relative quantitation were performed using the comparative Ct method (ΔΔCt). ∗ indicates statistical significance (P < 0.05) compared with the control.


The anti-inflammatory genes, namely, IL-4 and IL-10, were increased compared with the control (GAPDH). The fold increases in IL-4 were 1,814.46, 1,778.62, and 1,253.06, and the fold increases in IL-10 were 235.07, 368.96, and 529.23 following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively (Figures 5E,F). The following pro-inflammation-related genes, namely, IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12A, were increased compared with the control, but showed a declining trend with the hWJSC-CC, hWJSC-CM, and hWJSC-L in that order (Figures 5G–L). The fold increases in gene expression were as follows: IFN-γ by 343.31, 233.48, and 17.00; TNF-α by 84.16, 49.98, and 35.21; IL-1β by 1,926.25, 1,029.87, and 516.32; IL-6 by 134.94, 91.77, and 52.25; IL-8 by 44.5, 30.87, and 9.51; and IL-12A by 1,402.18, 657.52, and 63.74 following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively.



Multiplex Cytokine Profile

The secretion profile of some of the cytokines related to inflammation in addition to tumor invasion, progression, and migration, namely, IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12, demonstrated a decrease in values following treatment with the hWJSC-CC, hWJSC-CM (100%), and hWJSC-L (15 μg/ml) (Figures 6A–F). The mean decreases in values were as follows: IFN-γ by 9.70, 15.17, and 9.70%; TNF-α by 54.15, 68.36, and 47.3%; IL-1β by 20.15, 28.48, and 34.50%; IL-6 by 41.27, 32.17, and 34.22%; and IL-12 by 24.47, 59.47, and 38.51% following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively. IL-8 showed an increase by 30.57% (hWJSC-CC) and decreases by 96.01 (hWJSC-CM) and 99.47% (hWJSC-L) (Figure 6E). IL-10 showed a mean percentage increase by 27.09, 57.30, and 47.35% following treatment with the hWJSC-CC, hWJSC-CM, and hWJSC-L, respectively (Figure 6G).
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FIGURE 6. Expression levels of cytokines in the cell culture supernatant of the K562 cells treated with the hWJSC co-culture (hWJSC-CC), hWJSC-conditioned medium (hWJSC-CM, 100%), and hWJSC lysate (hWJSC-L, 15 μg/ml) for 48 h and analyzed using multiplex cytokine assay. The following pro-inflammation-related cytokines, namely, IFN-γ (A), TNF-α (B), IL-1β (C), IL-6 (D), IL-8 (E), and IL-12 (F), were decreased compared with the control. The anti-inflammatory cytokine IL-10 (G) was increased compared with the control. The values are expressed as mean ± SEM of three different experiments. ∗ indicates statistical significance (P < 0.05) compared with the control.




DISCUSSION

The erythroleukemia cell line K562, carrying the genetic abnormality of BCR-ABL1, derived from a pleural effusion of a female patient in blast crisis (Lozzio and Lozzio, 1975) is one of the most commonly used models for research on malignant hematopoiesis and molecular pathogenesis of leukemia. The presence of the oncogenic tyrosine kinase BCR-ABL1 leads to the activation and self-proliferation of the stem cell population and causes the dysregulation of the apoptotic pathways. Most commonly, the TKIs that target the BCR-ABL oncogenic pathways remain the frontline of CML therapy, which despite being effective initially, led to the later emergence of drug resistance. The presence of T3151 mutation is reported to be associated with the development of drug resistance and reduction in the efficacy of TKIs especially imatinib, and this subset of T3151 mutation was identified to be present in 7% of CML (Chahardouli et al., 2013).

Different forms of therapies are used against leukemia depending upon the type and stage of the disease; however, transplantation of stem cells continues to remain an important option. Allogenic HSCT has been used in the management of leukemic disorders for long, with variable success. Recently, the use of umbilical cord blood transplantation (UCBT) for leukemic patients who may require an allograft, as an alternative in the absence of an HLA-matched donor, is reported. However, the limitations observed with the widespread use of UCBT are in part due to their delay in the replenishment of the hematopoietic microenvironment and the immune competency to overcome the original disorder (Algeri et al., 2020). The MSCs, apart from their use as cell-based therapies in regenerative medicine, are reported to have both pro- or anti-cancer properties, either in their naïve state or after being engineered to carry apoptotic inducers or small molecules (Hmadcha et al., 2020; Wu et al., 2020).

In the present study, we have utilized the K562 cell line to study the anti-cancer properties of the hWJSCs in vitro using many independent assays. The derived hWJSCs demonstrated the expression of MSC-related CD surface markers (Figure 1D) and readily differentiated into mesodermal tissue lineage, such as adipocytes, osteocytes, and chondroblasts (Figure 2A). The cell morphology, where early passages resembled short fibroblasts and epithelioid cells and later passages showed long spindle-shaped fibroblast-like cells (Figures 1A,B), as well as their differentiation potential, was in line with earlier studies (Subramanian et al., 2015; Balgi-Agarwal et al., 2018). The MSCs including the hWJSCs have been used to replenish the depleted marrow or differentiated along the blood cell lineages for therapeutic applications against various blood disorders (Lin et al., 2014). We observed that the hWJSCs and their extracts (hWJSC-CM, hWJSC-L) caused cell shrinkage and membrane damage in the K562 cells leading to their death (Figure 2B) as well as their inhibition (Figure 3C). Lin et al. (2014) reported similar morphological changes and inhibition profile in the human Burkitt’s lymphoma cell line treated with the hUC-MSCs and their extracts (Lin et al., 2014). Besides, the hWJSCs and/or their extracts are reported to inhibit breast, bone, and ovarian cell lines in vitro mainly due to their paracrine effects (Chao et al., 2012; Kalamegam et al., 2018).

Cell cycle dysregulation is a hallmark of cancerous cells, and therefore arresting the progression of cell cycle or induction of apoptosis are considered as some important strategies for cancer therapeutics (Hanahan and Weinberg, 2011). We observed that the hWJSCs and hWJSC extracts caused cell cycle arrest of the K562 cells in the G2/M phase (Figure 4A). Interestingly, the G2/M phase has a checkpoint that signifies a potential target for cancer therapy. The cells that have damaged DNA in the late “S” or “G2” phases are prevented from entering the mitotic phase, thus halting the cell cycle progression (Wang et al., 2009). A recent study has reported an increase in the number of the K562 cells following co-culture with rat bone marrow-derived MSCs in the G0/G1 phase of the cell cycle, coupled with decrease in the “S” and “G2/M” phases indicating the inhibition of cell cycle progression (Fathi et al., 2019).

Tumor cells overcome the host surveillance and continue their survival by inhibiting apoptosis, and therefore considerable interest has been directed to understand the signaling mechanisms that impair or promote apoptosis in leukemia and thus guide novel therapeutics targeting apoptotic genes or pathways (Yang et al., 2016). We observed that the hWJSCs and/or their extracts inhibited the K562 cells by induction of apoptosis in addition to causing cell cycle arrest. The percentage of inhibition was more evident with the hWJSCs and hWJSC-L than with the hWJSC-CM (Figure 4B). Interestingly, Lin et al. (2014) demonstrated the ability of the hWJSCs and their extracts to induce apoptosis in lymphoma cells. Entosis as a mechanism for internalization of the hWJSCs during co-culture leading to the death of MDA-MB-231 breast cancer cells by lysosomal involvement has been reported (Chao et al., 2012). It is possible that the hWJSCs in the present study induced apoptosis by a similar mechanism with co-culture or by activating the cell death signaling mechanisms by the hWJSC secretions; however, further studies are necessary to conclusively prove this notion.

In line with the FACS analysis, we also observed an increase in the pro-apoptotic BAX and CASPASE 3 following treatment compared with the control (Figures 5C,D). Caspases are known to be involved in apoptosis, and that activation of caspase-3/7 results in DNA fragmentation (Cohen, 1997). A recent study also reported that exosomes released by the UC-MSCs sensitize the K562 cells to imatinib induction of apoptosis via activation of the caspases (Liu et al., 2018). The same authors, however, noted that the exosomes from the hUC-MSCs by itself did not have any inhibition of the K562 cells proliferation nor induced apoptosis by itself. The hWJSCs are specifically isolated from within the Wharton’s jelly matrix of the umbilical cord, and it is understood that there are MSCs from different compartments of the umbilical cord with varying stemness potentials (Subramanian et al., 2015). Therefore, it yet remains to be understood whether the cancer inhibitory effects of the MSCs depend on their inherent properties and/or their origin/source from where these stem cells are derived. The observed increase in BAX gene expression in the treated K562 cells indicates the altered balance of pro-survival to pro-apoptotic signaling mechanisms leading to the execution of the K562 cells. The SURVIVIN gene expression was also decreased in the K562 cells following exposure to the hWJSCs and their extracts (Figure 5A), thus impeding the survival of the K562 cells. SURVIVIN encoded by the BIRCH 5 gene located at chromosome 17 is known to inhibit apoptosis by (i) acting upon caspases, (ii) stabilizing the apoptosis inhibitor proteins, and (iii) regulating the apoptotic protease-activating factor 1 release from the mitochondria (Dohi et al., 2004; Sah et al., 2006). The anti-apoptotic BCL2 was higher than the control, which is quite expected in most cancer cell lines, but had a decreasing trend in the treated groups. Further studies will help us to better understand whether the BH3 only proteins of the BCL2 family are expressed following treatment with the hWJSCs and/or their extracts, which may then interact downstream with BAX leading to caspase activation and apoptosis.

To understand whether the hWJSCs might bring about the K562 cells inhibition via secretion of cytokines, we analyzed its secretory profile using multiplex bead-based cytokine analysis. We observed that the anti-inflammatory cytokine IL-10 was increased following treatment with the hWJSCs and their extracts (Figure 6G). The Th1 and Th2 cytokines produced by the CD4+ and CD8+ T cells might bring about the destruction of the CML cells. However, there was no reported increase in the Th1 or Th2 cell response in CML patients compared with healthy volunteers (Kiani et al., 2003). The present increase in IL-10 following the hWJSCs and their extracts may help either in priming the cytotoxic T helper cells and/or in overcoming the T cell anergy when administered alone or in combination with other immunological agents.

Chronic inflammation supports tumor initiation and progression, in part due to various soluble and cellular inflammatory mediators that allow tumor cells to escape immune surveillance. In the present study, we also observed that the pro-inflammatory cytokines that promote cancer progression, namely, IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12, were decreased (Figures 6A–F). An earlier study that evaluated the association between proinflammatory cytokines and cancer incidence revealed that IL-1β, IL-6, and TNF-α are associated with an increased risk of cancer (Trompet et al., 2009). However, it is important to understand that IL-6 and IL-8 help restore the hematopoietic activity of the bone marrow that becomes altered in CML and provides support to maintain the normal turnover of stem cells/progenitor cells (Shi et al., 2018). Dysregulation of the cytokine microenvironment in the bone marrow niche supports the progression of leukemia and also impairs normal hematopoietic stem cell turnover. In an elegant high-content screening study using a library of 313 cytokines, the positive regulators of primitive CML cells were screened, and it was identified that IFN-γ, IL-1β, and IL-6 had growth-promoting effects along with IL-3, IL-1α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) as reported earlier (von Palffy et al., 2020). Interestingly, the authors also identified five novel cytokines that were hitherto not reported but were associated with the growth-promoting properties of CML. They are myostatin propeptide, sCD-14, IL-21, Il-13v, and CCL-28. Of these, myostatin propeptide was identified to be the most potent in promoting the growth of CML primitive cells (von Palffy et al., 2020).



CONCLUSION

The present study analyzed the inhibitory effects of the hWJSCs and their extracts against the CML cell line (K562) in vitro. We observed that the hWJSCs and their extracts decreased the K562 cell numbers, by inducing cell cycle arrest and causing apoptosis. We also identified that the hWJSCs/hWJSC extracts upregulated the anti-inflammatory cytokines and downregulated the pro-inflammatory genes as well as the cytokines that probably led to the inhibition of the K562 cells. The emergence of other mutations and persistence of resistance of CML cells against existing management strategies have led researchers to look for novel therapeutic agents that might help remission. Given the beneficial role of HSCT when other therapeutic modalities fail or become less effective, it will be strategic to use the hWJSCs that carry both embryonic and MSC properties to help not only in the regeneration of the defective marrow but also in causing inhibition and cell death of the abnormal blast cells. However, further in-depth proteomics and metabolomics studies are necessary to identify the definitive molecule(s) and understand their cancer cell inhibitory mechanisms.
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Background: The lack of understanding of molecular pathologies of the solitary functioning kidney makes improving and strengthening the continuity of care between pediatric and adult nephrological patients difficult. Copy number variations (CNVs) account for a molecular cause of solitary functioning kidney, but characterization of the pathogenic genes remains challenging.

Methods: In our prospective cohort study, 99 fetuses clinically diagnosed with a solitary functioning kidney were enrolled and evaluated using chromosomal microarray analysis (CMA). The genetic drivers for the pathogenic CNVs were analyzed. We characterized QPRT localization in fetal kidneys using immunohistochemistry and its expression in adult kidneys using quantitative RT-PCR. Further, QPRT was knocked down using siRNA in human embryonic kidney (HEK293T) cells, and the cell cycle and proliferation were tested.

Results: Besides one Triple X syndrome and one Down syndrome, we identified a total of 45 CNVs out of 34 subjects. Among the 14 pathogenic CNVs, CNV 16p11.2 reached the highest number of records with the phenotype of kidney anomalies in the Decipher database. Among the 26 genes within the 16p11.2 region, as a key enzyme for nicotinamide adenine dinucleotide (NAD+) biosynthesis, QPRT was distinctly localized in renal tubules but was barely observed in renal interstitial and glomeruli in fetal kidneys. The loss of QPRT prevented cells’ efficient transition into S phase, affected cell-cycle progression, and abrogated proliferation of human embryonic kidney cells.

Conclusion: Our data suggest that QPRT is a candidate gene associated with susceptibility for solitary functioning kidney. The CNVs discovered in our study exhibit great potential for future applications in genetic counseling and pregnancy management.

Keywords: solitary kidney, DNA copy number variations, pentosyltransferases, urogenital abnormalities, cell cycle


INTRODUCTION

Congenital anomalies of the kidney and urinary tract (CAKUT), defined as a wide range of morphogenic malformations of the kidney and the urinary tract, are the predominant causes of pediatric end-stage renal diseases (ESRD). CAKUT are present at birth with a ratio of 3–7 out of 1000 newborns, and effecting 40%–50% of pediatric and 7% of adult ESRD (Nicolaou et al., 2015). Within the vast spectrum of CAKUT, solitary functioning kidney is one of the distinct conditions. The development of kidney and urinary tract requires a coordinately temporal and spatial interaction between the metanephric mesenchyme (MM) and the ureteric bud (UB) (Little et al., 2016). Any failure of interaction between the MM and the UB might lead to a solitary functioning kidney. According to macroscopic and microscopic anatomic features, solitary functioning kidney results from the following malformations of renal developments: impairment of the renal parenchyma, abnormalities of the embryonic migration of the kidneys, and absence of the kidney (Vieira et al., 2018). Phenotypes underlying a congenital solitary functioning kidney include absence or underdevelopment of a kidney, such as unilateral renal agenesis/aplasia (URA) (Woolf and Hillman, 2007), renal hypodysplasia (RHD), and multicystic dysplastic kidney (MCDK). In addition, a solitary functioning kidney can also be acquired after nephrectomy because of recurrent infections or severe hydronephrosis, like vesicoureteral reflux (VUR), pelviureteric junction obstruction (PUJO), megaureter, and duplex kidney (Westland et al., 2014). Diagnosis of solitary functioning kidney requires detailed physical examination, intravenous pyelography, ultrasonography, magnetic resonance imaging (MRI), or computed tomography (CT) examination, as well as the aid of the new technologies such as next-generation sequencing and chromosome microarrays. A better understanding of the pathogenesis of solitary functioning kidney can assist physicians in improving prenatal diagnosis, genetic counseling, and clinical management.

Identification of rare CNVs and new candidate genes can shed light on the mechanisms of solitary functioning kidney. However, due to CNVs usually affecting numerous dosage-sensitive genes (Rice and McLysaght, 2017), the identification of the culprit genes remains challenging. To date, more than 75 genes contribute to RHD, which contribute to 10%–15% of cases (Sanna-Cherchi et al., 2017). As one of the highest allele frequencies of pathogenic CNVs, 16p11.2 CNV has shown an association with the deficits in genitourinary (Haller et al., 2018), neurocognitive (Weiss et al., 2008; McCarthy et al., 2009; D’Angelo et al., 2016; LeBlanc and Nelson, 2016), cardiac (Ghebranious et al., 2007; Zhu et al., 2016), and metabolic (Bochukova et al., 2010; Walters et al., 2010; Jacquemont et al., 2011; Arbogast et al., 2016) development. Commonly 16p11.2 CNV harbors around 600 kb region that consists of 26 genes. Among these genes, MYC-Associated Zinc finger protein (MAZ) is a haploinsufficient transcription factor for genitourinary development (Haller et al., 2018). The Maz knockout mouse models have shown that the survival rates were dependent on Maz copy number, and homozygous loss resulted in high penetrance of CAKUTs. The loss of TBX6, encoding T-Box transcription factor, contributes substantively to the complex traits of sporadic congenital scoliosis (Wu et al., 2015).

Notably, QPRT within 16p11.2 locus shows the highest expression in kidney (Fagerberg et al., 2014). Nevertheless, the contributions that QPRT makes to kidney pathogenesis remains elusive. It has been reported that mutations of genes involved in de novo NAD+ synthesis (e.g., QPRT) cause multiple malformations (Shi et al., 2017). QPRT reduction contributes to higher acute kidney injury (AKI) susceptibility through depressing renal NAD+ and increasing urinary quinolinate, implying its role as a mediator of renal stress resistance (Poyan Mehr et al., 2018). Further, the QPRT knockout mice confirm the elevation of quinolinic acid level both in the brain (Fukuoka et al., 2012) and urine (Terakata et al., 2012). When the qprt knockout mice are fed an NiA-free diet, the mice show niacin deficiency. Compared with the group fed a complete diet, the body weight of the NiA-free diet group, especially the kidney weight, was significantly lower (Terakata et al., 2012). In addition, QPRT heterozygous mice show increased susceptibility to renal ischemia reperfusion injury than wild-types (Ralto et al., 2020). Therefore, it is reasonable to hypothesize that QPRT is a candidate gene associated with susceptibility for the kidney disease. However, augmentation of NAD+ using exogenous nicotinamide may protect the kidney against diverse stressors. In addition, QPRT inhibits spontaneous cell death by suppressing overproduction of active-caspase-3 (Ishidoh et al., 2010). QPRT regulates the genes and gene networks related to neuronal differentiation of SH-SY5Y cells in vitro, suggesting the function of QPRT in the pathogenesis of autism spectrum disorders in Chr16p11.2 deletion carriers (Haslinger et al., 2018).

In this study, we evaluated the role of rare CNVs by using microarrays in 99 patients enrolled with a solitary functioning kidney. This study establishes an analytical pipeline to define the CNVs and provides novel candidate genes for solitary functioning kidney for the follow-up validation. Here, we hypothesized that QPRT is implicated as a candidate gene associated with susceptibility for solitary functioning kidney and that QPRT loss results in alterations of cell proliferation and death. To test this hypothesis, QPRT was knocked down using siRNA in HEK293T cells, and functional assays were performed to investigate the potential mechanism of QPRT involvement in cell cycle and proliferation. These findings imply QPRT as a potential therapeutic target in solitary functioning kidney, and have implications for therapeutic approaches such as niacin treatment.



MATERIALS AND METHODS


Participants

The cohort of 99 pregnant Chinese women with their fetuses diagnosed with a solitary functioning kidney was enrolled from 2008 until 2017. Informed consent was obtained from all participants, and institutional approval (No. 2019190) was given by the medical ethical committee of the affiliated Huai’an No. 1 People’s Hospital of Nanjing Medical University, China. All pregnancies with a diagnosis of solitary functioning kidney by using ultrasound examinations were included. Those patients who did not have solitary functioning kidney were excluded from the study. The ultrasound phenotypes of a solitary functioning kidney include (1) RHD: the shadow of one side of the kidney significantly shrunken, with a smaller renal pelvis and calyxes instead of normal shapes; compensatory hypertrophy of the contralateral kidney; the normal position of both sides of the ureteric orifices. (2) Unilateral RA: non-visualization of one kidney with normal bladder and amniotic fluid; single renal artery; compensatory hypertrophy of the contralateral kidney. Bilateral RA: non-visualization of both kidneys and bladder in combination with anhydramnios; failure to visualize renal arteries. (3) MCDK: the presence of interfaces between cysts; non-medial location of the largest cyst; absence of an identifiable renal sinus or parenchymal tissue; multiplicity of oval or round cysts that do not communicate. If a prenatal ultrasound scan revealed that the fetus had solitary functioning kidney, fetal samples were obtained using amniocentesis or tissue or cord blood sampling.



Chromosomal Microarray Analysis

Genomic DNA was extracted from samples following standard protocols of QIAamp DNA Mini Kit (Qiagen, Germany). Human cyto12 SNP array (Illumina, San Diego, CA, United States) covering approximately 300,000 SNP probes was applied for the whole-genome scan. Molecular karyotype analysis was performed using KaryoStudio V 1.4.3.0 (Illumina). Results were interpreted using the UCSC1 GRCh37/hg19 assembly and were compared with data recorded in the Database of Genomic Variants (DGV2), DatabasE of genomiC varIation and Phenotype in Humans using Ensembl Resources (DECIPHER3), and Online Mendelian Inheritance in Man (OMIM4). According to the American College of Medical Genetics (ACMG) standards and guidelines for interpretation of copy number variants, chromosomal microdeletions/microduplications were classified into three categories: pathogenic CNVs, variants of uncertain significance (VOUS), and benign CNVs. CNVs were defined as pathogenic if (1) the CNVs were documented as clinically significant in multiple peer-reviewed publications, regardless of its penetrance and expressivity, or (2) the CNVs overlapped with well-established clinical significance. CNVs that have been reported as benign variants in multiple peer-reviewed publications or databases were considered benign. CNVs that did not fit any of the above criteria were considered as VOUS. Fetuses with pathogenic CNVs were suggested for termination of pregnancy, while the remaining fetuses were required for follow-up until birth.



Immunohistochemistry (IHC)

Immunohistochemistry was performed on slides containing paraffin sections. Slides were deparaffinized by xylene followed by serial rehydration in ethanol. Antigen retrieval was performed by heating slides to 95°C for 10 min in 0.1 mol/L citric acid repair solution (pH 6). Endogenous peroxidase activity was blocked by incubating slides in 3% hydrogen peroxide for 10 min. After rinsing, the slides were blocked in 5% BSA solution and incubated in a wet box at room temperature for 30 min. The slides were incubated in primary antibody (anti-QPRT: 25174-1-AP; Proteintech Group) overnight at 4°C. Next, the biotinylated secondary antibody [Goat Anti-Rabbit IgG H&L (Biotin): ab6720; Abcam] was added to the slides for 20 min at room temperature. DAB peroxidase Substrate Kit was used for visualization, and hematoxylin was used as a counterstain. Slides were mounted following serial dehydration.



Quantitative RT-PCR

Quantitative RT-PCR experiments were performed to estimate QPRT copy number on control adult and fetal human tissues. Each sample was assayed in triplicate for each gene by using SYBR Green PCR Master Mix on a BioRad CFX96 qPCR System. Two primer couples were employed to amplify QPRT and reference gene 36B4 (Table 1). The copy number of QPRT was calculated by dividing the yield of the QPRT gene by that of the reference gene. The reaction mix for each sample was prepared in a 96-well plate, and the plate was placed in the Biorad CFX ConnectTM Real-Time PCR machine. Samples were run as recommendations. Samples were pre-denatured at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 58°C for 30 s, and 72°C for 30 s. At the end of the thermal profile, the temperature was increased slowly from 60° to 95°C to generate a dissociation curve.


TABLE 1. Primer sequences.
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QPRT siRNA Knockdown and Validation

We used chopchop to design the target siRNA, and then delivered for synthesis. HEK293T were plated in 6-well plates at 50,000 cells per well, and transfected using lipofectamine RNAi-MAX reagent with 10 nM final concentration of siRNA following the manufacturer’s instructions. After transfection, knockdown was validated by qRT-PCR. RNA was extracted and cDNA was synthesized according to the reverse transcription kit. The cDNA was used as a template and GAPDH was used as an internal reference. After the reaction was completed, the relative quantitative analysis of Cq value was performed by the 2–△ △ Ct method to calculate the relative expression of QPRT in each group of cells. Primer sequences (QPRT validation/GAPDH) were presented in Table 1.



Western Blotting

The QPRT knockdown (QPRT siRNA), negative control (QPRT siRNA NC), and wildtype (control) HEK293T cells were seeded in 6-well plates. Cells were lysed in lysis buffer for 30 min on ice, and then insoluble materials were removed after 15 min centrifugation at 10,000 rpm/min. Protein concentrations were determined by BCA assay (Pierce, Rockford, United States). Lysate supernatant was separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (IPVH00010, Millipore). The membrane was incubated with Rabbit monoclonal antibody against QPRT (ab171944; Abcam) or Mouse Anti-GAPDH antibody (1/2000; TA-08; ZSGB-BIO) followed by incubation with peroxidase-conjugated goat anti-rabbit IgG (H + L) (1/2000; ZB-2301; ZSGB-BIO) and peroxidase-conjugated goat anti-mouse IgG (H + L) (1/2000; ZB-2305; ZSGB-BIO) secondary antibody, respectively. Western blots were developed using ECL solution. Grayscale results were analyzed by “Quantity one” software.



Cell-Cycle Assay

After trypsin digestion, HEK293T cells were incubated in 1 ml DNA Staining solution and 10 ul Permeabilization solution mixture at room temperature for 30 min in the dark. Then flow cytometry was used for cell-cycle analysis. For apoptosis study, cells were resuspended in 300 ul of pre-chilled 1× binding buffer, and treated with 3 ul of Annexin V-FITC and 5 ul of propidium iodide (PI) at room temperature for 10 min in the dark. After mixing with 200 ul of pre-chilled 1× binding buffer, cells were analyzed by flow cytometry (Ex = 488 nm; Em = 530 nm) using FITC signal detector (usually FL1) and the phycoerythrin emission signal detector (usually FL2). Annexin V-FITC indicates loss of membrane asymmetry/phosphatidylserine exposure and PI denotes nuclear condensation. When cells are double stained with Annexin V-FITC and PI, three different cell populations may be observed: live cells that do not stain with either Annexin V-FITC or PI, necrotic cells that stain with both reagents, and apoptotic cells that stain with Annexin V-FITC only. After treatment with both dyes, apoptotic cells show green fluorescence, dead cells show red and green fluorescence, and live cells show little or no fluorescence.



Statistical Analysis

The GraphPad Prism (version 8.0.1) was used for statistical analysis. One-way ANOVA was chosen from the list of column analyses. The difference in the mean between the groups was analyzed by the t-test. p < 0.05 was considered for significant differences.



RESULTS


Patient Characteristics

During 2008 to 2017, a total of 99 pregnant Chinese women with their fetuses diagnosed of a solitary functioning kidney by ultrasound were recruited in this study. Among them, seven fetuses were diagnosed as acquired solitary functioning kidney, and the remaining fetuses were matched with congenital solitary functioning kidney. As shown in Table 2, the mean gestational age of these women recruited at the time of CMA test was approximately 25.1 weeks. Accordingly, two fetuses (2.02%) were diagnosed with aneuploidy (one case with trisomy 21 and one with Triple X syndrome), and 34 fetuses (36.36%) were diagnosed with CNV (Supplementary Table 1). The mean maternal age for pregnant women with aneuploidy fetuses was 26.5 years old while that for pregnant women with CNV fetus was 28.5 years old. Moreover, the gestational age of pregnant women with CNV fetus is comparably longer than that of pregnant women with aneuploidy fetuses. The mean gestational age of these women recruited for CNV analysis was approximately 25.1 weeks. And the sex ratio among the CNV fetuses was 19:15 (female:male).


TABLE 2. CMA results for fetuses with a solitary functioning kidney in our prospective study.
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Chromosomal Microarray Analysis (CMA) Analyses

All samples collected from the fetuses were analyzed by CMA. As shown in Figure 1, CMA testing upon 99 subjects identified a total of 45 CNVs out of 34 subjects (defined as CNV size > 66 kb; details are listed in Supplementary Table 1). The majority of these large CNVs were duplications (n = 38, 80.85%) while the rest were deletions (n = 7, 15.6%). According to UCSC GRCh37/hg19, these fetuses carried eight genomic imbalances with significant overlap with known genomic disorders, accounting for 8.1% of the cohort. Median large CNV size was 318,347 bp (range 66,842–5,299,999 bp). The most frequently identified CNVs were Xp22.33 duplication (N = 4), 2q13 duplication (N = 2) and 5q35.3 duplication (N = 2). By comparing with the data recorded in the Database of Genomic Variants (DGV), only one CNV was interpreted as benign CNV. Moreover, CNVs from 12 fetuses, which accounted for 11.1% of the cohort, matched with the records in the Database of Decipher or relevant published works for known genomic disorders or overlapped with pathogenic CNVs with a similar phenotype, which were therefore interpreted as pathogenic CNVs.
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FIGURE 1. The CMA approach identifies CNVs upon subjects with a solitary functioning kidney. Several publicly available databases were used as reference resources (see the section “Materials and Methods”). CMA test upon 99 subjects identified a total of 45 CNVs out of 34 subjects. CNVs from 12 fetuses, which accounts for 11.1% of the cohort, were interpreted as pathogenic CNVs. Besides, CMA results included two cases of aneuploidy (one case of triple X cases and one case of Down syndrome). N indicates the number of the fetuses. n indicates the number of the CNVs.




The Architecture of Pathogenic CNVs

Among the pathogenic CNVs (n = 14) from 12 fetuses, eight types of CNVs from seven fetuses were found to overlap with the records in Decipher database with the same mutation type (duplication/deletion), as listed in Table 3. The size of the identified pathogenic CNVs in this study ranged from 84 kb to 521 kb. It is noteworthy that two subjects, fetus 10 and fetus 82, were diagnosed with carrying two different pathogenic CNVs. Fetus 82 had a syndrome of ectopic kidney, with 7q36.2 duplication and 9p24.1p23 deletion. Fetus 10 had a syndrome of left multicystic renal dysplasia, with 10p12.31 duplication and 12p11.23 deletion. Meanwhile, fetus 77 carried a 4p16.1 CNV which matched with three records in the Decipher database. Similarly, fetus 16 carried an 8p23.2 duplication and fetus 47 carried a 16p11.2 deletion which respectively matched with two and four records in the Decipher database. Furthermore, fetus 45 and fetus 46 both carried 22q11.2 duplications, with the phenotype being malrotated kidneys. Among the pathogenic CNVs (n = 14), fetus 47 carried a 16p11.2 deletion which matched with the highest records in the Decipher database. Therefore, we chose 16p11.2 for our prioritization research.


TABLE 3. The pathogenic CNVs in this study are matched with the records in the Decipher database for same mutation types (duplication/deletion).
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Identification of Potential Genetic Drivers for Pathogenic CNV Phenotypes

To define the candidate genetic drivers for the phenotype of the eight types of CNVs (Figure 2 and Table 3), a total of 37 genes were identified out of seven types of CNVs, and no genes was found in 8p23.2 locus (Table 4). To be specific, only one gene, namely PTPRD (Protein Tyrosine Phosphatase Receptor Type D), was identified in 9p24.1p23. In addition, DPP6 (Dipeptidyl Peptidase Like 6) and TOP3B (DNA Topoisomerase III Beta) were respectively identified within 7q36.2 and 22q11.22 locus. For 4p16.1 region, three genes, ACOX3, HTRA3, and SH3TC1, were identified. Moreover, we identified miRNAs (microRNAs) in the CNVs as well. For example, miR-4675 was the only gene identified in 10p12.31. Besides, two miRNAs (DGCR5 and DGCR9), as well as PRODH (Proline Dehydrogenase 1), were found to be located within the 22q11.21 region. Notably, mutation in TOP3B is associated with 22q11.2 Duplication Syndrome. DGCR5, DGCR9, and PRODH in 22q11.21 have been reported to be associated with Digeorge Syndrome. Unlike other CNVs, 16p11.2, which was selected for prioritization research, was identified to harbor 26 genes, among which seven genes were previously reported to be associated with kidney development.
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FIGURE 2. Flow diagram shows the study selection process from CNVs to candidate genes for a solitary functioning kidney. For all CNVs, deletions and duplications that showed significant overlap with pathogenic or unlikely pathogenic CNVs in public databases were included. After annotation of gene content, genes that were reported to cause solitary functioning kidneys and genes with known mouse model, as well as the genes with allele frequency ≥ 0.1, were selected. Next, the gene expression profiles in the kidney for all high-priority genes that are implicated in renal disease or other associated clinical data were evaluated. Finally, of these high-priority genes, the ones related with signal pathway of kidney development directly or indirectly, as well as the ones interacting with the known CAKUT pathogenic genes, further facilitate the selection of candidate genes. By using this systematic bioinformatic approach, we prioritized candidate genes for the solitary functioning kidney.



TABLE 4. The 37 genes within these pathogenic CNVs.
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Identification of Potential Susceptibility Genes for 16p11.2 CNV

Combining with a retrospective into the literature about 16p11.2 duplication/deletion syndromes, we listed the phenotype and pathogenicity of another eight kidney abnormal patients harboring 16p11.2 dosage variations besides fetus 47 in our study (Table 5). By compiling the CNVs of these nine patients into a CNV overlap map, it is easily visible that eight out of nine patients harbored a genomic space in 16p11.2 between coordinator 29,673,954 and 30,085,308 (Figure 3). The molecular mechanisms of five genes specifically involved in the diseases, MAZ, PAGR1, MVP, TBX6, and MAPK3, have been studied (Supplementary Table 2). Meanwhile, among the other three genes, only QPRT was reported to be associated with the pathogenesis of neurodegenerative disorders, which was also a syndrome of 16p11.2. And the expression profiles provided by GTEx Portal5 indicated that QPRT was highly expressed in kidney with an FPKM value of 37.95. Therefore, we chose QPRT as a candidate gene associated with susceptibility for solitary functioning kidney.


TABLE 5. Pathogenic CNVs in 16p11.2 with the phenotypes of the solitary functioning kidney in reviewed studies.
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FIGURE 3. The minimal region (411 kb) of 16p11.2 CNVs in eight patients with renal anomalies from the DECIPHER database and literature was defined. QPRT occupies the minimal region of 16p11.2 CNVs in patients with solitary functioning kidneys. The first bold CNV was from this study. (+) indicates duplication; (–) indicates deletion.




Expression Profile of QPRT

Immunohistochemical staining of the healthy fetal kidney demonstrated that QPRT was distinctly detected in renal tubules while being barely observed in renal interstitial and glomeruli (Figure 4). Furthermore, we randomly selected 20 fetuses (from the cohort of solitary functioning kidney, as case group) and 20 healthy adults (as control group) for quantitative real time polymerase chain reaction (qRT-PCR) to analyze the CNV of QPRT. As shown in Figure 5, the average QPRT copy number of control group was significantly higher than that of case group. Moreover, according to the Exome Aggregation Consortium database (ExAC6), QPRT has a loss-of-function variant frequency of <1:1,000, and the pLI score which means the gene’s tolerance to a loss of function mutation is 0.59. Taken together, the above results implied that QPRT mutation might have an indirect role in nephrogenesis during the fetal period.
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FIGURE 4. The localization of QPRT in healthy fetal renal tissues (70 days of gestation) was evaluated by immunohistochemical analyses. QPTR had strong expression in renal tubes (red arrows), whereas they were weakly or not expressed in renal interstitial and glomeruli. Scale bar: 80 μm in panels (A,B).
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FIGURE 5. Scatter dot plot of QPRT copy number results of 40 clinical samples by qRT-PCR. The control group was composed of 20 healthy adults, and the case group consisted of the other 20 fetuses from the 99 solitary functioning kidney cohort.




Knockdown of QPRT in HEK293T Cells Disrupts Cell Cycle and Results in Growth Deficiency

To verify the potential functional link between the inactivation of QPRT and renal cell development, QPRT was knocked down using siRNA in human embryonic kidney cells, and the successful knockdown of QPRT was further confirmed by western blot (Figures 6A,B) and qRT-PCR (Figure 6C). Moreover, CCK8 assay demonstrated that QPRT knockdown cells significantly exhibited reductions in proliferation (Figure 6D). Flow cytometry data revealed that the apoptosis rate of QPRT knockdown cells was significantly higher than the control groups. The QPRT knockdown cells cannot enter the S phase with the same efficiency as control cells, showing a 21% reduction in the number of cells able to enter S phase over the same time frame. Compared with the control group, the percentage of cells in the G2 phase was more significantly increased than that of the G1 phase. The reduction in the number of cells in S phase and the increased efficiency of entering G2 phase indicated that cells transfected with QPRT siRNA cannot divide properly from tetraploid to diploid (Figure 6E). Hence, cell proliferation was inhibited. Together, these findings suggest that QPRT is involved in the regulation of cell-cycle progression and proliferation of HEK cells.
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FIGURE 6. Knockdown of QPRT in HEK293 cells by using siRNA transfection inhibits growth and disrupts the process of cell cycle. The knockdown cells were validated by (A) quantifications of western blots, (B) western blot, and (C) qRT-PCR for QPRT. (D) CCK8 assays for cell proliferation after 48 h transfection were performed and showed that QPRT knockdown cells exhibited significant reduction in growth efficiency. (E) Apoptosis and cell cycle analysis by flow cytometry revealed that QPRT KD cells cannot enter the S phase with the same efficiency as the control cells, showing a 21% reduction in the number of cells able to enter S phase over the same time frame. NC indicates negative control group, which was transferred with empty vectors (*P-value < 0.05, vs. control group).




DISCUSSION

Here our findings identify that diverse pathogenic CNVs account for 12.1% of diseases in fetuses with a solitary functioning kidney. The lack of a comprehensive understanding of the pathogenesis of solitary functioning kidney restricts the development of genetic counseling and pregnancy management. Here we proposed an in silico pipeline to narrow down the pathogenic CNVs to identify the possible genetic drivers for follow-up studies, and in total 14 pathogenic CNVs of 99 subjects were identified. However, the partial of familial DNA in the study was not available for CNV analysis, which limited the confirmation of genetic causation.

To define the candidate genetic drivers for the phenotype of the eight types of CNVs, a total of 37 genes were identified out of seven types of CNVs, and no genes were found in 8p23.2 locus. To be specific, only one gene, namely PTPRD (Protein Tyrosine Phosphatase Receptor Type D), was identified in 9p24.1p23. In addition, DPP6 (Dipeptidyl Peptidase Like 6) and TOP3B (DNA Topoisomerase III Beta) were respectively identified within 7q36.2 and 22q11.22 locus. For 4p16.1 region, three genes, ACOX3, HTRA3, and SH3TC1, were identified. Notably, PRODH (Proline Dehydrogenase 1) in 22q11.21 has been reported to be associated with Digeorge Syndrome, and mutation in TOP3B is associated with 22q11.2 Duplication Syndrome. As the prioritization research shows, 16p11.2 was identified to harbor 26 genes, among which seven genes were previously reported to be associated with kidney development.

Moreover, we identified ncRNAs (non-coding RNAs) in the CNVs as well. miRNA and lncRNAs are two major families of the ncRNAs, which regulate fundamental cellular processes via diverse mechanisms. The association of ncRNAs with a specific state of diseases makes them potential candidate biomarkers for the pathogenesis of human diseases. In this study, we identified miR-4675 within the locus 10p12.31 as a novel candidate susceptibility gene for kidney malformations for the very first time. To date, there was no according descriptions nor OMIM database records in respect to the functions of miR-4675. Besides, two lncRNAs (long non-coding RNA) (DGCR5 and DGCR9), which have assessed their relationship with Digeorge Syndrome and Velocardiofacial Syndrome (Gao et al., 2015), were found to be located within the 22q11.21 CNV. Intriguingly, in addition to the structural genes within each CNV, we also identified one intergenic CNV 8p23.3. We speculated this rare intergenic CNV might regulate the flank candidate genes which function in kidney development.

The fact that the average QPRT copy number of control group was significantly higher than that of case group suggests that the low copy number of QPRT is one of the attributes of the solitary functioning kidney. Since loss of QPRT leads to defective phenotypes (e.g., AKI), this study aims to reveal the contributions QPRT makes to the phenotypes of 16p11.2 deletion. However, we cannot exclude MAZ as a culprit. Here, we speculate that QPRT might act in an interactive manner to modify the culprit’s penetrance and expressivity, or that multiple genes including QPRT may act together as drivers with reciprocal interactions.

Given that QPRT can inhibit apoptosis in malignancies (Ishidoh et al., 2010; Sahm et al., 2013; Ullmark et al., 2017) and neuronal cells (Haslinger et al., 2018), we questioned whether knockdown of QPRT results in disrupted HEK293T cell growth. However, HEK293T cells are not of embryonic kidney origin but adrenal gland origin, which is a limitation of our study. In the future, to confirm these results, further studies in more types of kidney cells are needed. Consistent with the previous results, this study shows that QPRT deficiency reduces the cells proliferation, impedes cell cycle progression, prevents the cells transition into S phase effectively, abrogates cell division, and promotes cell death. Moreover, the exact localization of QPRT in fetal kidney implies the regulation of QPRT in human renal tubules development. However, Katsumi’s research didn’t show the kidney histological features of the QPRT knockout mice. Therefore, analyzing the QPRT knockout mouse model could help elucidate the molecular etiology of QPRT loss at kidney malformations.

To elucidate the underlying mechanisms of QPRT-knockdown-induced kidney cell death in our study, we investigated the expression of WNT4 and WNT11, as well as WT1. Previous studies reported that dysregulations of WNT expression cause a variety of developmental disorders, such as CAKUT (Halt and Vainio, 2014). Specifically, WNT4 is essential for nephrogenesis through regulating kidney tubule induction (Itaranta et al., 2006). Impairment of WNT11 leads to kidney tubular abnormalities and secondary glomerular cystogenesis (Nagy et al., 2016). Moreover, Wilms Tumor 1 (WT1) negatively regulates WNT/beta-catenin pathway in nephrogenesis (Kim et al., 2010). In leukemic cells, QPRT is a direct target gene of WT1, where WT1 binds to a conserved site of the first intron of the QPRT gene (Ullmark et al., 2017). As shown in Supplementary Figure 1, WNT4 was significantly increased in QPRT reduction cells. Yet, the expression of WNT11 did not show a significant decrease. Consistent with the study in leukemic cells, the dramatic down-regulation of potent developmental regulators WT1 was observed in QPRT-suppressed human kidney cells (see Supplementary Figure 1), further strengthening the negative role of WT1 in regulating WNT/beta-catenin pathway. Together, these data indicate that WNT pathway is likely to play a role in the QPRT-deleted kidney cells. Nevertheless, to comprehensively understand the mechanism of QPRT in kidney development, the cDNA of the QPRT knockdown cells needs to be subjected to expression microarrays consisting of the majority representative WNT pathway probes.

Genetic diagnosis of solitary functioning kidney facilitates physicians to correctly diagnose the extent of the disease to improve prognostic counseling and personalized disease management. By understanding the molecular pathways which are required for normal kidney development, new therapies can be developed to neutralize the genetic imbalances of solitary functioning kidney in the hopes that fewer infants will be born with these defects.
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Background: Acute myocardial infarction (AMI), a common complex disease caused by an interaction between genetic and environmental factors, is a serious type of coronary artery disease and is also a leading cause of death worldwide. Autophagy-related 16-like 1 (ATG16L1) is a key regulatory factor of autophagy and plays an important role in induced autophagy. In the cardiovascular system, autophagy is essential to preserve the homeostasis and function of the heart and blood vessels. No studies have hitherto examined the association between AMI and ATG16L1 gene promoter.

Methods: We conducted a case-control study, using polymerase chain reaction and sequencing techniques, dual luciferase reporter assay, and electrophoretic mobility shift assay, to analyze genetic and functional variation in the ATG16L1 gene promoter between AMI and controls. A variety of statistical analyses were used to analyze the allele and genotype frequencies and the relationship between single-nucleotide polymorphisms (SNPs) and AMI.

Results: In all, 10 SNPs and two DNA-sequence variants (DSVs) were identified in 688 subjects, and three ATG16L1 gene promoter mutations [g.233250693 T > C (rs185213911), g.233250946 G > A (rs568956599), g.233251133 C > G (rs1301744254)] that were identified in AMI patients significantly altered the transcriptional activity of ATG16L1 gene promoter in HEH2, HEK-293, and H9c2 cells (P < 0.05). Further electrophoretic mobility shift assays indicated that the SNPs affected the binding of transcription factors (P < 0.01).

Conclusion: ATG16L1 gene promoter mutations in AMI patients may affect the binding of transcription factors and change the transcriptional activity of the ATG16L1 gene, changing the level of autophagy and contributing to the occurrence and development of AMI as rare and low-frequency risk factors.

Keywords: acute myocardial infarction, ATG16L1, gene promoter, single-nucleotide polymorphisms, autophagy


INTRODUCTION

Acute myocardial infarction (AMI) is a serious type of coronary artery disease (CAD) and is a leading cause of death worldwide (Lopez et al., 2006). CAD is a common complex disease resulting from an interaction between genetic and environmental factors (Yusuf et al., 2004). Accepted and suspected risk factors include age, smoking, hyperuricemia, hypertension, hyperhomocysteinemia, obesity, diabetes, triglyceridemia, hypercholesterolemia, and psychosocial stress (Broeckel et al., 2002). Genome-wide association studies have identified about 152 loci associated with AMI and CAD in humans (Deloukas et al., 2013; Khera and Kathiresan, 2017). Most of these variants are in non-coding regions and are co-inherited with hundreds of candidate regulatory variants (Miller et al., 2016). CAD is a complex disease that is affected by DNA variants at numerous loci distributed throughout the genome (Musunuru and Kathiresan, 2019). These mutations usually have little effect and do not drive a classic Mendelian inheritance pattern within a family, so large-scale, population-based association studies are needed to examine them closely (Musunuru and Kathiresan, 2019). Atherosclerosis is an inflammatory disease that interacts with immune mechanisms and is also a main cause of CAD (Wolf and Ley, 2019). Inflammation plays a key role in CAD, acute coronary events, and other manifestations (Hansson, 2005; Watkins and Farrall, 2006; Newby, 2019). Autophagy proteins contribute to the functioning of virtually all cell types involved in inflammation (Matsuzawa-Ishimoto et al., 2018). It plays an important role in both innate and adaptive immunity. Some studies have shown that autophagy genes are associated with inflammatory diseases (Kuballa et al., 2012). Autophagy also plays an important role in inflammation and the inhibition of apoptosis, and has a protective effect in atherosclerosis, acting as a cholesterol efflux promoter (Martinet and De Meyer, 2009; Ouimet et al., 2011; Razani et al., 2012). Autophagy has also been demonstrated to have a protective effect in the cardiac ischemic response. In addition, the inhibition of autophagy leads to adverse cardiac remodeling after AMI (Wang et al., 2018). ATG16L1 is a well-known key regulator of autophagy. To identify new loci that influence the progress of AMI, we compared genetic and functional variation in the ATG16L1 gene promoter between AMI patients and healthy people.

Macroautophagy is often simply referred to as autophagy, a conservative process transported to the lysosome through a double-membrane-bound vesicle intermediate; it is a central catabolic process that is essential for cell homeostasis under basal and stress conditions and has broad implications (Dikic and Elazar, 2018; Leidal et al., 2018; Schütter et al., 2020). Autophagy is catabolic for the lysosomal degradation of cytosolic components in eukaryotes and has been implicated in physiological and pathological processes in several human diseases (Mizushima et al., 2010). An increasing body of evidence indicates that dysfunction in autophagy is part of various metabolic disorders, including obesity, diabetes, atherosclerosis, and non-alcoholic fatty liver disease (Ueno and Komatsu, 2017; Zhang et al., 2018). It is mediated by evolutionarily conserved autophagy-related genes, and it selectively targets dysfunctional organelles, intracellular microorganisms, and pathogenic proteins that may lead to disease. There is a clear etiological link between the mutations that control autophagy and human diseases, particularly neurodegenerative diseases, inflammatory diseases, and cancer (Levine and Kroemer, 2019). Autophagy is mediated by a large group of autophagy-related proteins (ATGs). Their roles include autophagy induction, autophagosome formation and extension, autophagolysosome formation, and the degradation of contents (Hansen et al., 2018). More than 30 kinds of ATGs have been found to regulate autophagy. ATG16L1 contains an N-terminal ATG5-binding domain and a middle coiled-coil domain (CCD) that mediates homodimerization (Xu et al., 2019b). It forms the ATG12–ATG5–ATG16L1 dimer with ATG12 and ATG5, which are essential for proper extension of the isolation membrane (Levine et al., 2011; Scrivo et al., 2019). ATG16L1 has the inherent ability to bind to lipids, which plays an important role in the process of LC3 liposomeization and autophagosome maturation (Dudley et al., 2019). In addition, ATG16L1 precursor homofusion is a key event in the early stage of cell autophagy, which combines the acquisition of cell membranes with the formation of autophagosomes and regulates the size of vesicles (Moreau et al., 2011).

Studies have shown that coding variation in ATG16L1 is related to autophagy and endoplasmic reticulum (ER) dysfunction. ATG16L1 deficiency aggravates the harmful effects of IL-22 signal transduction and leads to excessive death of epithelial cells (Aden et al., 2018). This cytoprotective function of ATG16L1 is associated with the role of autophagy in promoting mitochondrial homeostasis (Matsuzawa-Ishimoto et al., 2017). ATG16L1 is necessary for lysosomal exocytosis and the formation of plasma-membrane vesicles, and it promotes toxin resistance and inhibits Lm cell proliferation by promoting plasma-membrane repair. ATG16L1 deficiency can lead to an accumulation of cholesterol in cells, damage to cell-membrane repair, and the exocytosis of lysosomes, which can lead to defects in membrane repair (Tan et al., 2018). ATG16L1 is a target of the PKA activity of endothelial cells. The phosphorylation of ATG16L1 reduces the autophagy of endothelial cells. PKA activity promotes angiogenesis by restricting the phosphorylation of ATG16L1 (Zhao et al., 2019). The reversible phosphorylation of ATG16L1 plays an important role in the regulation of hypoxia/reoxygenation (H/R) in autophagy. H/R can increase autophagy and promote the phosphorylation of ATG16L1 in cultured cardiomyocytes, which may have a role in protecting cardiomyocytes from apoptosis under metabolic stress (Song et al., 2015). Although there have been some studies and reports on ATG16L1 in the context of immunity, atherosclerosis, and cardiomyocytes, there has been no work on the role of the ATG16L1 gene in the occurrence and development of CAD or AMI. DNA-sequence variants (DSVs) and single-nucleotide polymorphisms (SNPs) in the promoter of the ATG16L1 gene in patients with AMI have not been studied or reported. We speculate that mutations in the ATG16L1 gene promoter may lead to abnormal gene expression, and this may play an important role in the occurrence and development of coronary heart disease and AMI. Therefore, we investigated gene mutations in the promoter region of ATG16L1 in AMI and studied its effects on the transcription activity of the ATG16L1 gene and its potential mechanism for the formation and progress of AMI.

In this innovative study, genetic and functional variation in the ATG16L1 gene promoter was evaluated in AMI patients and in normal populations across China for the first time.



MATERIALS AND METHODS


Study Subjects

A randomly selected experimental group of 329 patients (237 males and 92 females; mean age: 63.80 ± 12.27 years) with clinically confirmed AMI was recruited from the Affiliated Hospital of Jining Medical College from November 2012 to February 2017. At the same time, we recruited a control group of 359 healthy controls (229 males and 130 females; mean age: 45.76 ± 12.77 years) with no family history of coronary heart disease, of the same race, and with no blood relationship with AMI patients. The AMI inclusion criteria were as follows: typical clinical manifestations of AMI; changes in electrocardiogram and dynamic evolution; changes in the serum myocardial necrosis markers cTnT, cTnI, and CK-MB; and results for echocardiography, radionuclide myocardial perfusion imaging, coronary angiography, and other auxiliary examinations meeting the international standard for the diagnosis of AMI. Exclusion criteria were as follows: history of heart valve disease, aortic dissection, cardiomyopathy, myocarditis or angioplasty, or tumor. All subjects provided written informed consent. The research protocol strictly followed the principles of the Helsinki Declaration and was approved by the Humanities and Ethics Committee of the Affiliated Hospital of Jining Medical University (2018-FY-070).



Direct DNA Sequencing of the ATG16L1 Gene Promoter

Peripheral leukocytes were isolated, and genomic DNA was extracted with the DNeasy Blood and Tissue Kit (QIAGEN, Valencia, CA, United States). From the Genebank database, 1,246 bases upstream of the transcription start point of the ATG16L1 gene (NCBI: NC_000002.12) were selected for analyses, and PCR primers for the ATG16L1 gene promoter were designed from the sequence. Two overlapping DNA fragments were generated: fragment 1, 233,250,476 to 233,251,194 (719 bp), and fragment 2, 233,251,120 to + 233,251,721 (602 bp), and these were synthesized by Shanghai Sangon Biotech. All PCR primers are shown in Table 1. The ATG16L1 gene promoter was amplified by polymerase chain reaction using two pairs of primers. The amplified target fragments were then sent to Shanghai Sangon Biotech for Sanger Sequencing. High-throughput sequencing was performed using Illumina HiSeq2500/4000 sequencing platform.


TABLE 1. PCR primers for the human ATG16L1 gene promoter.
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Functional Analyses With the Dual Luciferase Assay

By means of the sequence comparison between the sample and wild type for preliminary screening, we designed primers to amplify the ATG16L1 gene promoter region (1,075 bp, from -923 bp to + 152 bp) that contains the variant site fragment, and we added KpnI and HindIII loci at both ends (Table 1). The expression constructs were generated by subcloning PCR products into the KpnI and HindIII sites of a reporter vector-pGL3-basic, expressing the luciferase gene. The plasmid containing Renilla luciferase gene (PhRM-TK) was used as the control plasmid and reporter plasmid to provide internal control of transcription efficiency, so that the test results could not be interfered by the changes of experimental conditions. We selected three cell lines, human embryonic cardiac fibroblasts (HEH2), rat cardiomyocytes (H9c2), and human embryonic kidney cells (HEK-293), to detect the transcription activity of the ATG16L1 gene promoter. The expression vector (pGL3 basic) without the ATG16L1 gene promoter sequence was used as the negative control for transfection efficiency. Expression constructs expressing the Renilla luciferase gene (pRL-TK) were used as internal controls in the HEK-293 (30 ng), HEH2 (60 ng), and H9c2 (60 ng) cells. The day before liposome transfection, HEH2, HEK-293, and H9c2 cells were evenly seeded into 6-well plates. The next day, we transfected 0.5 μg of the designated expression construct into a 6-well plate where the HEK-293 cells were grown, and 1.0 μg designated expression structure was transfected into the HEH2 and H9c2 cell growth 6-well plates, respectively. The medium was replaced 5 h after transfection. The transfected cells were harvested after a specific amount of time (36 h for HEK-293 cells and 48 h for the HEH2 and H9c2 cells). The double luciferase activity of the transfected cells was detected by the dual luciferase reporter system (Promega Dual-Luciferase® Reporter Assay system). The transcription activity of the ATG16L1 gene promoter was represented as a ratio of luciferase to Renilla luciferase activity. The transcription activity of the wild-type ATG16L1 gene promoter was set to 100%. The whole experiment including transfection were repeated independently at least three times.



Preparation of Nuclear Extracts and the Electrophoretic Mobility Shift Assay

Nuclear extracts of the HEK-293 and H9c2 cells were prepared with an NE-PER® Nuclear Protein/Cytoplasmic Protein Extraction Kit (Thermo Fisher Scientific, Inc.). The protein concentration of the nuclear extract was determined using Bio-Rad Protein Assay Reagent and stored at –80°C until use. Biotinylated double-stranded oligonucleotides (30 bp) were used that contained SNP sites as probes. A LightShift® chemiluminescence electrophoretic mobility shift assay (EMSA) kit (Thermo Fisher Scientific, Inc.) was used for the DNA-protein binding reaction to explore the interaction between the DNA fragment of ATG16L1 gene promoter and the nucleoprotein. Unfortunately, due to the limitations of EMSA experimental technology, it is impossible to determine whether the protein directly interacts with the polymorphic sites on the promoter or indirectly affects the transcription process of the gene.



Statistical Analyses

SPSS25.0 software was used for statistical analyses of clinical data. Quantitative data are expressed as means ± SEMs and were analyzed using a Student’s t-test, and qualitative data were tested using the chi-square test. The Hardy--Weinberg equilibrium test was used to analyze the allele distribution of the SNPs. A chi-square test was performed to evaluate significant differences in the allele and genotype frequencies. Logistic regression was used to analyze the odds ratios (ORs) and 95% confidence intervals (CIs) in the measurement of the allele correlations between SNPs and AMI. Using the web-based software SNP-Stats1, five genetic models (dominant, dominant, dominant, recessive, and log-additive) were analyzed after adjusting for age and sex. We used the HaploView software package (version 4.2) to analyze the SNP linkage disequilibrium (LD) between the two groups, and we used the SHE-sis software platform2 to perform haplotype analyses of LDs and associations based on haplotype. To explore SNP--SNP interactions and select the model that had the maximum cross-validation consistency, the General Multi-Factor Dimensionality Reduction (GMDR) software package (version 0.9) was used. The web browser program Genetic Association Study Power Calculator3 was used to compute statistical power. The TRANSFAC database was used to predict the relevant transcription factors for ATG16L1 gene promoter polymorphism. Values of P < 0.05 were considered to indicate statistical significance.



RESULTS


Clinical Characteristics

The demographic and clinical characteristics of the AMI patients and controls are shown in Table 2. The mean age of the controls was 45.76 ± 12.77 years, and the group included 237 males (63.30%) and 92 females (36.70%). The mean age of the patients was 63.80 ± 12.27 years old, and the group included 229 males (75.94%) and 130 females (24.06%). Compared with controls, AMI patients had a significantly higher prevalence of the traditional risk factors such as male, older age, smoking history, hypertension, and diabetes (P = 0.021, P = 0.000, P = 0.000, P = 0.000, P = 0.000, respectively). The BMI of AMI group was significantly lower than that of control group (P = 0.011), possibly due to the influence of various environmental factors such as age and gender. Levels of total cholesterol (TC) and low-density lipoprotein (LDL) were significantly higher in the AMI group than in the control group, while HDL showed the opposite relationship. Statistical analyses showed that there were significant differences in TC (P = 0.000), HDL-C (P = 0.000), and LDL-C (P = 0.00) between the two groups. There were no significant differences in systolic blood pressure, diastolic blood pressure, or triglycerides between the two groups (P = 0.155, P = 0.791, P = 0.561), which may have been the result of drug administration.


TABLE 2. Characteristics of the study population.
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DNA-Sequence Variants in Acute Myocardial Infarction Patients and Controls

In the sequence detection of PCR fragments in the promoter region of the ATG16L1 gene in 690 subjects, a total of 12 DSVs, including 10 SNPs, were identified (Table 3). Their locations are shown in Figure 1, and the oligonucleotide sequences of three of them are presented in Table 4. Statistical analyses were performed on all DSVs. Three SNPs [g.233250693 T > C (rs185213911), g.233250946 G > A (rs568956599), and g.233251133 C > G (rs1301744254)] were identified in five AMI patients and were not found in controls. We also identified AMI patients with three SNPs [g.233250693 T > C (rs185213911), g.233250946 G > A (rs568956599), and g.233251699 T > G (rs2289477)]. In addition, in two AMI patients with the SNP g.233251133 C > G (rs1301744254), one was not accompanied by the SNP g.233251699 T > G (rs2289477), and the other was. The SNP g.233251699 T > G (rs2289477) was also found in other AMI patients and controls.


TABLE 3. DSVs within the ATG16L1 gene promoters in AMI patients and controls.
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FIGURE 1. Schematic diagram of gene mutation site of ATG16L1 gene promote. The DSVs and SNPs in the ATG16L1 gene promoter identified in AMI patients and controls. Schematic representation of the DSVs within the ATG16L1 gene promoter. The numbers represent the genomic DNA sequences of the human ATG16L1 gene (Genbank accession number NC_000002.12) upstream to the transcription start site (+1).



TABLE 4. The double-stranded biotinylated oligonucleotides for the EMSA.

[image: Table 4]The DNA-sequencing chromatograms of two novel DSVs and four SNPs are shown in Figure 2. The SNPs identified in AMI patients are shown in Figure 2A, and the DSVs and SNPs identified in controls are presented in Figure 2B. In addition, six SNPs [g.233250522 G > C (rs75824126), g.233250873 G > A (rs146693112), g.233250963 T > C (rs1816753), g.233251039 T > C (rs12476635), g.233251112 A > T (rs74599577), and g.233251699 T > G (rs2289477)] were identified in both AMI patients and controls at similar frequencies (P > 0.05). The sequencing chromatograms of these are not shown.
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FIGURE 2. Sequencing chromatograms of the DSVs and SNPs within the ATG16L1 gene promoter in AMI patients and controls. All sequence orientations of the DSVs and SNPs are forward. (A) Sequencing chromatograms of the SNPs in AMI patients. (B) Sequencing chromatograms of the DSVs and SNP in healthy controls. The top layers are wild-type sequences, the bottom panels are heterozygous mutations, and the mutation sites are marked with arrows.




Correlation Analyses of Single-Nucleotide Polymorphisms in the ATG16L1 Gene Promoter and Acute Myocardial Infarction

In this study, 10 SNPs were found in the two groups. The allelic distribution and minor allele frequencies (MAFs) of the SNPs in the two groups are given in Table 5. Nine SNPs (rs75824126, rs185213911, rs146693112, rs568956599, rs1816753, rs12476635, rs74599577, rs1301744254, and rs2289477) were found in 329 AMI patients. Statistical analyses were performed for all SNPs. The Hardy–Weinberg equilibrium test indicated that all SNPs in the two groups showed Hardy–Weinberg equilibrium (P > 0.05), indicating that the samples were from a population with genetic balance and had good representativeness. The MAFs of the 10 SNPs ranged from approximately 0 to 50% in both AMI patients and controls. No associations were observed, however, between the 10 SNPs and AMI. We screened nine SNP loci in the ATG16L1 gene promoter for analyses, and their genotypic distributions were consistent with Hardy–Weinberg equilibrium in both the case group and the control group. There were no statistically significant differences in the frequency of genotypic distribution among cases and controls. The web-based software SNP-Stats was used to evaluate the correlations among multiple genetic models of SNPs and AMI, after correcting for age and sex in unconditional logistic regression analyses. As shown in Table 6, the genotype distribution of the SNP rs75824126 conforms to the recessive genetic model (OR = 0.57; 95% CI = 0.36–0.92, P = 0.02, AIC = 642.3) and the overdominant model (OR = 1.49; 95% CI = 1.01–2.19, P = 0.043, AIC = 643.7), although the recessive model is better (has a smaller AIC value). The SNP rs12476635 genotype distribution conforms to the codominant model (OR = 1.49; 95% CI = 1.01–2.19, P = 0.02–3.84, AIC = 643.7) and the overdominant model (OR = 1.87; 95% CI = 1.07–3.27, p = 0.027, AIC = 642.9), and the overdominant model is better (has a smaller AIC value). However, the differences in genetic models for SNP (rs2289477) had no statistical significance (P > 0.05).


TABLE 5. Genotype, the minimum allele frequency of variation, genotype distribution and Hardy–Weinberg equilibrium test in SNPs and crude odds ratio estimates for AMI risk.
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TABLE 6. Genetic models’ analysis of the association between the SNPs in the ATG16L1 promoter region and AMI (adjusted by SEX + AGE).
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Power Calculation

We used the Genetic Association Study Power Calculator (see text footnote 3) to compute statistical power. The power calculation was conducted with various parameters. For example, the ratio of cases (n = 330) to controls (n = 360) was 0.917, and the significance level of the study design was set to P < 0.05. After analyzing recent epidemiological reports on cardiovascular disease in China, we set disease prevalence to 0.10, and the multiplication model was chosen for disease risk. The disease allele frequency was approximately 0.0076 (5/660). We assumed that the relative genotype risks were 1.5, 3.0, and 3.2, respectively. Cases + controls were the independent variables used to plot against statistical power. Finally, the values for statistical power were 0.127, 0.727, and 0.803, respectively.



Linkage Disequilibrium and Haplotype Analyses

We used the HaploView software package (version 4.2) and the SHE-sis software platform to analyze the LDs and haplotypes of six SNPs in the ATG16L1 gene promoter region. The two SNPs (rs75824126 and rs74599577) in the promoter region of the ATG16L1 gene showed a perfect LD (D′ = 1.000, r2 = 1.000) and the SNPs (rs1816753 and rs2289477) were in an LD (D′ > 0.800, r2 > 0.330) (Figure 3). The SNPs rs1816753 and rs12476635 made up LD Block 1. As shown in Table 7, in the haplotype analysis region, no one haplotype of the ATG16L1 promoter had a significant difference in frequency distribution between the AMI group and the control group.
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FIGURE 3. The LD tests of the Nine SNPs in AMI. Standard color schemes indicate different levels of LD. Standard Color Scheme: White: LOD < 2, D′ < 1; Blue: LOD < 2, D′ = 1; Bright red, LOD > 2, D′ = 1; LOD: the log of the likelihood odds ratio, is a measure of confidence in the value of D′. Shown LD value: R-squared. The box is empty indicates that the r2 value is 1.000.



TABLE 7. Haplotype analysis of the SNPs in the ATG16L1 promoter region and the association with AMI risk.
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Prediction of Transcription Factors Within the Polymorphism Sequence

The TRANSFAC database is the most comprehensive database for collecting information on transcription factors and transcription factor binding sites. We selected it to obtain information on ATG16L1 transcription factors in Homo sapiens. The key to the regulation of gene expression lies in the regulation of the transcription initiation level, so it is important to study the effects of ATG16L1 gene promoter mutation on transcription factors. We found that the SNPs in the promoter region of ATG16L1 may change the binding of the transcription factors. As indicated in Table 8, the SNPs [233250693 T > C (rs185213911), 233250946 G > A (rs568956599), 233251133 C > G (rs1301744254)] found in AMI patients can create, modify, and eliminate putative binding sites for transcription factors, which may affect the binding of transcription factors to gene promoters, thereby affecting transcription levels and autophagy function, and may lead to the occurrence and development of disease. Some healthy individuals may develop such disease when exposed to environmental factors and already carrying those significant variants.


TABLE 8. Predicted binding sites for transcription factors affected by the SNPs.

[image: Table 8]The SNP g.233250693 T > C (rs185213911) may create the binding sites for NF-kappaB, GKLF, weaken the binding sites for ETS1, and abolish the binding site for RBP-Jkappa,TCF-1. Nuclear factor-kappaB (NF-kappaB) is an important regulator of immunity and inflammation, and it is a typical pro-inflammatory signal transduction factor (Lawrence, 2009; Bartuzi et al., 2013). The inflammatory activation of endothelial cells by the NF-κB activator Ikk2 promotes the development and progression of atherosclerosis (Mussbacher et al., 2020). Ets-1 is a potentially important regulator of DNA repair mechanisms. The proliferation of vascular smooth muscle cells (VSMCs) plays an important role in the pathogenesis of atherosclerosis and restenosis. Transcription factor GKLF can induce inhibition of VSMC proliferation (Wassmann et al., 2007, 2010). Studies have found that when both Ets1 and Ets2 are mutated, endothelial cell apoptosis is significantly increased both in vivo and in vitro. Mutations in ts1 and Ets2 can lead to embryonic death in the second trimester, and obvious vascular-branch defects are observed (Wei et al., 2009; Chetty and Sumanas, 2020). Studies have shown that in mice with endothelial-specific RBP-jkappa mutations, the activity of lipase and the transendothelial transport of long-chain fatty acids to muscle cells are impaired (Jabs et al., 2018). TCF-1 plays an important role in mammalian T cells (Raghu et al., 2019).

The SNP g.233250946 G > A (rs568956599) may create binding sites for peroxisome proliferator-activated receptor (PPAR) gamma (PPARgamma), PPAR alpha (PPARalpha), and VDR; enhance the binding sites for T3R-beta; weaken the binding sites for AP-2alpha and CP2; and abolish the binding site for Elk-1, Fli-1, and ETS1. PPAR plays a role in the regulation of lipid and glucose metabolism. PPARgamma has an important role in the regulation of gene expression in various diseases including obesity, diabetes, and cancer (Janani and Ranjitha Kumari, 2015). A large amount of research indicates the importance of PPARalpha for the transcriptional regulation of lipid metabolism, atherosclerosis, and inflammation (Duval et al., 2007; Zandbergen and Plutzky, 2007; Bougarne et al., 2018; Yamashita et al., 2019). VDR plays an important role in the regulation of energy metabolism. Overexpression of VDR in adipose tissue leads to an increase in body weight, fat mass, and serum levels of lipids, as well as a decrease in energy metabolism (Xu et al., 2019a). AP-2-alpha deficiency can cause malformations of the outflow tract of the embryonic heart (Brewer et al., 2002). The expression of ELK-1 protein in the atrial tissue of patients with chronic AF is significantly reduced, indicating that the downregulation of the expression of transcription activator ELK-1 may play an important role in the pathogenesis of AF (Zeng et al., 2015). In a previous study (Hart et al., 2000), mice with null mutations in the Fli-1 locus died on day 11.5 of embryogenesis due to loss of vascular integrity and loss of the Fli-1 hemizygotes that cause megakaryocyte defects. Under physiological and diabetic conditions, Ets1 inhibits gluconeogenesis, and hepatocyte Ets1 knockout mice have enhanced hepatic glucose production (Li et al., 2019); Ets1 also plays an important role in regulating the differentiation and survival of endothelial cells and promoting the development of blood vessels (Chetty and Sumanas, 2020).

The SNP g.233251133 C > G (rs1301744254) may create binding sites for ZIC3, Zbtb44, and SREBP-1/2; weaken the binding sites for serum-derived macrophage activating factor; and abolish the binding sites for meis1, HDAC1, activated transcription factor 4 (ATF-4), and CCCTC binding factor (CTCF). ZIC3 can bind to and inhibit cardiac α-actin promoter through its zinc finger domain (Zhu et al., 2007). ZBTB44 may regulate the formation of new blood vessels through the cZBTB44-miR-578-VEGFA/VCAM1 axis and participate in related diseases (Zhou J. et al., 2020). Cholesterol synthesis and catabolism pathways are regulated by transcription driven by SREBPs (Sato, 2020). Sulfonic acid reduces the precursor and mature form of SREBP-1/2 in the liver of HFD-fed rats, and it can prevent the hepatic steatosis caused by HFD (Morsy et al., 2020). c-MAF enhances the phagocytic activity of macrophages by enhancing their phagocytic efficiency (Kawakatsu et al., 2019). Meis1 can cooperate with Hoxb13 to regulate the maturation and cell cycle of cardiomyocytes (Nguyen et al., 2020). Under hypoxia, knocking down MEIS1 induces PASMC proliferation and migration (Locatelli et al., 2020; Yao et al., 2020). HDAC1 reduces pathological vascular calcification both in vivo and in vitro (Zhou R. M. et al., 2020). ATF-4 is induced by translation under hypoxic conditions and mediates part of the unfolded protein response after ER stress (Köditz et al., 2007). CTCF is a highly conserved, ubiquitous zinc finger protein, and it is related to many important cellular processes, such as transcription activation, repression, insulation, imprinting, and promotion of DNA double-strand break repair (Tanwar et al., 2019).



Functional Analyses of DNA-Sequence Variants by Dual-Luciferase Reporter Assay

The effects of DSVs on the transcriptional activity of the ATG16L1 promoter were detected by constructing a luciferase reporter gene vector containing the following wild-type and variant ATG16L1 promoters: wild-type pGL3-WT, pGL3-233250693C, pGL3-233250873A, pGL3-233250946A, pGL3-233251039C, pGL3-233251111T, pGL3-233251133G, pGL3-233251186G, pGL3-233251524C, pGL3-233251563T, and pGL3-233251699G. These expression vectors were transiently transfected into HEH2, HEK-293, and H9c2 cells to detect dual luciferase activity. The transcriptional activity of ATG16L1 gene promoter mutants was compared with that of wild type (100%).

Three SNPs [233250693 T > C (rs185213911), 233250946 G > A (rs568956599), 233251133 C > G (rs1301744254)] were identified only in the AMI group and significantly increased the transcriptional activity of the ATG16L1 gene promoter relative to the wild-type ATG16L1 gene promoter in HEH2, HEK-293, and H9c2 cells (P < 0.05). The others did not (P > 0.05) (Figure 4). Two novel heterozygous DSVs (g.233251186 G > C, g.23321524 A > G) and one SNP [g.233251563 C > T (rs77820970)] were only detected in the control and did not affect the transcriptional activity of the ATG16L1 gene promoter, unlike the wild-type ATG16L1 gene promoter (P > 0.05). Five SNPs [g.233250873 G > A (rs146693112), g.233250963 T > C (rs1816753), g.2332511039 T > C (rs12476635), 233251111A > T (rs74599577), and 233251699 T > G (rs2289477)], which were found in both AMI patients and controls, did not affect the transcriptional activity of the ATG16L1 gene promoter compared with the wild-type ATG16L1 gene promoter (P > 0.05). Three SNPs [g.233250693 T > C (rs185213911), g.233250946 G > A (rs568956599), g.233251133 C > G (rs1301744254)] identified in AMI patients significantly altered the expression level of luciferase in HEH2, HEK-293, and H9c2 cells, the difference in the degree of influence may be due to tissue specific expression.
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FIGURE 4. Relative transcriptional activity of wild-type and variant ATG16L1 gene promoters. Wild-type and variant ATG16L1 gene promoters were cloned into reporter gene vector pGL3 and transfected into cultured cells. The transfected cells were collected, and dual-luciferase activities were assayed. Empty vector pGL3-basic was used as a negative control. The transcriptional activity of the wild-type ATG16L gene promoter was designed as 100%. The relative activities of the ATG16L1 gene promoter were calculated. Relative activities of wild-type and variant ATG16L1 gene promoters in HEK-293, H9c2 and HEH2 cells. Lanes 1, pGL3-basic; 2, pGL3-WT; 3, pGL3-233250693C; 4, pGL3-233250873A; 5, pGL3-233250946A; 6, pGL3-233251039C; 7, pGL3-233251111T; 8, pGL3-233251133G; 9, pGL3-233251186G; 10, pGL3-233251524C; 11, pGL3-233251563T, and 12, pGL3-233251699G. **p < 0.01; ***p < 0.001.




Binding Sites for Transcription Factors Affected by DNA-Sequence Variants

To further assess the effects of DSVs and SNPs on the binding sites of the transcription factor binding site of the ATG16L1 gene promoter, EMSA was compared with wild-type and variant oligonucleotides. The nucleotide sequences of the DSVs and SNPs are shown in Table 4. The EMSA results showed that the SNP g.233250693 T > C (rs185213911) weakened binding to transcription factors, while the SNP g.233251133 C > G (rs1301744254) eliminated the binding of a transcription factor to the ATG16L1 gene promoter in both HEK-293 and H9c2 cells (Figure 5). Therefore, it is speculated that these two SNPs identified in AMI patients may affect the transcription level of the ATG16L1 gene by interfering with the binding of the transcription factor with the ATG16L1 gene promoter.
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FIGURE 5. EMSA of SNPs biotin-labeled oligonucleotides in AMI patients. Wild-type and mutant oligonucleotides (30 bp) were designed, and SNPs of AMI patients were labeled with biotin, including [g.233250693 T>C (rs185213911), g.233250946 G>A (rs568956599), and g.233251133 C>G (rs1301744254)]. EMSA was conducted with biotinylated oligonucleotides and the nuclear extracts from HEK-293 and H9c2 cells. The free probe was marked with an arrow at the bottom. The affected binding for transcription factors was marked with an open arrow.




DISCUSSION

There have hitherto been no genetic analyses of ATG16L1 gene promoter in CAD or AMI. In this study, we used a large-sample, case-control study to conduct genetic and functional analyses of the ATG16L1 gene promoter in AMI patients and healthy controls. In humans, most genetic variation in this area is rare, and rare and low-frequency variation in coding might have a large effect on human phenotypes (Lettre, 2014). ATG16L1 is an essential protein in the early stages of autophagy. In cardiovascular disease, studies have shown that ATG16L1 expression can affect vascular endothelial function in atherosclerosis (Magné et al., 2015). In this study, a total of two novel DSVs and 10 SNPs were found in AMI patients and controls. We identified three SNPs [233250693 T > C (rs185213911), 233250946 G > A (rs568956599), 233251133 C > G (rs1301744254)] in AMI patients and one SNP [233251133 C > G (rs1301744254)] that significantly altered the transcriptional activity of the ATG16L1 gene. The SNP [g.233250693 T > C (rs185213911)] may create the binding sites for NF-kappaB, GKLF, weaken the binding sites for ETS1, and abolish the binding site for RBP-Jkappa,TCF-1. The SNP [g.233250946 G > A (rs568956599)] may create the binding sites for PPARgamma, PPARalpha, VDR; enhance the binding sites for T3R-beta; weaken the binding sites for AP-2alpha, CP2, and abolish the binding site for Elk-1, Fli-1, ETS1. The SNP [g.233251133 C > G (rs1301744254)] may create the binding sites for ZIC3, Zbtb44, SREBP-1/2, weaken the binding sites for c-MAF, and abolish the binding site for meis1, HDAC1, ATF-4, CTCF. These mutations may affect the binding of transcription factors to gene promoters, thereby affecting transcription levels and autophagy function, and may lead to the occurrence and development of disease. Further EMSA revealed that this SNP affects the binding of transcription factors. The collective frequency of the SNPs in the ATG16L1 gene promoter was 2.11% (7/329) in AMI patients. The three SNPs as low-frequency risk factors, combined with environmental factors, may promote the occurrence and development of AMI.

A database search revealed that ATG16L1 maps to the forward strand of chromosome 2q37.1, 233251571–233295674, which contains 19 exons, spans more than 43.9 kb of genomic DNA, and is ubiquitously expressed in human tissues. The protein encoded by this gene is part of a large protein complex that is necessary for autophagy, the major process through which intracellular components are targeted to lysosomes for degradation. ATG16 and ATG12–ATG5 form a protein complex of about 800 kDa, which is released from the membrane before or after the completion of autophagosomes, so it is a good marker of isolation membranes. Membrane recruitment of the autophagy complex is a key step in autophagy. The plasma membrane of the ATG5-binding fragment ectopically recruited to ATG16L1 leads to abnormal LC3 and structural lipid metabolism (Fujita et al., 2008). The absence of ATG16L1 disrupts the recruitment of ATG12–ATG5 conjugates for separation membranes, resulting in the LC3 of microtubule-associated protein 1 coupled with phosphatidylethanolamine. In ATG16L1-deficient cells, the formation of autophagy and the degradation of long-lived proteins are seriously damaged (Saitoh et al., 2008). One study suggested that the ATG16L1 complex is a novel E3-like enzyme that can dynamically locate the putative source membrane formed by autophagy and act as a scaffold for LC3 lipids (Rai et al., 2019). The Atg12–5-16L1 complex is a necessary condition for phagocytic cell elongation, and the absence of Atg5 or ATG16L1 in mice has been found to completely eliminate the formation of autophagosomes (Kuma et al., 2004). Human Apgl6L is a coiled-coil protein and has a large C-terminal domain containing seven WD repeats (Zheng et al., 2004). This CCD can be used to form homo-oligomer. WD repeats form a three-propeller structure, which provides a stable platform for simultaneous interactions with multiple proteins (Smith et al., 1999). ATG16L1 requires highly conserved sequences within its CCD to homodimerize. The conserved residues in CCD mediate direct binding to phosphoinositide, including 3-phosphatidylinositol (PI3P), thereby enhancing its PAS localization and autophagy. This indicates that ATG16L1 has the inherent ability to bind autophagy-related membranes through direct interaction with PI3P (Dudley et al., 2019). However, although the importance of ATG16L1 in autophagy has been recognized, its precise function and mechanisms remain to be studied and elucidated.

CAD and AMI are chronic inflammatory and metabolic diseases that are mainly caused by atherosclerosis. The AMI is associated with metabolism disorder, lipid oxidation, and overweight, specifically with those with a smoking history. In this study, it was found that the prevalence of AMI patients with male, advanced age, smoking history, hypertension, diabetes, and other traditional risk factors was significantly higher than that of the control group. The levels of total cholesterol and low density lipoprotein in AMI group were significantly higher than those in control group, while the levels of high density lipoprotein were opposite. These are consistent with the traditional perception of AMI risk factors. The BMI of AMI patients was lower than that of the control group, possibly due to the influence of age. Therefore, a healthy lifestyle and effective control of weight, blood pressure, blood lipids and blood glucose can help to reduce or delay the occurrence of AMI. Atherosclerotic plaque can initiate autophagy under lipid oxidation, inflammation, and metabolic stress, and can protect plaque cells from oxidative damage by degrading damaged intracellular substances (Martinet and De Meyer, 2009; Swiader et al., 2016; Osonoi et al., 2018). Autophagy may be an important physiological or pathophysiological response to cardiac stress, such as ischemia or pressure overload in patients with CAD, hypertension, aortic valve disease, and congestive heart failure (Levine and Kroemer, 2008). Autophagy dysfunction is associated with abnormal lipid metabolism and inflammation, and autophagy deficiency may play a role in some inherited heart diseases (e.g., Danone’s disease and Pompe’s disease). Autophagosome accumulation has been found in cardiac biopsies and isolated stress cardiomyocytes of patients with these diseases (Terman and Brunk, 2005; Linton et al., 2015; Yan et al., 2015; Yamaguchi, 2019). Some studies have shown that autophagy dysfunction can lead to muscle disease. The failure of autophagosomes and lysosomes to fuse leads to vacuolar myopathy in rats and humans (Bolaños-Meade et al., 2005; Kassan et al., 2016). Pompe’s disease, caused by a deficiency of glycogenic glycemic enzyme acid α-glucosidase, results from the accumulation of autophagosomes (Fukuda et al., 2006). Previous studies have demonstrated that the expression of ATG16L1 in atherosclerosis is closely related to the instability of lesions on atherosclerotic plaques (Wang and Ye, 2014). In the necrotic core and surrounding area of human atherosclerotic plaque, particularly the shoulder area, ATG16L1 protein is abundantly expressed, and ATG16L1 immunomarkers are mainly found in the plaque endothelial cells and foamy smooth muscle cells. The expression of ATG16L1 enhances the autophagy of macrophages and has been shown to prevent atherosclerosis (Leng et al., 2016; Orsatti et al., 2018). The association of the human ATG16L1 gene with the occurrence and development of AMI remains to be confirmed in future studies.

In summary, we found that SNPs identified in AMI patients significantly alter the transcriptional activity of the ATG16L gene promoter. Therefore, we speculate that these SNPs may change the level of ATG16L1, promoting the occurrence and development of AMI through autophagic and non-autophagic functions as low-frequency risk factors.



CONCLUSION

This was the first study to find that the ATG16L1 gene promoter polymorphism is associated with AMI. Genetic variation in the ATG16L1 gene promoter may be an important factor determining the genetic susceptibility of AMI individuals. To confirm that this polymorphism is a new genetic marker for the occurrence and development of AMI and plaque rupture, it is necessary to investigate it in larger populations and in other ethnic groups.
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Hemophilia A (HA), a common bleeding disorder caused by a deficiency of coagulation factor VIII (FVIII), has long been considered an attractive target for gene therapy studies. However, full-length F8 cDNA cannot be packaged efficiently by adeno-associated virus (AAV) vectors. As the second most prevalent mutation causing severe HA, F8 intron 1 inversion (Inv1) is caused by an intrachromosomal recombination, leaving the majority of F8 (exons 2–26) untranscribed. In theory, the truncated gene could be rescued by integrating a promoter and the coding sequence of exon 1. To test this strategy in vivo, we generated an HA mouse model by deleting the promoter region and exon 1 of F8. Donor DNA and CRISPR/SaCas9 were packaged into AAV vectors and injected into HA mice intravenously. After treatment, F8 expression was restored and activated partial thromboplastin time (aPTT) was shortened. We also compared two liver-specific promoters and two types of integrating donor vectors. When an active promoter was used, all of the treated mice survived the tail-clip challenge. This is the first report of an in vivo gene repair strategy with the potential to treat a recurrent mutation in HA patients.

Keywords: CIRSPR/SaCas9, hemophilia A, intron 1 inversion, gene therapy, gene editing


INTRODUCTION

Hemophilia A (HA) is the most common X-linked inherited hemorrhagic disorder caused by mutations in the F8 gene, resulting in decreased coagulation factor VIII (FVIII) activity (Batty and Lillicrap, 2019; Ohmori, 2020). Without conventional treatment, hemophiliacs suffer from chronic synovitis caused by recurrent bleeding into joints. In severe hemophilia (FVIII < 1%), hemorrhage into the central nervous system can develop, causing early mortality. Current treatments are based on intravenous infusion of plasma-derived or recombinant FVIII concentrates. As the half-life of circulating FVIII ranges between 14 and 19 h, regular prophylactic intravenous substitution (every 2–3 days) is needed, imposing an economic burden on patients and their families (Batty and Lillicrap, 2019).

Given the monogenic nature of the disorder, in conjunction with the fact that even a slight increase in circulating FVIII (>1%) can markedly improve the quality of life in severe cases, HA has long been identified as an attractive target for gene therapy studies (Liu et al., 2018). Breakthroughs were made by transducing codon-optimized BDD-F8 into hepatocytes using AAV5 vectors (Rangarajan et al., 2017; Pasi et al., 2020). Twenty weeks after treatment, physiological levels of FVIII were achieved in six out of seven participants who received high-dose virus (6 × 1013 vg/kg). At the end of a 3-year follow-up study post-treatment, the median FVIII activity remained at 20 IU/dL in the high-dose group. However, it is difficult to obtain life-long therapeutic effects, as the transduced F8 did not integrate into the genome. Nevertheless, the packaging capacity of AAV was tested to the utmost, given that even the truncated BDD-F8 was 4.4 kb in length. Indeed, because of F8’s sheer size, substantially more pre-clinical and clinical studies have been conducted for hemophilia B (HB, an analog of HA). Although HB has a lower occurrence, its therapy gene (F9) can be easily packaged by AAV vectors (Nathwani et al., 2011, 2014).

With the rapid development of genome-editing techniques, targeted repair of the mutant gene offers an alternative over gene replacement strategies. There are many advantages for targeted gene repair: (1) in theory, the therapy is lifelong as the endogenous gene is repaired, rather than replaced by an episomal gene cassette. (2) In some cases, only minor modifications are needed to repair a large mutation, making it especially attractive for HA, as the challenge remains to package a functional F8 using AAV vectors. (3) As gene-editing technology is evolving quickly, targeted gene repair holds great potential for clinical applications. Compared to sporadic mutations, hot-spot mutations are especially worthy of developing targeted gene-repair strategies.

Intron 1 inversion (Inv1) of F8 is the second most prevalent mutation in patients with severe HA. This intrachromosomal recombination is induced by a 1,041-bp sequence within intron 1 and its reverse repeat located 140 kb telomeric to the F8 gene. The large inversion completely disrupts F8 by splitting it into two parts, making it impossible to produce any FVIII protein. Interestingly, the exons 2–26 contain 98% of F8 coding information (Supplementary Figure 1). In theory, this region could easily be rescued by adding the 146-bp coding sequence of exon 1 and a promoter.

Herein, we established an HA mouse model and tested this therapeutic strategy in vivo. After being transduced into hepatocytes using AAV vectors, the coding sequence of exon 1 and a promoter were integrated at the intron 1 locus by using CRISPR/SaCas9, in which two liver-specific promoters and different donor vectors were tested.



MATERIALS AND METHODS


Generation of Hemophilia A Mouse Model

All animal experiments were approved by the Institutional Animal Care and Use Committee at the Jinan University, and animal care was in accordance with the committee’s guidelines. This mouse model was generated in Shanghai Model Organisms Center, Inc. In brief, embryos were collected from the oviducts of superovulated female C57BL/6J mice, after mating to male C57BL/6J mice. Cas9 mRNA and sgRNAs were co-injected into the pronuclei of one-cell embryos. After being cultured in KSOM Mouse Embryo Media overnight, the injected embryos were transplanted into pseudopregnant mice. Genomic DNA was extracted from the tail of new born F0 mice for PCR and sequencing. F1 mice were generated via mating chimeras F0 to C57BL/6J mice.



Tail Vein Injection of AAV Vectors

The established HA mice are maintained as homozygous female and hemizygous male. All the AAV serotype 8 vectors were produced in Shanghai HANBIO company. Tail-vein administration of AAV vector particles was performed for 8–10-week-old male. AAV8-donor and AAV8-CRISPR/SaCas9 (2 × 1011 GC + 4 × 1011 GC) were mixed and diluted to 300μL with phosphate-buffered saline plus 0.001% Pluronic F68 before being injected via temporal vein. A low dose of injection (4 × 1010 GC + 8 × 1010 GC) was also tested.



Quantitative PCR (qPCR)

Liver tissues were lysised in grinding matrix tubes (MP) using a sample preparation system (MP). Total RNA was isolated using the RNAprep pure Tissue Kit (TIANGEN). Reverse transcription was performed using 1 μg total RNA as template for oligo(dT)15-primed RT reaction with Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI). Equivalent dilutions of the complementary DNA were assessed by PCR for F8 (primers are 5′-TCAGAGTGATCTGCTCAGTGT-3′ and 5′-TGGGCTT GGCAATGTTGAAA-3′) transcription. A housekeeping gene, Gapdh expression was examined to yield a standard representing the mRNA level within the samples (5′-AATGAGAGAGGCCCAGCTAC-3′ and 5′-TGGAAGATGGTG ATGGGCTT-3′).



CRISPR Design and Efficiency Evaluation

All the sgRNAs were designed using a chopchop online software1 (Labun et al., 2016). The sgRNAs were synthesized and cloned into expression vectors (addgene #42230 for SpCas9 and addgene #61591 for SaCas9). We designed 6 sgRNAs for SaCas9 targeting intron1 of F8 and evaluated their activities in B16-F10 cells before in vivo experiments. Briefly, B16-F10 cells were transfected with CRISPR/SaCas9 expression vectors using Lipofectamine 2,000. Genomic DNA was extracted 2 days after transfection. The genomic region encompassing the sgRNA target site was PCR amplified and cloned. After transformation, at least 24 colonies for each transfection were picked up for sequencing.



Next Generation Sequencing (NGS)

Potential off-target sites of sgRNA1 were predicted using an online bioinformatics tool (Stemmer et al., 2015). Five potential off-target sites were identified in the mouse genome with up to 5 mismatches. Small genomic fragments encompassing these sites were PCR amplified and purified. Deep sequencing was conducted by Sangon Biotech (Shanghai) company. At least 30,000 reads were obtained for each sample. Reference-guided sequence assemblies were performed using an in-house developed assembly platform.



Immunofluorescence

Mouse liver tissues were fixed in 4% paraformaldehyde for 24 h, then embedded in paraffin. Sections were prepared at 4 μm thickness for immunofluorescence staining. After being boiled in Citrate Antigen Retrieval Solution (BBI Life Sciences) for 3 min, the sections were blocked with 3% BSA, 5% goat serum and 0.1% Triton X-100/PBS for 1 h at room temperature. After an incubation in first antibody (Novus) overnight at 4°C and appropriate wash, the sections were treated with secondary antibody for 1 h at room temperature. DNA was visualized using 4, 6-Diamidino-2-phenylindole (DAPI) and cells were mounted under coverslips using ProlongTM Gold antifade reagent (Thermo Fisher Scientific).



Tail-Clip Challenge

One month after AAV injection, the distal part of the mouse tail was cut off at the diameter of 1.5 mm. Free-flowing blood for the initial 5 min after tail clip was collected into a citrated microtube. After holding firm pressure on the wound for 1 min, the mice were returned to the cages and examined 48 h later for survival following the hemostatic challenge (Chao et al., 2001).



Activated Partial Thromboplastin Time (aPTT) Test

Mouse blood samples were collected by removing the eyeballs under anesthesia, mixed with 3.8% sodium citrate anticoagulant at a ratio of 9:1. The samples were spun at 3,000 rpm for 10 min at 4°C, then the upper layer was carefully separated from the red blood cells for the aPTT test using the CA-1500 automatic blood coagulation analyzer (SYSMEX).



Statistical Analysis

Data were analyzed with GraphPad Prism 8 (GraphPad, San Diego, CA, United States) and represented as mean ± standard deviation (SD). Differences were considered to be statistically significant for P < 0.05 (∗), P < 0.01 (∗∗), P < 0.001 (∗∗∗) and P < 0.0001 (****).



RESULTS


Establishment of an HA Mouse Model

The human Inv1 mutation is caused by recombination during male meiosis between a 1,041-bp sequence within F8 intron 1 and a reverse repeat outside the gene. There are no similar repeats in intron 1 of murine F8, making it difficult to establish a completely identical mouse model for human Inv1 mutation. However, exact modeling of the chromosomal inversion is not necessary for testing our gene repair strategy. In this study, we rescued the exon 2–26 region by adding the missing coding sequence and a promoter. As exon 1 and the promoter part play roles in neither modeling nor the repairing process, we simply excised these parts from the murine genome using CRISPR/Cas9 (Figure 1A).
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FIGURE 1. Generation of an HA mouse model. (A) Schematic diagram of the strategy for F8 knock out. Two sgRNAs targeting intron 1 of F8 and ∼5 kb upstream to the transcription start site, respectively, were designed. A 5,129-bp fragment, including exon 1 and the promoter region, was excised from the genome. (B) PCR analysis for detection of the deletion. Using the primers f and r in the schematic, a 5548-bp fragment was amplified from the WT genome. After deletion, the PCR product was 419 bp in length. Both PCR products could be amplified from the female with only one allele deleted. (C) Sanger sequencing confirmed the deletion and showed no indels formed in the junction. WT, wild type; Heter Del, heterozygous deletion; Homo Del, homozygous deletion; Hemi Del, hemizygous deletion.


After injection of CRISPR/Cas9 components into mouse zygotes, a mouse strain was identified by PCR and sequencing (Figure 1B). A 5,129-bp fragment including F8 exon 1 and the promoter region was deleted from the genome. No insertions or deletions (indels) were detected at the junction (Figure 1C). F8 mRNA was undetectable in homozygous or hemizygous-deleted mice (Figures 2A,B). The activated partial thromboplastin times (aPTTs) of homozygous or hemizygous-deleted mice were significantly increased (44.88 ± 3.81 s and 49.46 ± 3.19 s, respectively), compared to wild type (WT) mice (24.08 ± 0.57 s). The aPTTs of heterozygous-deleted female carriers were not prolonged (Figure 2C). The mice were also subjected to a tail-clip challenge. All of the homozygous and hemizygous knockout mice died within 24 h, while all of the WT mice and female carriers survived (Figure 2D). These results demonstrated that the mouse strain established in this study is an appropriate model for HA.
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FIGURE 2. Characterization of the HA mouse model. (A) RT-PCR analysis revealed that neither the transcripts cross the exon 1- 2 junction nor the exon 4–6 transcripts could be detected in the knockout mice. Gapdh was used as a loading control. (B) Expression levels of F8 mRNA in the hepatic tissue of indicated mice. (C) Measurement of coagulation activity by aPTT in mice at 2 months of age. (D) Survival rate of mice after tail clip challenge. The mice were monitored for 48 h after tail clipping. Male WT, n = 10; Heter Del, n = 10; Homo Del, n = 8; Hemi Del, n = 6. ∗∗∗P < 0.001, ****P < 0.0001.




Molecular Correction for the Truncated F8 Gene in vivo

Due to the limited packaging capacity of AAV vectors, the Staphylococcus aureus Cas9 (SaCas9) system was used to promote integration efficiency (Ran et al., 2015). During mouse modeling, only 181 bp of intron 1 was excised at the 5’ end, leaving most of intron 1 (10,973 bp) in the genome (Figures 1A, 3A). We designed six sgRNAs targeting this region and tested their efficiency in mouse B16-F10 cells (Figure 3B). The most efficient sgRNA (42 ± 9%) was used in the following experiments (Figure 3C and Supplementary Figure 2).
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FIGURE 3. Design and evaluation of the sgRNAs. (A) Schematic shows the location of the 6 sgRNAs targeting intron 1 of F8. (B) Target sequences and PAMs of the 6 sgRNAs. (C) The cutting activity of each sgRNA was evaluated in B16-F10 cells, the experiment was performed in triplicate.


The donor vectors were designed to facilitate targeted integration precisely at the double-strand breaks (DSBs) generated by sgRNA1. A liver-specific promoter, the 146 bp-coding sequence of exon 1 and the splice donor site were packaged within a 1,501-bp homologous sequence (AAV donor type 1). It has been reported that a much higher integration efficiency in hepatocytes can be achieved by in vivo excising of backbone sequences from the donor vector, compared to classic homologous recombination (Yao et al., 2017). To test this, we constructed another type of donor, by flanking the type 1 donor with two opposing sgRNA1 sites (AAV donor type 2). We used two liver-specific promoters in this study (Figure 4A): a very small and robust liver-specific promoter designated as P3 designed in silico (minimal transthyretin promoter, coupled to a de novo designed hepatocyte-specific cis-regulatory module 8), and a modified hAAT promoter, used successfully in previous HB gene therapy studies (Supplementary Figures 3, 4; Nathwani et al., 2006; Viecelli et al., 2014).
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FIGURE 4. Targeted repair of the truncated F8 in vivo. (A) Schematic representation of the repair strategy for the truncated F8. HA, homologous arm; pro, promoter; SD, splice donor site. (B) Target sequences and the mutation induced by CRISPR/SaCas9. The wild-type (WT) target sequence is shown at the top with the intended target site of the sgRNA. Deletions are indicated by red dashes, and insertions by red capital letters. (C) PCR analysis for detection of the targeted integration. The expected product for HDR integration is indicated. The PCR products were confirmed by Sanger sequencing. Larger products corresponding to NHEJ integration were also sequenced (see Supplementary Figure 5).


Six weeks after AAV vector injection, the genomic DNA of the liver tissues was extracted and analyzed. We evaluated the in vivo cleavage efficiency by sequencing the T-A clones of the PCR-amplified genome sequence. We found that the indel ratio in mice receiving donors with the P3 promoter (6/113 = 5.3%) and the hAAT promoter (8/174 = 4.6%) were comparable (Figure 4B). Next generation sequencing (NGS) was conducted and the liver DNA from the mice receiving AAV vectors yielded 3.14% indels at the target sites. To evaluate the potential off-target effects caused by CRISPR/SaCas9, we predicted 5 off-target sites in the mouse genome with up to 5 mismatches using an online bioinformatics tool (Stemmer et al., 2015). None of the sites showed obvious cleavage compared to the untreated mice (Table 1 and Supplementary Table 3).


TABLE 1. On-target and off-target analyses by NGS.

[image: Table 1]We further examined the integration by PCR and Sanger sequencing. Homology-directed repair (HDR) was confirmed in all mice that received both donors and CRISPR/SaCas9. Beyond the HDR band, a larger product was also amplified (Figure 4C). Sanger sequencing of the products confirmed that the donor vectors were also integrated at the target loci in a non-homologous end joining (NHEJ) manner (Supplementary Figure 5B). Meanwhile, integration via NHEJ in the reverse orientation was also detected (Supplementary Figures 5C,D).

RT-PCR of mRNA extracted from liver lysates was performed to examine the transcription after genetic correction. Although F8 was not transcribed in untreated HA mice, transcripts could be detected in all of the groups that received both CRISPR/SaCas9 and donor vectors, regardless of donor-vector type (Figure 5). The amplified bands were confirmed by Sanger sequencing (Supplementary Figure 5). However, the mRNA level was substantially different among the experimental groups. Quantitative PCR of the cDNA revealed increases in the F8 mRNA from undetectable to 0.5–0.9% and 7.1–7.9% of WT mRNA levels for mice treated with P3 donors and hAAT donors, respectively. A previous paper reported that removing the backbone from the donor vectors in vivo can efficiently enhance the integration rate, especially in hepatocytes transduced by AAV vectors (Yao et al., 2017). However, based on the mRNA levels in this study, the efficiency was not significantly improved when using type 2 donors. When using the two types of donor vectors, the mRNA levels were 0.5 ± 0.1% vs. 0.9 ± 0.2% (P = 0.1935) for the P3 promoter and 7.1 ± 1.2% vs. 7.9 ± 1.1% (P = 0.6225) for the hAAT promoter (Figure 6A). Immunostaining showed that sporadic cells (< 1%) expressed FVIII in liver tissues after receiving donor vectors with the hAAT promoter. However, likely because the P3 promoter is less active, FVIII protein was undetectable in cells repaired by P3 donors (Figure 6B).
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FIGURE 5. RT-PCR analysis of the liver tissues 1 month after treatment. Gapdh was used as a loading control.



[image: image]

FIGURE 6. F8 expression after targeted gene repair. (A) Expression levels of F8 mRNA in the hepatic tissue of indicated mice 1 month after AAV injection. The analysis was performed in triplicate. (B) Immunofluorescence staining of FVIII in liver sections of indicated mice. (C) Measurement of coagulation activity by testing the aPTT of the plasma collected from the indicated mice 1 month after AAV injection. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.




Restoration of Hemostasis After Treatment

To explore whether the molecular correction can restore the clotting activity, we evaluated the clotting function by measuring the aPTT. The average aPTTs for WT and untreated HA mice were 24.08 ± 0.57 s and 51.02 ± 3.03 s, respectively. One month after injection of CRISPR/SaCas9 and donor vectors with hAAT promoter, the aPTTs dropped significantly to 30.33 ± 0.51 s and 32.88 ± 0.76 s, respectively, for type 1 and type 2 donors. For the groups in which P3 promoter was used, the aPTTs were improved to 40.13 ± 2.75 s and 38.18 ± 1.84 s, respectively, for type 1 and type 2 donors (Figure 6C).

To evaluate whether the bleeding phenotype was improved, the mice were subjected to a tail-clip challenge 1 month after AAV injection. Nearly all of the mice that received either donor vector or CRISPR/SaCas9 only died within a 48-h observation period. Only two of the mice treated with hAAT donor only survived (n = 6). However, the survival was significantly improved in all groups that received both CRISPR/SaCas9 and donor vectors. In particular, all of the mice that received hAAT donors and CRISPR/SaCas9 survived during the test, regardless of donor-vector type. The results showed no difference between the two types of donor vectors (Figure 7).
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FIGURE 7. Proportions of surviving mice after the tail-clip challenge. (A) Mice treated with donor vector using P3 promoter. Untreated HA, n = 10; P3-donor 1, n = 5; P3-donor 2, n = 5; donor only, n = 6; SaCas9 only, n = 6. (B) Mice treated with donor vectors using hAAT promoter. Untreated HA, n = 10; hAAT-donor 1, n = 5; hAAT-donor 2, n = 5; low dose, n = 5; donor only, n = 6; SaCas9 only, n = 6. Each experimental group was compared with the untreated group using the log-rank test. ∗∗P < 0.01, ∗∗∗P < 0.001.


As the groups using hAAT promoter performed better, we tried to reduce the AAV dosage by 80%. One month after injection of low-dose vectors with hAAT promoter, RT-PCR revealed that F8 transcription was restored (Figure 5, bottom). Although the expression level was very low, survival improved significantly in the tail-clip challenge (Figures 6A, 7B).



DISCUSSION

Since the first clinical trial 30 years ago, introduction of a functional gene has become the main strategy for gene therapy studies (Anderson et al., 1990). In recent years, the development of programmed nucleases has revolutionized targeted gene-editing technology (Waugh and Sauer, 1993; Miller et al., 2011; Ran et al., 2015). Meanwhile, an increasing number of in vivo studies have selected AAV vectors rather than retroviral or adenoviral vectors to transduce therapeutic genes. It is possible to develop safe and efficient gene therapy strategies by combining the above. However, because of their limited capacity, it is inefficient to transduce large fragments by AAV vectors, compromising the efficacy of this combination. It is worthwhile to develop methods to repair the mutated gene rather than replace it with a functional one, at least for some hot-spot mutations. These approaches proved to be more efficient and reasonable in certain cases (Hu et al., 2019; Zhou et al., 2020).

Based on a meta-analysis of the prevalence of hemophilia in males, the expected number of patients with severe HA worldwide is 353,000 (Iorio et al., 2019). The frequency of Inv1 in severe hemophiliacs ranges from 1 to 8%, as reported in different populations (Salviato et al., 2004; Pinto et al., 2016). In most reports, fewer than 5% of severe HA cases are caused by Inv1. If we expected the frequency ranges from 2.5 to 5%, there would be 8,800–17,500 severe hemophiliacs caused by Inv1 worldwide. Moreover, one-third of HA cases occur sporadically, without a familial history (Graw et al., 2005). Inv1 cannot be screened via current methods of prenatal genetic testing including G-banding, CMA, or even WES, as this homologous recombination does not alter any bases in the genomic sequence. In other words, it is difficult to prevent the birth of new patients with this mutation.

Park et al. reported direct reversion of the 140 kb fragment of INV1 in ES cells and patient-derived iPSCs. Four corrected iPSC clones were obtained by transient expression of CRISPR/Cas9. Endothelial cells differentiated from corrected iPSCs expressed the F8 gene and functionally rescued factor VIII deficiency in a mouse model of hemophilia (Park et al., 2014, 2015). However, it is a challenge to revert such a large fragment in vivo.

The liver has long been considered the major site of FVIII production. Recent studies have shown that FVIII is synthesized in endothelial cells, whereas hepatocytes produce no detectable FVIII—likely attribute to its molecular chaperon vWF, which is synthesized exclusively in endothelial cells and megakaryocytes (Everett et al., 2014; Shahani et al., 2014; Wang et al., 2020). Although F8 is transcribed in many cell types including hepatocytes, only vWF-expressing cells can physiologically secrete FVIII. However, in this study, ectopic expression of F8 in hepatocytes was sufficient to shorten the aPTT and improve the survival of HA mice. Hepatocyte is an attractive cell type for transgene production and secretion. Several groups reported successful hemophilia A amelioration by targeting the liver-expressed mouse Alb locus in vivo (Sharma et al., 2015; Chen et al., 2019; Zhang et al., 2019). AAV vectors were used to transfer the transgene and artificial nucleases into the liver. Having been integrated into the chromosome via NHEJ, the promoter-less BDD-F8 was expressed under the robust Alb promoter. Chen et al. reported that therapeutic level of plasma FVIII was achieved even 7 months after injection. Conversely in this study, we integrated a foreign promoter to the endogenous F8 coding sequence. In order to repair F8, the sizes of integrated fragment (597–1,002 bp) were much smaller than BDD-F8 (more than 4 kb) used in these studies. Furthermore, the donors were integrated into the genome via HDR and NHEJ simultaneously. Together, the results showed that FVIII could be produced by hepatocytes once driven by a robust promoter. It might be interesting to target endothelial cells, especially the liver sinusoidal endothelial cells in vivo. To the best of our knowledge, no one has tried to repair F8 in endothelial cells in vivo. The HA mouse model established in this study is very suitable for such research in the future.

We used two liver-specific promoters in this study and designed two types of donor vectors for each promoter. Beyond the classic donor for HDR (type 1), we generated another type of donor (type 2), by flanking the type 1 donor with two additional target sites for the sgRNA. However, this attempt did not significantly improve the gene expression levels (Figure 6A). In contrast, the mRNA level in the hAAT group was approximately 10 times higher than that in the P3 group. Devoid of CRISPR/SaCas9, all of the mice receiving only the P3 donor died (n = 6), while two of the mice that only received the hAAT donor survived in the tail clip challenge (n = 6) (Figure 7). These results coincide with a previous study that integrated a promoterless F9 within the mouse albumin gene to ameliorate the bleeding diathesis in HB mice without using artificial nucleases (Barzel et al., 2015). However, the AAV dosage was higher than that used in the current study. In fact, the integration with the hAAT donor was probably less efficient than with the P3 donor, as the integrated fragment of the hAAT donor (1,002 bp) was longer than the P3 donor (597 bp). It is unclear why the efficiency of P3 promoter was approximately 1/10 lower than the hAAT promoter, based on the qRT-PCR results in the present study. P3 promoter was proved to be robust and liver-specific. It has also been successfully used in gene therapy and mouse modeling studies (Nair et al., 2014; Viecelli et al., 2014; Singh et al., 2018). In these studies, vectors were injected as minicircle naked-DNA or AAV particles. The vectors are multi-copy and episomal in liver cells. However, in the present study, promoter was integrated into the X chromosome with only one copy in males. F8 could not be transcribed via residual episomal P3 promoter. These data suggest that the selection of an appropriate promoter is a particularly important factor in our repair strategy. Although we only tested two promoters, a substantial improvement might be achieved when a more active liver-specific promoter was used.

Effective cleavage of the target site is a prerequisite for highly efficient integration. In this study, only ∼3.14% of indels were achieved in vivo (Table 1). To the best of our knowledge, when a better sgRNA is used, 50% of cleavage in the mouse liver can be induced by CRISPR/SaCas9 delivered by AAV vectors (Ohmori et al., 2017; Singh et al., 2018). If the current repair approach is applied to human Inv1, the residual part of intron 1 adjacent to exon 1 would be suitable to integrate the repairing DNA fragment. This part is 6506 bp in length that would be sufficient for the design of a more active sgRNA (Supplementary Data 1).

Beyond HDR, the donor was also integrated into the genome via NHEJ in this study, although the absolute efficiencies of HDR and NHEJ could not be quantified by our PCR-based analysis. NHEJ has long been recognized as error-prone, but recent studies have also demonstrated its intrinsic precision (Bétermier et al., 2014; Suzuki et al., 2016). NHEJ is useful when foreign DNA is integrated into intronic region. The contribution of NHEJ for therapy should not be underestimated, as the majority of hepatocytes remain in the quiescent phase. However, NHEJ also conducts useless integrations. For example, donors can be integrated in reverse orientation during NHEJ. Moreover, when the type 2 donor is used, the released AAV backbone is also integrated. It is possible to improve the integration by controlling the orientation and removing the backbone sequence from the donor (Suzuki et al., 2016).

Expression levels and integration efficiency can be improved via the methods described above, but it might be more attractive to decrease the viral dosage. In this study, with less than 1% of the hepatocytes repaired, aPTT was shortened and all of the mice survived the tail-clip challenge. The survival of the experimental group that received much lower quantities of AAV vectors (4 × 1010 GC + 8 × 1010 GC) was significantly improved too. In our opinion, there is no need to pursue a very high level of FVIII at the beginning of targeted gene repair. Once the endogenous gene is repaired in the genome, it will not attenuate like other strategies that transduce an episomal cassette. Furthermore, it would be safer and more cost-effective if clinical symptoms can be improved by low-dose AAV vector administration. After all, for patients with severe HA, a slight increase in circulating FVIII can markedly improve the quality of life.



CONCLUSION

In this study, we generated an HA mouse model by excising the promoter and exon 1 of F8 from the genome. Thereafter, the truncated F8 was repaired via intravenous injection of AAV vectors with repairing DNA sequence. After treatment, F8 expression was restored and aPTT was shortened. When a proper promoter was used, the survival rate was increased even when a much lower dose of AAV vectors was administered. To the best of our knowledge, this is the first report of an in vivo gene repair strategy with the potential to treat a recurrent mutation in HA patients.
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Genetic disorders are a frequent cause of hospitalization, morbidity and mortality in pediatric patients, especially in the neonatal or pediatric intensive care unit (NICU/PICU). In recent years, rapid genome-wide sequencing (exome or whole genome sequencing) has been applied in the NICU/PICU. However, mtDNA sequencing is not routinely available in rapid genetic diagnosis programs, which may fail to diagnose mtDNA mutation-associated diseases. Herein, we explored the clinical utility of rapid exome sequencing combined with mtDNA sequencing in critically ill pediatric patients with suspected genetic disorders. Rapid clinical exome sequencing (CES) was performed as a first-tier test in 40 critically ill pediatric patients (aged from 6 days to 15 years) with suspected genetic conditions. Blood samples were also collected from the parents for trio analysis. Twenty-six patients presented with neuromuscular abnormalities or other systemic abnormalities, suggestive of suspected mitochondrial diseases or the necessity for a differential diagnosis of other diseases, underwent rapid mtDNA sequencing concurrently. A diagnosis was made in 18 patients (45.0%, 18/40); three cases with de novo autosomal dominant variants, ten cases with homozygous or compound heterozygous variants, three cases with hemizygous variants inherited from mother, three cases with heterozygous variants inherited from either parent, and one case with a mtDNA mutation. The 18 patients were diagnosed with metabolic (n = 7), immunodeficiency (n = 4), cardiovascular (n = 2), neuromuscular (n = 2) disorders, and others. Genetic testing reports were generated with a median time of 5 days (range, 3–9 days). Thirteen patients that were diagnosed had an available medical treatment and resulted in a positive outcome. We propose that rapid exome sequencing combined with mitochondrial DNA sequencing should be available to patients with suspected mitochondrial diseases or undefined clinical features necessary for making a differential diagnosis of other diseases.
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INTRODUCTION

Genetic disorders are the leading cause of hospitalization, morbidity and mortality in pediatric patients, especially in the neonatal or pediatric intensive care unit (NICU/PICU) (Stevenson and Carey, 2004; Willig et al., 2015; French et al., 2019). A genetic diagnosis in the critical illness remains a great challenge for the physicians when the patients’ phenotypes has not fully been expressed due to age to make a clear clinical diagnosis. Moreover, many traditional diagnostic methods are too slow to provide clinically useful information to physicians. However, an early and accurate genetic diagnosis would be of great value for the clinical management of the patient and family (Australian Genomics Health Alliance Acute Care Flagship, Lunke et al., 2020; Cakici et al., 2020; Dimmock et al., 2020). For those genetic diseases that can be treated, rapid diagnosis can provide timely interventions and avoid other unnecessary or potentially harmful therapies, thus reducing mortality and intensive care. For genetic diseases currently lacking effective treatments, the diagnosis may be useful in evaluating prognosis and preventing possible complications, as well as facilitating further genetic counseling for the family.

The recent development of rapid genome-wide sequencing (exome or whole genome sequencing, ES or WGS) has been widely used for genetic analyses in critically ill pediatric patients with suspected genetic disorders in the PICU/NICU (Saunders et al., 2012; Petrikin et al., 2015, 2018; Kingsmore et al., 2019). Generally, rapid exome sequencing (WES or gene panels) has delivered a molecular diagnosis for patients with the turnaround time (TAT) of 1–2 weeks, and positively changed the medical management (Elliott et al., 2019; Gubbels et al., 2020; Smigiel et al., 2020). The molecular diagnosis applied by rapid WGS was generally completed less than one week, even within 24 h, potentially revolutionizing clinical practice (Clark et al., 2019; Wang et al., 2020). ES focuses on targeted sequencing of the protein-coding regions of the nuclear genome, while WGS involves sequencing the entire genome including coding regions, intergenic regions and the mitochondrial genome. Previous studies reported that most of the patients identified as genetic conditions by rapid ES or WGS were monogenic disorders, and just a few cases who underwent WGS were diagnosed with a mitochondrial disorder caused by a single nucleotide variant (SNV) in mitochondrial DNA (mtDNA) (Petrikin et al., 2015; Willig et al., 2015).

Mitochondrial disorders are a group of complicated and heterogeneous diseases caused by mutations in genes that lead to defective oxidative phosphorylation (OXPHOS) and ATP synthesis (Wortmann et al., 2017). The diagnosis of mitochondrial disorders has always been challenging due to the clinical features being variable. Although the central nervous system (CNS) is most often involved, other single organ systems or multiple organ systems may be affected, such as muscle, liver, heart, kidneys, gastrointestinal tract, endocrine glands, and others (Kisler et al., 2010; Schon et al., 2020). Therefore, mitochondrial disorders enter the differential diagnosis of many common diseases. Mitochondrial diseases with childhood onset often present in the newborn period, however, it is very difficult to make an early diagnosis because the clinical phenotypes overlap with other common disorders (Tulinius and Oldfors, 2011; Honzik et al., 2012). The multimeric protein complexes comprising the OXPHOS system have a dual genetic origin (nuclear DNA or mtDNA), while the majority of subunits are encoded by the nuclear genome that can be identified effectively by using ES or WGS. However, mitochondrial genome sequencing is not routinely available in rapid genetic diagnosis programs, which may fail to diagnose mtDNA mutation-associated diseases.

In this study, we explored the clinical utility of combined rapid clinical exome sequencing (CES) and mtDNA sequencing in 40 critically ill pediatric patients with suspected genetic disorders. The CES in this study was a uniquely designed sub-exome panel comprised of approximately 5000 known genes causing Mendelian diseases, while whole mtDNA sequencing was performed using long-PCR followed by next generation sequencing (NGS).



METHODS


Patient Cohort

This multi-center study was performed at five hospitals in China from June 2018 to May 2020, which was approved by the Ethical Review Committee of the hospitals. The enrollment criteria were as follows: (1) pediatric patients with a severe and/or progressive disease but without a definite diagnosis, such as metabolic disturbances, neurological abnormalities, immune system defects, respiratory and/or cardiovascular failure and multiple congenital anomalies; (2) written informed consent was obtained from both parents prior to genetic testing; (3) both parents were available, and rapid CES was applied as a first-tier genetic test for a trio analysis. A total of 40 patients were enrolled in this study, including 29 patients in PICU/NICU and 11 patients in the other pediatric wards (Table 1). Twenty-six patients with neuromuscular abnormalities or other systemic abnormalities underwent rapid mtDNA sequencing concurrently. The flowchart of this study was shown in Figure 1.


TABLE 1. General description of the 40 pediatric patients with rapid genetic diagnosis.
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FIGURE 1. The flowchart of the genetic diagnosis in the 40 pediatric patients. CES, clinical exome sequencing; MDC, mitochondrial disease criteria; VOUS, variants of unknown significance.




Clinical Exome Sequencing

Peripheral blood samples of the patients and their parents were collected and the genomic DNA was extracted using the SolPure Blood DNA kit (Magen) according to the manufacturer’s instructions. The Q800R Sonicator (Qsonica) was used to disrupt the genomic DNA to generate 300–500 bp fragments. The paired-end libraries were prepared following the Illumina library preparation protocol. Custom-designed NimbleGen SeqCap probes (Roche NimbleGen, Madison, WI) were used for in-solution hybridization to enrich target sequences, which included ∼5000 genes associated with known Mendelian genetic diseases based on databases of Online Mendelian Inheritance in Man (OMIM), Human Gene Mutation Database (HGMD), and literature (AmCare Genomic Laboratory, Guangzhou, China). The NextSeq500 or NovaSeq 6000 sequencer (Illumina, San Diego, CA) was used for sequencing of enriched DNA. The average coverage depth was 200×, and at least 98% of the target regions were covered by 20×. The CES technology is capable of detecting various of known variant types, including SNVs, copy number variations (CNVs), small insertion and deletions (indels), chromosome aneuploidy, uniparental disomy (UPD), and mosaicism (Feng et al., 2015; Yu et al., 2016).



Variant Analysis and Interpretation

Raw-image data conversion and demultiplexing were performed following Illumina’s primary data analysis pipeline using CASAVA version 2.0 (Illumina). Low-quality reads (Phred score <Q20) were removed before demultiplexing. Sequences were aligned to the hg19 reference genome by NextGENe (SoftGenetics, State College, PA) using the recommended standard settings for single-nucleotide variant and insertion/deletion discovery. The variants with minor allele frequency (MAF) >1% in the Asian population were filtered out. Variant annotation was further confirmed through literature and population databases, including 1000 Genomes, dbSNP, GnomAD, Clinvar, HGMD, and OMIM. Genetic evaluation of pathogenicity of candidate gene variants was performed using multiple computational algorithms, including SIFT (Craig Venter Institute), Polyphen-2 (Harvard University), and MutationTaster (NeuroCure Cluster of Excellence). The interpretation of variants was performed according to the American College of Medical Genetics (ACMG) guidelines (Richards et al., 2015).



mtDNA Sequencing

The whole mitochondrial genome sequencing (16,569 bp) was performed using long-PCR followed by next generation sequencing (Yang et al., 2020). The mtDNA was extracted from peripheral blood from patients and maternal samples using a commercial DNA extraction kit (Mike Bio, China) according to the manufacturer’s instructions. The whole mitochondrial genome was amplified using long-range PCR, and disrupted by sonication using a Q800R Sonicator (Qsonica). High throughput sequencing was performed using a NextSeq 500 sequencer (Illumina, United States). The average depth of sequencing was at least 5000×. After the data was obtained, the bioinformatics analysis of the gene sequence was performed to confirm the locus information of the pathogenic genes. This assay detects single nucleotide variants with heteroplasmy >2%.



RESULTS


Clinical Characteristics

The clinical characteristics of the patients who went through the rapid CES and mtDNA sequencing were summarized in Table 1. Our cohort comprised of 24 males and 16 females with a median age of 4.5 months (range, 6 days–11 years) at the time rapid CES was performed, including 6 newborns less than one month old, 25 infants aged 1–12 months old, and 9 young children aged 1–11 years old. Among the patients, there were 18 patients in the NICU, 11 patients in the PICU, and 11 patients in other pediatric wards. Regarding the family history, 2 patients were twin sisters with the same phenotype (patient ID: P14, P15). All the patients were born to non-consanguineous parents, and none had an affected parent.



Genetic Diagnosis, TAT

According to the genetic test results and clinical phenotypes, a genetic diagnosis was made in 18 patients (18/40, 45.0%); three cases with de novo autosomal dominant variants (involving the genes KRAS, SCN5A, and WT1), nine cases with homozygous or compound heterozygous variants (involving the genes IL10RA, CD19, SLC37A4, UPB1, GCDH, AMPD1, VWF, and LHX3), three cases with hemizygous variants inherited from mother (including the genes HSD17B10, SLC9A6, and NAA10), two cases with heterozygous variants inherited from either parent (ABCC8 and MYH7 genes), and one case with a mtDNA mutation (MT-ND6 gene) (Table 2). The variation types detected in the 18 patients included missense and frameshift mutations, while zero clinically significant CNVs were detected in this study.


TABLE 2. Clinical features and genetic outcome of the 18 patients diagnosed.
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The rapid trio CES combined with mtDNA sequencing strategy enabled us to obtain a median TAT of 5 days from blood sample receipt to test reporting to ordering clinician (range 3–9 days). In three severely ill patients, the TAT of rapid CES and mtDNA sequencing was 3 days. For de novo variants or uncertain variants that suspected homologous interference needed to be confirmed by Sanger sequencing, thus, the final report was issued 2 days thereafter.



Impact of the Rapid Genetic Diagnosis on Clinical Procedures

Thirteen patients that were diagnosed had an available medical treatment option and resulted in a positive outcome. For example, a female infant (ID: P38) was admitted to the PICU at 6 months of age with irritability, dystonia, and atrophy of the temporal lobes. MRI results showed abnormal bilateral basal ganglia and white matter signal, and atrophy of the temporal lobes. The rapid CES and mtDNA sequencing were applied to the patient concurrently, and test reports were issued within 5 days. CES identified compound heterozygous mutations (p.R128Q and p.N291Kfs ∗ 41) in the GCDH gene (OMIM: 608801), then the patient was diagnosed with glutaric aciduria type I. She was immediately treated by a low-lysine diet and carnitine supplementation according to the guidelines for the management of glutaric aciduria type I (Heringer et al., 2010) and were considered for further long-term follow-up as indicated.

A male infant (ID: P8) was admitted to the PICU at 3 months of age with lactic acidosis and hypoglycemia. A molecular diagnosis of glycogen storage disease Ib caused by compound heterozygous mutations (p.G149E and p.G149E) in the SLC37A4 gene (OMIM: 602671) was detected by rapid CES. He was immediately treated by continuous night-time intragastric glucose infusion through a nasogastric tube, frequent feedings during the daytime with high complexity carbohydrates, and oral administration of uncooked cornstarch was also recommended after 6 months old according to the guidelines for the management of glycogen storage disease type I (Kishnani et al., 2014). These treatments successfully made the boy maintain a normal blood glucose concentration and corrected most of the other metabolic abnormalities.

Patient 18 (ID: P18) was admitted to the PICU at 4 years old with malignant arrhythmia including ventricular tachycardia, ventricular fibrillation, atrial tachycardia and atrial fibrillation. A de novo heterozygous mutation (p.G1631D) in the SCN5A gene (OMIM: 600163) was detected by rapid CES. The SCN5A gene defects have been associated with Brugada syndrome, familial atrial or ventricular fibrillation, and long QT syndrome. He was given beta blockers (propranolol), and cessation of symptoms was observed.

Patient 28 (ID: P28) was admitted to the NICU at birth with hypoglycemia, hyperinsulinism, and adrenal hyperplasia. He underwent rapid CES and mtDNA sequencing, and a diagnosis of “familial hyper insulinemic hypoglycemia” was made by detecting a heterozygous mutation (p.T1042Qfs ∗ 75) in the ABCC8 gene (OMIM: 600509) inherited from the father. He was given diazoxide therapy combined with frequent feedings, and showed an excellent response to this treatment with substantially improved plasma glucose concentrations.



DISCUSSION

Of the known genetic diseases according to the database of OMIM, the majority predominantly affect infants and children, which are the leading cause of infant mortality and pediatric hospital admissions. There is evidence that a significant number of genetic diseases present with clinical phenotypes during the first 28 days or the first year of life. However, precise early diagnosis of genetic diseases in these pediatric patients is very challenging, because the full clinical symptoms may not be evident in newborns or infants. Many studies have shown that genome-wide sequencing based on NGS technologies are powerful approaches for genetic testing in clinical settings. In recent years, rapid WGS and WES have been effectively used for genetic analysis in critically ill pediatric patients with suspected genetic disorders in the PICU/NICU, with a diagnosis rate ranging from 30 to 72.2% in different pediatric patient cohorts (Bourchany et al., 2017; van Diemen et al., 2017; Farnaes et al., 2018; Brunelli et al., 2019; Elliott et al., 2019; Sanford et al., 2019; Smigiel et al., 2020; Wang et al., 2020). In the present study, we applied rapid CES in 40 patients with severe and/or progressive diseases (most in NICU/PICU), as well as mtDNA sequencing in 26 patients that could not exclude mitochondrial disorders. Among the 40 patients, 17 patients were diagnosed as monogenetic disorders caused by mutations on nuclear genome, and one patient was diagnosed as a mitochondrial disorder caused by a mtDNA mutation, with an overall yield rate of 45.0% (18/40).

Inborn errors of metabolism (IEM) are a group of rare genetic diseases that generally result from impaired enzyme activities in specific metabolic pathways by genetic mutations. Recent articles reported more than 1015 known IEM, of which mitochondrial disorders are the most common group (about 23%) of inherited metabolic diseases (Ferreira et al., 2019; Ismail et al., 2019). To date, pathogenic variants in more than 300 nuclear genes and 37 mitochondrial genes are known to cause mitochondrial diseases (Schon et al., 2020). The genetic basis of mitochondrial disorders is very complex, and Mendelian inheritance and maternal inheritance patterns can all lead to both familial and sporadic cases. In this study, IEM was found in 6 patients, including two cases with mitochondrial disorders. A recent study on 18 unrelated infants in an ICU has also shown that mitochondrial disorders identified by rapid WES are the main cause of IEM (Smigiel et al., 2020). The prevalence of mtDNA mutation diseases is estimated to be at least 1 in 5000 (Skladal et al., 2003; Schaefer et al., 2004), and early-onset disease (<1 year) has been reported in many studies (Honzik et al., 2012; Bannwarth et al., 2013; Akesson et al., 2019; Imai-Okazaki et al., 2019). However, mtDNA sequencing is not routinely available in current rapid genetic diagnosis programs, which may fail to diagnose mtDNA mutation-associated diseases. In addition to nuclear genome, WGS can also provide a relatively good coverage (approximately 1000–2000×) of the mitochondrial genome to identify mtDNA variant, specifically a single nucleotide variant (Saunders et al., 2012; Petrikin et al., 2015; Brockhage et al., 2018; Husami et al., 2020; Riley et al., 2020), while ES may detect single nucleotide variants in mtDNA (Pronicka et al., 2016; Puusepp et al., 2018). The mitochondrial genome may be impacted by nuclear mitochondrial DNA segments (NUMTs), resulting in false positive mtDNA variants, failure to distinguish between heteroplasmy and homoplasmy, and inaccurate quantification of mtDNA variants (Ramos et al., 2013; Puertas and Gonzalez-Sanchez, 2020). In this study, the whole mitochondrial genome sequence was performed using a long-PCR based NGS method (Saunders et al., 2012; Yang et al., 2020). An 18-month-old male patient (ID: P13) with early-onset psychomotor retardation and developmental regression had a missense mutation (m.14430A > G, p.W82R) with mutation load of 91.3% in the MT-ND6 gene that was diagnosed with Leigh syndrome.

The clinical diagnosis of mitochondrial diseases present challenges for physicians, starting with when and how to investigate a suspected mitochondrial disorder. When a patient is clinically suspected of mitochondrial disease, the traditional approach is to exclude other common or metabolic disorders followed testing affected tissue with biochemical and histochemical assays to reach a final diagnosis. However, this procedure is expensive, invasive, time-consuming, and often no definitive diagnosis is reached. The modified mitochondrial disease criteria (MDC) in 2006 classified patients as having a “possible,” “probable,” or “definite” mitochondrial disorder according to score based on clinical signs and symptoms, metabolic/imaging tests, and morphology (Morava et al., 2006). With the advent of next-generation sequencing, exome sequencing was used to identify genetic defects in suspected mitochondrial patients. Wortmann et al. reported that a molecular diagnosis was achieved in 57% of the subgroup of patients with the highest suspicion for a mitochondrial disease, while several genes associated with neuromuscular disorders were identified in the subgroup of patients with the lowest suspicion for a mitochondrial disorder (Wortmann et al., 2015). The application of WES in patients suspected with mitochondrial disease indicated that nuclear DNA variants are more common, single nucleotide variants in mtDNA may also be detected, and that a significant proportion of non-mitochondrial disorders caused by other variants were also found (Pronicka et al., 2016; Puusepp et al., 2018). In a multicenter cohort of 136 patients clinically diagnosed with mitochondrial disorders, mtDNA restriction fragment length polymorphism (RFLP) and/or exome sequencing (including WES or gene panels) were performed to confirm the genetic etiology, and the results showed that 51% had a maximal mitochondrial score (8/8) predicting a definite mitochondrial disorder, 33% had a probable mitochondrial disorder (5–7/8), and 16% had a possible mitochondrial disorder (2–4/8) (Witters et al., 2018). Previous studies indicated that WES analysis has been successfully implemented as a first-tier test for mitochondrial disorders as well as for the mimicking disorders in clinical practice, and clinical and biochemical phenotyping is essential for successful application of WES to diagnose these patients. In view of the broad phenotypic and genotypic heterogeneity of mitochondrial disorders, we suggest that exome sequencing in combination with mtDNA sequencing is applied to identify genetic defects for all patients that could not exclude a mitochondrial disorder according to the MDC.

Early diagnosis of suspected genetic disorders can help guide clinical management, greatly improve patient outcomes, and reduce health care cost. In this study, the average turnaround time to reach a diagnosis was 5 days, with a range of 3–9 days, which is significantly faster than routine exome sequencing. Currently, rapid whole exome and target sequencing can deliver a molecular diagnosis for patients with the TAT of 1–2 weeks, while the TAT of rWGS was generally less than one week even within 24 h, positively changing the medical management. In this study, 13 patients that were diagnosed had an available medical treatment and resulted in a positive outcome. We have not analyzed the economic benefits and issue, but it is highly possible that rapid CES and mtDNA sequencing as a first-tier test is time and cost-effective by significantly shortened the time of hospitalization for patients in NICU/PICU.

In conclusion, rapid CES proved to be an effective diagnostic tool for critically ill pediatric patients with suspected genetic disorders, which prevented a range of unnecessary investigations and guided the appropriate treatment. We have demonstrated the feasibility and utility of incorporating rapid mitochondrial genome sequencing combined with ES in patients whose diagnosis or differential diagnosis includes mitochondrial disorders.
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Background: In epidemiological studies, it has been proven that the occurrence of type 2 diabetes mellitus (T2DM) is related to an increased risk of infectious diseases. However, it is still unclear whether the relationship is casual.

Methods: We employed a two-sample Mendelian randomization (MR) to clarify the causal effect of T2DM on high-frequency infectious diseases: sepsis, skin and soft tissue infections (SSTIs), urinary tract infections (UTIs), pneumonia, and genito-urinary infection (GUI) in pregnancy. And then, we analyzed the genome-wide association study (GWAS) meta-analysis of European-descent individuals and conducted T2DM-related single-nucleotide polymorphisms (SNPs) as instrumental variables (IVs) that were associated with genome-wide significance (p < 5 × 10–8). MR estimates were obtained using the inverse variance-weighted (IVW), the MR-Egger regression, the simple mode (SM), weighted median, and weighted mode.

Results: The UK Biobank (UKB) cohort (n > 500,000) provided data for GWASs on infectious diseases. MR analysis showed little evidence of a causal relationship of T2DM with five mentioned infections’ (sepsis, SSTI, UTI, pneumonia, and GUI in pregnancy) susceptibility [odds ratio (OR) = 0.99999, p = 0.916; OR = 0.99986, p = 0.233; OR = 0.99973, p = 0.224; OR = 0.99997, p = 0.686; OR, 1.00002, p = 0.766]. Sensitivity analysis showed similar results, indicating the robustness of causality. There were no heterogeneity and pleiotropic bias.

Conclusion: T2DM would not be causally associated with high-frequency infectious diseases (including sepsis, SSTI, UTI, pneumonia, and GUI in pregnancy).

Keywords: T2DM, sepsis, infections, single-nucleotide polymorphisms, instrumental variable, Mendelian randomization study


INTRODUCTION

Infections are responsible for more than 20% of deaths worldwide, with approximately 245,000 sepsis cases in the United Kingdom in 2017 (Rudd et al., 2020). Infections share risk factors with a non-communicable disease or are triggers for them, making it difficult to disentangle their underlying causes (Parks et al., 2012; Remais et al., 2013; Leung et al., 2017).

One such non-communicable disease is type 2 diabetes mellitus (T2DM), a condition affecting close to 465 million people across the globe (Boulton, 2020). In the United Kingdom, the prevalence of diabetes has doubled over the last three decades (Pierce et al., 2009; McGuire et al., 2016). While undoubtedly associated with sepsis and other infections, it is not aligned in all studies (Valdez et al., 1999; Bertoni et al., 2001; Shah and Hux, 2003; Thomsen et al., 2004, 2005; Gregg et al., 2014). However, these findings were subject to confounding and reverse causation bias. Confounding commonly occurs in observational epidemiology when the exposure and the outcome are influenced by a third variable, rather than in their causal pathway. Reverse causation occurs when the outcome influences the exposure. Therefore, traditional epidemiological studies are ill-suited to explore whether there are relationships between T2DM and infections even with statistical adjustments (Lawlor et al., 2004).

Mendelian randomization (MR) is becoming an analytic method that applies genetic proxies as instrumental variables (IVs) and finds stronger evidence for the causal effect of outcomes through an intermediate trait effectively avoiding confounding and reverse causality (Sekula et al., 2016). Given that diabetes or high glucose levels can be prevented by lifestyle changes or medications, if there is a causal relationship between infections and T2DM, this may be a potential strategy for the prevention of infections in T2DM patients. Therefore, we performed a two-sample MR analysis based on statistics from genome-wide association study (GWAS) data to assess whether T2DM was causally associated with the risk of infections (Dimou and Tsilidis, 2018).



MATERIALS AND METHODS


Data Sources and Single-Nucleotide Polymorphism Identification


Genetic Association Datasets for Type 2 Diabetes Mellitus Susceptibility

In order to analyze the results, we used a recent meta-analysis of GWAS for T2DM, which compared 62,892 T2DM patients and 596,424 controls of European ancestry with a total of 16 million gene variants, from three contributing studies, including the full cohort release of the UK Biobank (UKB), Diabetes Genetics Replication and Meta-analysis (DIAGRAM), and Genetic Epidemiology Research on Aging (GERA) (Xue et al., 2018). This study identified 139 common variants, and four rare variants are related to T2DM. The role of rare variants in the occurrence of common diseases remains controversial (Gibson, 2012). The latest study showed that the contribution of rare variants to T2DM heritability may be limited (Fuchsberger et al., 2016). Therefore, there are only 139 common and independent variants (p < 5 × 10–8) included in our analysis. During automatic analysis, two single-nucleotide polymorphisms (SNPs) (rs13234269 and rs11591741) of T2DM were removed for being palindromic with intermediate allele frequencies. As a result, we analyzed 137 SNPs as the IVs. There was no evidence of gender or age heterogeneity in the UKB. To test whether there was a weak bias of the IV, i.e., genetic variation selected as an IV was weakly correlated with exposure, we calculated the F statistic [F = R2(n−k−1)/k(1−R2], where R2 is the exposure variance explained by the chosen IV; n, sample size; and k, number of IVs). If the F statistic is much larger than 10 for an instrument–exposure association, the likelihood of a weak instrument variable bias was small (Staiger and Stock, 1997).



Genetic Association Datasets for Infections

Five high-frequency infections related to T2DM were included: sepsis, skin and soft tissue infections (SSTIs), urinary tract infections (UTIs), pneumonia, and genito-urinary infection (GUI) in pregnancy (Miller et al., 2013; Butler-Laporte et al., 2020). To identify whether genetic variants are associated with common infectious diseases, we employed the UKB cohort with genome-wide genotyped data. Then, we derived these summarized data from GWAS analysis in the latest version of infections genetics program in the UKB. To find out genetic variants associated with infections, we used the UKB cohort, which consists of more than 500,000 volunteer participants in the United Kingdom with genome-wide genotyped data.




Mendelian Randomization Analysis

Because of the lack of comprehensive data in a single cohort (Wensley et al., 2011), we performed a two-sample MR analysis using the two-sample MR software package in R (version 4.0.3) (Burgess et al., 2013; Yavorska and Burgess, 2017) to determine the causal associations between T2DM and common infections. Three important hypotheses need to be demonstrated to ensure that the IVs in MR analysis are valid (Burgess et al., 2015): (1) the SNPs used as IVs can robustly predict T2DM; (2) the SNPs are not associated with potential confounders affecting T2DM and five common infections; and (3) the SNPs influence infections only through their effects on T2DM, but not through any other causal pathways (Figure 1). In this two-sample MR, we employed five methods, including the inverse variance-weighted (IVW), the MR-Egger (MR-Egger) regression, the simple mode (SM), weighted median, and weighted mode (Burgess and Thompson, 2015). Based on the dominance of each MR method, five approaches were conducted to complement each other. In two-sample MR, the IVW method acting as a fixed-effect meta-analysis was usually used. Then, a sensitivity analysis was performed by the weighted mode, the weighted median, the SM, and MR-Egger methods to examine the stability of the causal inference (Burgess et al., 2017; Hartwig et al., 2017). First, the “leave one out” analysis was employed to determine whether causal inference was robustly related to a single SNP. Second, the SNPs were included if they were not significant linkage disequilibrium (LD; r2 < 0.001) with each other. According to several estimates of different methods, we finally select the results of the principal MR method as the following rules: (1) the results of the IVW method were chosen, when there is no directional pleiotropy shown in the MR estimation (Q statistic, p-value > 0.05; MR-Egger intercept, p-value > 0.05). (2) The results of the IVW method were chosen, when p-value > 0.05 for the Q test and directional pleiotropy (MR-Egger intercept, p-value < 0.05). (3) The results of the IVW method were chosen, when p-value < 0.05 for the Q test and directional pleiotropy was detected (MR-Egger intercept, p-value < 0.05). An analysis using a web-based application was conducted1 (Brion et al., 2013) to calculate the statistical power of the MR. Estimation of detectable odds ratio (OR) was obtained after specifying a power of 80% and a significance of 5%.
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FIGURE 1. Overview of hypotheses in MR design. Three different assumptions are represented by three paths. Assumption 1: SNPs robustly predict T2DM. Assumption 2: No potential confounders affect infections (sepsis, skin and soft tissue infections, urinary tract infections, pneumonia, and genito-urinary infection in pregnancy). Assumption 3: SNPs impact the abovementioned infections only through T2DM. MR, Mendelian randomization; SNPs, single-nucleotide polymorphisms; T2DM, type 2 diabetes mellitus. Red cross mark in assumption 2 means that genetic variants are not related to known or unknown confounder factors and in assumption 3 it means that genetic variants would have an influence on the outcome (infections) only through exposure (T2DM), not through other pathways.





RESULTS


Instrumental Selection for Type 2 Diabetes Mellitus

One hundred thirty-nine genetic variants were obtained as the IVs according to their GWAS (p < 5 × 10–8). Finally, we conducted 137 SNPs of T2DM as the IVs after eliminating two SNPs (rs13234269 and rs11591741) for being palindromic with intermediate allele frequencies. Detailed information about 137 SNPs is shown in Supplementary Table 1. F statistic for the instrument–exposure association was 17.17, which is much greater than 10, indicating that the likelihood of a weak instrument variable bias is small.



Mendelian Randomization Analysis Between Type 2 Diabetes Mellitus and Sepsis Risk

The IVW method showed no obvious heterogeneity (p = 0.785) between T2DM and sepsis and that there was no association between them (OR = 0.99999; 95% CI, 0.99982–1.00016; p = 0.916). The MR-Egger regression analysis provided little evidence to support the association between T2DM and sepsis (OR = 1.00023; 95% CI 0.99985–1.00061; p = 0.246). Pleiotropy for T2DM was not observed in the MR-Egger regression analysis (intercept = −1.829 × 10–5; p = 0.181). Causal association using five different methodological approaches (IVW, MR-Egger, SM, weighted median, and weighted mode) could be found in Table 1. The forest plot showed the OR and a horizontal line representing the sepsis risk of T2DM-related SNPs with 95% CIs (Figure 2). Furthermore, the results of “leave one out” demonstrated that no individual SNPs has any remarkable impact on the overall results by eliminating 137 SNPs one at a time (Supplementary Figure 1). Detailed information about 137 SNPs in sepsis is shown in Supplementary Table 1.


TABLE 1. The association between T2DM and infections of odds ratios using different methodological approaches.
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FIGURE 2. Forest plot: the associations between T2DM-related SNPs and sepsis risk. T2DM, type 2 diabetes mellitus; SNPs, single-nucleotide polymorphisms; OR, odds ratio; CIs, confidence intervals.




Mendelian Randomization Analysis Between Type 2 Diabetes Mellitus and Skin and Soft Tissue Infection Risk

The MR analysis was conducted by using 137 SNPs. We found that there is no causal link between T2DM and SSTI risk according to the results of IVW method (OR = 0.99986; 95% CI, 0.99962–1.00009; p = 0.233), without obvious heterogeneity (p = 0.678). Moreover, the potential pleiotropy for these 137 SNPs was not observed in the MR-Egger regression analysis (intercept = −2.784 × 10–5; p = 0.157). Causal association with T2DM and SSTI could be found in Table 1. The forest plot of the SSTI risk is shown in Figure 3. To assess the stability of MR analysis results, we further conducted the sensitivity analysis through a leave-one-out method. The results from sensitivity analysis are shown in Supplementary Figure 2. Detailed information on 137 SNPs in SSTI is shown in Supplementary Table 1.
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FIGURE 3. Forest plot: the associations between T2DM-related SNPs and SSTI risk. T2DM, type 2 diabetes mellitus; SSTI, skin and soft tissue infections; SNPs, single-nucleotide polymorphisms; OR, odds ratio; CIs, confidence intervals.




Mendelian Randomization Analysis Between Type 2 Diabetes Mellitus and Urinary Tract Infection Risk

The results from IVW method were p-value = 0.224, OR = 0.99973, and 95% CI = 0.99929–1.00017 (Table 1). According to these results, T2DM was not causally linked to UTI risk. Moreover, there was no observed heterogeneity in this analysis (p = 0.557). Also, there is no potential pleiotropy for these SNPs according to the results of the MR-Egger method (intercept = 3.749 × 10–5; p = 0.303). The forest plot of the UTI risk is shown in Figure 4. To evaluate the robustness of MR results about T2DM and UTI, a sensitivity analysis was also performed for MR studies between T2DM and UTI through the leave-one-out method. The sensitivity analysis results are shown in Supplementary Figure 3, and detailed information about 137 SNPs can be found in Supplementary Table 1.
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FIGURE 4. Forest plot: the associations between T2DM-related SNPs and UTI risk. T2DM, type 2 diabetes mellitus; UTI, urinary tract infection; SNPs, single-nucleotide polymorphisms; OR, odds ratio; CIs, confidence intervals.




Mendelian Randomization Analysis Between Type 2 Diabetes Mellitus and Pneumonia Risk

The IVW results (OR = 0.99997; 95% CI, 0.99982–1.00012; p = 0.686) indicated that T2DM would not be causally associated with pneumonia risk, without obvious heterogeneity (p = 0.667). In addition, the MR-Egger regression (OR = 1.000; 95% CI, 1.000–1.000; p = 0.882) and intercept (intercept = −4.416 × 10–6; p = 0.720) demonstrated that there was no significant pleiotropy of the MR study between T2DM and pneumonia (Table 1). According to the forest plot, there was no causal association between T2DM and pneumonia risk (Figure 5). The sensitive analysis using leave-one-out approach could be obtained in Supplementary Figure 4. Supplementary Table 1 shows SNP-related details.
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FIGURE 5. Forest plot: the associations between T2DM-related SNPs and pneumonia risk. T2DM, type 2 diabetes mellitus; SNPs, single-nucleotide polymorphisms; OR, odds ratio; CIs, confidence intervals.




Mendelian Randomization Analysis Between Type 2 Diabetes Mellitus and Genito-Urinary Infection Risk in Pregnancy

We conducted an MR analysis between T2DM and GUI in pregnancy using R package Two Sample MR. IVW result (OR = 1.00002; 95% CI, 0.99989–1.00014; p = 0.766) indicated that T2DM was not causally linked to GUI risk in pregnancy, without specifying heterogeneity (p = 0.125). According to the MR-Egger result (OR = 0.99990; 95% CI, 0.99963–1.00018; p = 0.501 and intercept = 8.848 × 10–6; p = 0.374), there was no significant pleiotropy in the MR study between T2DM and GUI (Table 1). The forest plot against GUI risk of pregnancy is shown in Figure 6. The sensitive analysis using leave-one-out approach showed that no individual SNPs has any remarkable impact on the overall results by eliminating 137 SNPs one at a time (Supplementary Figure 5). Detailed information about SNPs is obtained in Supplementary Table 1. After >80% power with 5% significance was specified, the estimation of the detectable effect sizes of sepsis, SSTI, UTI, pneumonia, and GUI in pregnancy was 0.99999, 0.99986, 0.99973, 0.99997, and 1.00002, respectively.
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FIGURE 6. Forest plot: the associations between T2DM-related SNPs and GUI risk in pregnancy. T2DM, type 2 diabetes mellitus; GUI, genito-urinary infection; SNPs, single-nucleotide polymorphisms; OR, odds ratio; CIs, confidence intervals.





DISCUSSION

Type 2 diabetes mellitus has been related to the increase of incidence and mortality of infectious diseases (Benfield et al., 2007; de Miguel-Yanes et al., 2015; Wang et al., 2019). To clarify this association, we conducted a two-sample MR analysis to investigate whether causal effects existed between T2DM and the risk of related infections. The results of our findings support the notion that T2DM alone might not be responsible for the reported positive association with T2DM and infectious diseases (sepsis, SSTI, UTI, pneumonia, and GUI in pregnancy). These discoveries were reliable for some sensitivity analyses.

Our findings were consistent with those reported in earlier researches (Moss et al., 2000; Gong et al., 2005; Esper et al., 2009; Donath et al., 2019). A prospective study demonstrated that diabetes mellitus was a negative predictor of septic shock complicated with acute respiratory distress syndrome (ARDS) (Moss et al., 2000). The incidence of ARDS in patients with diabetes was significantly lower than that in patients without diabetes (25% vs. 47%; OR, 50.33, 95% CI, 0.12–0.90). These results and our MR analysis seem to suggest that there was little evidence to support the genetic role of T2DM in infection development.

More importantly, patients with T2DM usually have higher blood glucose levels than that in healthy people, which may enable them to better tolerate the effects of acute hyperglycemia when inflammation will be occurring. On the contrary, when non-T2DM patients with acute diseases have acute hyperglycemia, the level of circulating inflammatory cytokines increases significantly and induces more inflammatory responses (Yu et al., 2003), which may increase infection risk.

Another possibility is that the susceptibility variations of T2DM are often related to both higher blood glucose levels and low insulin levels. This may lead to vertical pleiotropy. In this case, genetic variants are related to blood glucose and insulin levels on the same biological pathway from T2DM to common infections. Thus, this condition does not violate the MR assumptions. Furthermore, we conducted the MR-Egger regression, which did not show the probability of pleiotropic effects.

Finally, the influence of T2DM itself on infection risk, if any, may be smaller than we thought. The routine epidemiological analysis might have overestimated the real association, possibly due to the influence of uncontrolled factors involving reverse causation or common risk factors.

Our findings indicated that T2DM may not play a major role in the susceptibility of developing common infections. However, from a public health point of view, controlling these common risk factors is undoubtedly important to prevent these two kinds of diseases, because T2DM and common infections have some established changeable risk factors such as obesity and smoking (Haskins et al., 2014; Calfee et al., 2015; Frydrych et al., 2018).

There are several advantages of our several MR analyses in this article. Firstly, we used the large-scale T2DM GWAS summary dataset and five common infections GWAS summary dataset. MR can reduce the impact on population stratification through a large dataset. In addition, we used the five MR methods in this study, which can increase the robustness of the MR results and prevent reverse causal bias. Several pleiotropic analyses were also conducted, which could reduce the pleiotropic influence on the MR results. We further performed the sensitivity analysis by using the leave-one-out method, which can ensure the stability of the MR results.

Some limitations need to be noticed. First, a potential limitation of our study is that some IVs may overlap across infectious diseases. Theoretically, the exposure and outcome studies used in two-sample MR analysis should not involve overlapping participants. However, in practice, the original GWAS studies mixed some samples. Therefore, we used strong instruments (i.e., F statistic much greater than 10) to minimize the bias caused by overlapping (Pierce and Burgess, 2013). Second, to dissect the causal relationships more clearly, employing the causal effects of glycemic traits (notably fasting glucose and insulin, the homeostatic model assessment for insulin resistance and beta-cell function, and HbA1c) on the infectious disease would be more helpful. Unfortunately, we currently lack suitable data to make this assessment more meticulous. Third, despite our best efforts to resolve confounding effects or potential pleiotropic, the possibility still exists. It is worth noting that some of the variants in our study are associated with insulin-related traits rather than glucose, which may result in horizontal pleiotropy. Our MR results may be distorted by the existence of potential horizontal pleiotropy. Instead of using T2DM-susceptible variants, the use of variants associated with glucose levels, such as glucose transporters, may better address this limitation. Fourth, the genetic variants were not related to tested and undetermined confounders, which may affect both T2DM and infections. However, due to the limitations of the method, unmeasured confounding factors or other causal pathways may still impact our results. Fifth, these findings are based on the population of Europe, so it is difficult to represent the general conclusions of other ethnic and regional populations. Thus, future research needs more regional groups and a larger sample size to verify the observed connections.



CONCLUSION

Using T2DM-related SNPs as IVs from GWAS data, this MR study found no strong evidence to support the causal associations between T2DM and five common infection risks in the European population. In addition, randomized controlled trials (RCTs) about the association between T2DM and infections in the long-term outcomes are needed.
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Genetic skeletal dysplasias (GSDs) are a type of disease with complex phenotype and high heterogeneity, characterized by cartilage and bone growth abnormalities. The variable phenotypes of GSD make clinical diagnosis difficult. To explore the clinical utility of targeted exome sequencing (TES) in the diagnosis of GSD, 223 probands with suspected GSD were enrolled for TES with a panel of 322 known disease-causing genes. After bioinformatics analysis, all candidate variants were prioritized by pathogenicity. Sanger sequencing was used to verify candidate variants in the probands and parents and to trace the source of variants in family members. We identified the molecular diagnoses for 110/223 probands from 24 skeletal disorder groups and confirmed 129 pathogenic/likely pathogenic variants in 48 genes. The overall diagnostic rate was 49%. The molecular diagnostic results modified the diagnosis in 25% of the probands, among which mucopolysaccharidosis and spondylo-epi-metaphyseal dysplasias were more likely to be misdiagnosed. The clinical management of 33% of the probands also improved; 21 families received genetic counseling; 4 families accepted prenatal genetic diagnosis, 1 of which was detected to carry pathogenic variants. The results showed that TES achieved a high diagnostic rate for GSD, helping clinicians confirm patients’ molecular diagnoses, formulate treatment directions, and carry out genetic counseling. TES could be an economical diagnostic method for patients with GSD.

Keywords: targeted exome sequencing, genetic skeletal dysplasia, molecular diagnosis, genetics evaluation, clinical utility


INTRODUCTION

Genetic skeletal dysplasia (GSD) is a diverse group of bone and cartilage disorders that are manifested as abnormal growth, development, and morphometry; this condition has diverse clinical presentations and high genetic heterogeneity (Krakow and Rimoin, 2010). The clinical manifestations range from slight skeletal changes to severe bone deformity, even threatening patients’ lives in some cases. Many forms of skeletal dysplasia result in short stature (proportionate or disproportionate) and skeletal abnormalities and involve multiple organ systems, such as the nervous, visual, and auditory systems. Although each type of skeletal dysplasia is relatively rare, the total quantity is considerable. Early statistics show that skeletal dysplasia has a collective birth incidence of almost 1/5,000 in United States (Orioli et al., 1986). Although no population-based studies have been conducted in China to determine the prevalence of skeletal dysplasia, there is no doubt at present that China accounts for a large share of rare-disease cases in the world (Wang et al., 2010).

Currently, the diagnosis of GSD is based on clinical, radiological, biochemical, and molecular criteria. However, most patients have not received adequate diagnosis and therapy due to clinicians’ limited experience in diagnosis of GSD. Especially in China, there are no official data on the definition of skeletal dysplasia, and there is little information in relevant epidemiological records. Therefore, Chinese clinicians are not particularly conversant with those diseases. China’s definite diagnosis rate is relatively low compared with those of other countries. One study revealed that only 5% of the reported osteogenesis imperfecta (OI) cases in the China Biomedical Database (CBM) had been identified by exact type (Cui et al., 2012). Making a definite diagnosis of GSD has become a major task for us at present.

The 9th edition of the nosology and classification of genetic skeletal diseases contains 436 different diseases and 42 groups, and the number of causative genes has increased to 364 since the previous edition (Bonafe et al., 2015). To date, approximately 92% of GSD cases have been described along with their causative variants, which is attributable to the continuous innovation of next-generation sequencing (NGS) technology. NGS enables quick sequencing of a large number of candidate genes at one time; it is noticeably less time consuming than Sanger sequencing (Sobreira et al., 2010). The technical simplicity of NGS allows it to be used on a large scale in the study and diagnosis of monogenic diseases (Bamshad et al., 2011; Yang et al., 2013) through testing methods including targeted exome sequencing (TES), whole exome sequencing (WES), and whole genome sequencing (WGS). WES and WGS can conduct a comprehensive exploration of genes, which is significant for researchers exploring unknown disease-causing genes (Min et al., 2011; Cameron-Christie et al., 2018). However, WES and WGS are costly, and the large amounts of resulting data are difficult for professionals to analyze. Managing and storing those data is also a challenge. In contrast, TES has the advantages of short turnaround time, a relatively low price, and deeper coverage. As TES only focuses on the targeted exons, in the same total reads, it could achieve deeper coverage and improve the sensitivity and specificity of the analysis (Mamanova et al., 2010). Therefore, we used TES as our first choice to detect GSD.

The purpose of this study was to evaluate the clinical utility of TES (containing 322 known causative gene) in 223 probands with suspected GSD. We assessed the diagnostic rate of TES, analyzed the modification of diagnoses after TES, and summarized the impact of molecular diagnosis on probands. Our results demonstrated that TES is an economical method for GSD diagnosis.



MATERIALS AND METHODS


Subjects

This study was approved by the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital (SP-2019-117). All recruited probands or their legal guardians provided written informed consent. Probands were selected from the database of Shanghai Clinical Research Center of Bone Diseases, which was established by the Department of Osteoporosis and Bone Diseases at Shanghai Jiao Tong University Affiliated Sixth People’s Hospital in 2010. The inclusion criteria were as follows: (1) proportionate or disproportionate short stature (asymmetric shortening of trunk or limb length); (2) unexplained bone pain, skeletal deformity, fragility fractures, or abnormal bone density, especially with other system abnormalities (hearing loss, abnormal teeth, etc.); (3) x-rays showing abnormal vertebral body shape, irregular epiphyses, rough and calcified metaphyses, and abnormally long-bone diaphyses; (4) laboratory tests showing abnormal indicators related to bone metabolism; (5) an early age of onset (childhood or after birth), a family history, or closely consanguineous parents. Probands needed to meet more than one criterion to be enrolled. Some recognizable causes of skeletal dysplasia had been excluded through preliminary examinations, for example, long-term use of drugs that affect bone metabolism (such as glucocorticoids, adrenaline, anabolic steroid hormones, or anticonvulsants), bone manifestations caused by disorders of other systems (such as nephrotic syndrome, chronic renal failure, renal tubule acidosis, Fanconi syndrome, or hyperparathyroidism), and bone dysplasia caused by nutritional deficiency (such as insufficient vitamin D intake or disorders of absorption and metabolism).

Ultimately, we enrolled 223 probands, collected detailed medical history data (including previous visit information and family history), and performed improved blood biochemical examinations and imaging. Based on clinical, biological, and imaging results, clinicians gave a preliminary clinical diagnosis. As some probands had undergone Sanger sequencing prior to the present study, we divided probands into three categories based on genetic testing, as follows: Probands series 1: probands had not undergone genetic sequencing before; Probands series 2: probands had undergone Sanger sequencing at least once, but no pathogenic variant was found; Probands series 3: probands had clearly pathogenic variant(s) confirmed previously by Sanger sequencing. This group contains 44 verified variants for evaluation of the sensitivity and specificity of TES. The demographics, phenotype descriptions, and genetic tests are summarized in Figure 1 and Supplementary Table 1.
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FIGURE 1. Demographics of the 223 probands. (A) The distribution of gender and age of 223 probands; male accounted for 62%. (B) Family history and parental consanguinity of 223 probands; 4% probands were born to consanguineous parents. y, years.




Targeted Exome Sequencing and Variant Analysis

Peripheral blood samples were collected from probands and their available family members. We used a QuickGene DNA whole blood kit (Kurabo Industries Ltd., Osaka, Japan) and a Nucleic Acid Isolation system (QuickGene-610L; AutoGen, Inc., Holliston, MA, United States) to extract genomic DNA. We designed a gene capture array (SureSelect Reagent kit; Agilent Technologies, Santa Clara, CA, United States) containing 322 genes (Supplementary Table 2), which is based on the 2015 revision of the nosology and classification of genetic skeletal disorders (Bonafe et al., 2015). A DNA library was constructed, and DNA fragments were sorted and purified. High-throughput sequencing was performed with an Illumina HiSeq-NovaSeq (Illumina, San Diego, CA, United States) to generate FastQ files. BWA (Li and Durbin, 2009) and Picard software were used for reference sequence alignment analysis, and samples with poor sequencing quality were excluded. The average sequencing depth of the original data of each sample was above 300×, and the base Q30 ratio was 91%. Sequencing quality information is provided in Supplementary Table 3.

The GATK HaplotypeCaller method was used to detect the SNVs and indels of each sample, and the variants were prioritized and filtered by the software according to the defined criteria. The allele frequency of SNVs and indels were evaluated by comparison with variant databases (including 1000 Genomes, ESP6500, and gnomAD). The conservation of SNVs and indels and their deleterious effects on the corresponding proteins were predicted by in silico tools (including MutationTaster, PolyPhen-2, SIFT, and CADD). We preferentially selected variants that met the following conditions: (1) non-synonymous variants located in exons or splicing regions; (2) SNVs whose allele frequency was lower than 0.001; (3) highly conservative SNVs that were predicted to be pathogenic; (4) known pathogenic variants in HGMD. These selected variants were associated with clinical phenotypes, imaging findings and genetic patterns to identify candidate variants. Sanger sequencing was used for validation and was also performed in family members to find the source of variation. Candidate variants were classified by following the guidelines of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) (Richards et al., 2015). We defined “diagnostic yield” as the proportion of probands who received a molecular diagnosis.



RESULTS


Description of the Cohort

In this study, 223 probands with suspected GSD underwent the TES. This cohort was predominantly male (139/223, 62%). Most of the probands were children and young adults (Figure 1A); the median age at referral for testing was 13 years (age range: 4 months to 59 years old), and the average age of onset was 5 years. In this cohort, 8/223 (4%) probands had consanguineous parents; 37/223 (17%) probands had a family history (Figure 1B), with a total of 40 affected family members. We were unable to obtain peripheral blood from the parents of 21 probands, including seven affected family members. One family was unavailable due to divorce, three were deceased, and the rest refused to provide peripheral blood. In the present study, the most common initial clinical diagnosis was OI (70/223, 31%), followed by spondyloepiphyseal dysplasia (36/223, 16%) and hypophosphatemic rickets (24/223, 11%, Table 1).


TABLE 1. Clinical diagnoses of 223 probands who were suspected with genetic skeletal dysplasia.
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Characteristics of the Variant Spectrum

After preliminary filtration, we obtained 138 variants in 48 candidate genes. Sanger sequencing was performed in 114 families. All 138 variants were confirmed by Sanger sequencing, which excluded false positives. According to ACMG/AMP guidelines, 129 variants were classified as pathogenic/likely pathogenic, seven variants were classified as having uncertain significance, and two variants were classified as benign/likely benign (Figure 2A). Among 129 pathogenic/likely pathogenic variants, 81 were missense variants, 18 were splice-site variants, 11 were nonsense variants, 10 were frameshift variants, six were in-frameshift insertion/deletion variants, and three were initiation codon variants (Figure 2B). The test results showed that 64 (50%) variants were de novo, 24 (19%) were paternal, 19 (15%) were maternal, and 22 (17%) were of unknown origin (Figure 2C). After reviewing the literature and combining the report of the Human Gene Mutation Database in 2020, 75 variants were reported, and 54 variants were novel.
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FIGURE 2. Characteristics of the variants detected. (A) The classification of 138 variants according to ACMG/AMP guidelines. (B) Mutation types of 129 pathogenic/likely pathogenic variants. (C) Genetic origin of 129 pathogenic/likely pathogenic variants and the proportion of reported and novel. (D) The disease inheritance pattern of 110 probands with clear molecular diagnosis. ACMG/AMP, American College of Medical Genetics and Genomics and the Association for Molecular Pathology.




Diagnostic Yield

We clarified the molecular diagnosis of 110 probands and confirmed 48 genes (cause/likely cause GSD) from 24 skeletal disorder groups (Table 2). The disease inheritance patterns of these 110 probands were autosomal dominant (n = 71), autosomal recessive (n = 31), X-linked dominant (n = 7), and X-linked recessive (n = 1, Figure 2D). The total diagnostic rate was 49%.


TABLE 2. Molecular diagnostic classification of 110 probands based on the 2015 revision of the nosology and classification of genetic skeletal disorders.
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Because some probands had previously received genetic testing, we divided the enrolled probands into three groups based on the results of genetic testing. Ninety-one probands who had not undergone genetic testing were classified into Probands series 1. Probands with spondyloepiphyseal dysplasia accounted for the majority (n = 14), followed by probands with OI (n = 9). Fourteen probands with suspected GSD had indeterminate clinical diagnoses due to their complex or ambiguous phenotypes. Overall, 54/91 probands were confirmed to have 31 disease-causing genes, for a diagnosis rate of 59%. Among 54 probands with clear molecular diagnoses, lysosomal storage diseases with skeletal involvement were the most common (n = 7), followed by OI (n = 6) and members of the type 2 collagen group (n = 5). In probands with indeterminate clinical diagnoses, 5/14 (36%) had received identified molecular diagnoses, including Larsen syndrome (2 cases), hereditary motor neuropathy (1 case), hypochondroplasia (1 case), and short stature with non-specific skeletal abnormalities (1 case).

Probands series 2 contained 97 probands who had previously received Sanger sequencing with negative results (Sanger sequencing results are shown in Supplementary Table 1). OI was the most common initial diagnosis among the probands (n = 47), and no pathogenic variants were found in COL1A1/2 genes all of them. The next most common initial diagnosis was hypophosphatemic rickets (n = 15), and no pathogenic variants were found in PHEX. In Probands series 2, 21/97 probands had received confirmed molecular diagnoses, for an overall diagnosis rate of 22%. A total of 7/47 probands suspected with OI carried variants in 6 disease-causing genes, namely, 1 IFITM5, 1 CRTAP, 2 BMP1, 1 PLS3, and 1 COL1A2 (c.432 + 4_432 + 7delAGTA was ignored previously), and 1 case of Camurati-Engelmann disease with pathogenic variants in TGFβ-1, which was misdiagnosed. Heterozygous variants in COL10A1 gene were detected in 2/15 probands suspected to have hypophosphatemic rickets, and no candidate gene was found in the other 13 probands. The most common molecular diagnosis was OI (n = 8). Two probands who were not previously suspected to have OI were included, detected with pathogenic/likely pathogenic variants in COL1A2 and IFITM5.

In Probands series 3, to test the sensitivity of the panel, we included 35 probands who were identified to have clearly pathogenic/likely pathogenic variants. There were 44 variants in 19 genes, namely, 32 single-nucleotide substitution variants in exons, 7 intron boundary variants affecting splicing function, 3 deletions of one to two nucleotides, and 1 insertion/deletion variant. The results of panel testing completely covered 44 reference variants; thus, the sensitivity of panel detection of variants was 100%. In this group, a molecular diagnosis of OI accounted for 37% of probands (n = 13), followed by members of the type 2 collagen group in 20% (n = 7).



Coincidence Rate of Clinical Diagnosis and Molecular Diagnosis

Targeted exome sequencing confirmed the molecular diagnoses of 110 probands, 35 of whom had confirmed molecular diagnoses before testing. Of the remaining 75 probands, we found that 19 (25%) had their diagnoses modified after sequencing (Table 3). The misdiagnosis rates of Probands series 1 and 2 were 17% (9/54) and 48% (10/21), respectively. Because of the overlap of clinical manifestations and the heterogeneity of phenotypes, mucopolysaccharidosis and spondylo-epi-metaphyseal dysplasias were difficult to distinguish in some cases. In our study, 4 probands who were misdiagnosed with spondylo-epi-metaphyseal dysplasia or progressive pseudorheumatoid dysplasia were ultimately diagnosed with mucopolysaccharidosis caused by GALNS. Three probands who were initially diagnosed with mucopolysaccharidosis ultimately had their diagnoses modified to progressive pseudorheumatoid dysplasia, hypochondroplasia, and Kniest dysplasia. Two probands with metaphyseal chondrodysplasia had been misdiagnosed with hypophosphatemic rickets due to low serum phosphorus levels. Two probands with OI had also been misdiagnosed due to overlapping clinical manifestations with other diseases. Interestingly, one proband (GSD2201) was initially diagnosed with Paget’s disease or progressive diaphyseal dysplasia; eventually, he was found to carry a heterozygous variant in TGFβ-2 gene (c.220A>C, p.T74P) that could lead to Loeys-Dietz syndrome 4 (LDS4). To date, only five other centers have reported cases of LDS caused by TGFβ-2 (Boileau et al., 2012; Lindsay et al., 2012; Renard et al., 2013; Gago-Díaz et al., 2014; Ritelli et al., 2014), and ours is the first report in China.


TABLE 3. Pathogenic variants in the 19 probands with modified molecular diagnoses.
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Influence of Testing Results on Probands

For probands whose disease-causing genes were identified, the results of genetic testing improved the subsequent clinical management. Twenty probands avoided unnecessary examinations, 17 probands received new treatment plans according to their molecular diagnosis results, and 6 probands were warned of complications affecting other systems. Additionally, 21 families received genetic counseling. Eight families had the target disease-causing gene(s) of at-risk members tested by Sanger sequencing, which ruled out the possibility of variants. Four families had a prenatal genetic diagnosis to give birth to a healthy baby, and the specific test results are shown in Table 4. Other patients were given symptomatic treatment or comfort care according to their molecular diagnoses. For those probands in whom the known skeletal disease-causing genes had been excluded, we suggested WES for comprehensive genetic exploration. After obtaining the probands’ consent, we performed WES on 10 probands who had no variants of known candidate genes. After analysis, we confirmed the molecular diagnoses of 3/10 probands (Supplementary Table 1).


TABLE 4. Prenatal genetic diagnosis in four families with molecular diagnoses.
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Cost-Efficiency Analysis

We tracked the time from peripheral blood sampling to receiving the test report in 114 probands; these intervals ranged from 16 to 72 days, with a median of 45 days. In our center, the average turnaround time of Sanger sequencing of a single sample was approximately 30 days, and that of WGS ranged from 2 to 4 months. In terms of cost, it costs approximately $130 to run TES of one sample, $50 for Sanger sequencing, and $320 for WES. We did not charge any testing fees to the patients, and all the costs of genetic sequencing were borne by our center. Before TES, the 97 probands in the Sanger sequencing–negative group had spent an average of $81 on Sanger sequencing, but the disease-causing genes were not definitively identified. In general, TES had the best cost–benefit ratio.



DISCUSSION

In this study, we conducted TES on 223 probands suspected to have GSD; the panel contained 322 known disease-causing genes. Ultimately, we found 129 pathogenic/likely pathogenic variants in 110 probands, 63% of which were missense variants and 50% of which were de novo. The overall diagnostic rate of TES was 49% (Probands series 1, 2, and 3 had diagnostic rates of 59, 22, and 100%, respectively). The results of testing helped clinicians correct the original diagnoses of 19 probands, improved clinical management in 37 probands, and guided 20 patients to have genetic counseling. The clinical experience of our center suggests that TES would be a cost-effective option for patients with suspected GSD.

Since genetic medicine has only recently been established in China (Zhang et al., 2011), clinical genetic services have not been promoted (Zhao et al., 2013). Few formally trained physicians work in this field. In addition, GSD has overlapping clinical phenotypes, great genetic heterogeneity and numerous disease-causing genes, all of which increase the difficulty of diagnosis. Most patients have not been properly evaluated and treated, and they must go to a more specialized hospital for a definite diagnosis. It is a waste of time and money for patients to visit doctors repeatedly and undergo repeated examinations. With the continuous innovation of sequencing technology, many sequencing methods have been applied in clinical diagnosis to solve this problem (Rehm et al., 2013). Compared with Sanger sequencing, in which candidate genes must be tested one by one, NGS can greatly shorten the time to diagnosis. TES has a shorter turnaround time and a much lower price than WES or WGS. At our center, WES (including library construction, data analysis, and preservation) costs $320 per sample, and TES costs $130 per sample. In our country, genetic testing is excluded from insurance (Chopra and Duan, 2015), but the cost of TES is affordable to patients. This makes it possible for the panel to be applied for clinical diagnosis.

The overall diagnosis rate of TES was 49%, and the detection rate of known pathogenic variants was 100%. The main mode of inheritance was autosomal dominant (65%). OI (n = 70) was the most common disease in our center, with 28/70 of probands having a confirmed molecular diagnosis of OI. Among these 28 probands, 50% (14/28) had variants in COL1A1/2. Many studies have shown that 80–90% of OI is caused by COL1A1/2 (Marini et al., 2017). In this study, 46/70 of the probands had previously undergone Sanger sequencing; thus, the proportion of special types of OI was increased. The diagnosis rate of spondyloepiphyseal dysplasia was 68% (25/37).

In a category of clinically clear and genetically heterogeneous disease, TES is the most efficient option. Some teams have focused on the application of panel testing in patients with skeletal dysplasia (Bae et al., 2016; Freire et al., 2019; Uttarilli et al., 2019). One previous study conducted TES on 185 skeletal dysplasia patients and achieved an overall diagnosis rate of 55%, which was higher than what we achieved at our center (49%) (Bae et al., 2016). This may be because 43% of the probands in our center had previously undergone Sanger sequencing. Zhou et al. (2018) studied 12 families undergoing prenatal diagnosis of skeletal dysplasia using a targeted panel; they found that a targeted skeletal gene panel with a relatively short turnaround time was highly sensitive for prenatal diagnosis and had a high diagnostic rate (83%). The disadvantage was that the number of patients in the cohort was small. At present, there are few studies on the application of TES in GSD, and more clinical trials are needed in the future to verify its effectiveness.

In this study, there were 113 probands in whom no candidate gene was found; OI was the most common condition (n = 42) among these probands, followed by spondylo-epi-metaphyseal dysplasias (n = 18) and hypophosphatemic rickets (n = 17). The reasons for such cases may be as follows: (1) Pathogenic variants outside the panel may have caused the disease. We performed WES on 10/109 probands and identified pathogenic variants in only 3/10 probands. Some probands appeared to carry pathogenic variants for other genetic diseases that were not included in the panel. (2) Probands may have had new, previously unreported causative genes. For example, the most common disease that did not show any sequence variant was OI, which may be due to the existence of some new unknown causative genes that were not included in this panel. By 2019, 20 types of OI had been recognized worldwide, and 18 causative genes had been discovered (Etich et al., 2020). In the past year, studies have successively reported three new causative genes for OI (MESD, KDELR2, and CCDC134) (Dubail et al., 2020; van Dijk et al., 2020; Stürznickel and Jähn-Rickert, 2021), which were not included in the panel. Future studies may identify even more causative genes for OI. (3) The large insertion/deletion variants and chromosomal abnormality could also explain a part of disease. Since most GSDs are not a result of chromosomal abnormalities and large insertion/deletion (Lewiecki et al., 2020), we did not focus on this. For example, various studies have reported that the diagnosis rate of hypophosphatemic rickets is approximately 45–79% (Ruppe et al., 2011; Zhang et al., 2019); however, the detection rate in our center was considerably lower. According to statistics, large insertion/deletion variants account for at least 10% of all variants in the PHEX gene (Rowe et al., 1997). At present, many software were used in analyzing the large deletion and duplication in TES data (Bartha and Győrffy, 2019), which may improve the detection rate. Many studies have reported that PHEX-MLPA (multiple ligation-dependent probe amplification) increases the detection rate of variants in hypophosphatemic rickets patients (Capelli et al., 2015; Zhang et al., 2019). However, when economic conditions permit, we still recommend WES as the first choice for patients whose pathogenic variants have not been identified.

For patients, a clear molecular diagnosis is of great value in formulating treatment plans, preventing complications, and informing reproductive consultation. To a certain extent, it also alleviates the anxiety of patients who do not sufficiently understand their own diseases. For clinicians, the results of molecular diagnosis can correct an inaccurate clinical diagnosis in a timely manner and prevent the improper treatment of patients. At the same time, we can expand the spectrum of disease phenotypes, summarize genotype–phenotype correlations, and accumulate further diagnostic experience. One informative case is worth mentioning here. Proband GSD2750 was an 11-year-old girl who had initially been diagnosed with OI despite having no family history. She had five fractures before she was 8 years old. She came to the hospital for treatment because of a distal femoral fracture. She had no obvious extraskeletal manifestations, and her vision and hearing were normal. Her blood biochemical examination was normal, and her bone mineral density was low. She had a compression fracture of the lumbar spine and an obvious fracture line of the distal femur, which suggested a diagnosis of OI. After pathogenicity analysis and Sanger sequencing, we identified TGFβ-1 as the causative gene. She had a de novo p.R218C variant in exon 4, which is a hotspot variant associated with Camurati-Engelmann disease (Van Hul et al., 2019). Retrospectively, we note that we initially focused too much attention on the femoral fracture and low bone mass and ignored the thickening of the femoral cortex. We changed the diagnosis to Camurati-Engelmann disease and reformulated the patient’s treatment.

In summary, we used a targeted panel containing 322 known disease-causing genes to detect 223 probands with suspected GSD. We confirmed the molecular diagnoses of 110 probands, for an overall diagnostic rate of 49%, which is of great significance for the clinical management and genetic counseling of patients with this condition. Although our technique has some limitations, its application value in the diagnosis of GSD cannot be denied. We believe that TES is a cost-effective option for the diagnosis of suspected GSD in countries with limited medical and economic resources. In the future, we hope to gain further clinical experience to illustrate the application value of TES in the diagnosis of GSD.
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Case Report: Candidate Genes Associated With Prenatal Ultrasound Anomalies in a Fetus With Prenatally Detected 1q23.3q31.2 Deletion

Jiahao Song1†, Qian Zhang2†, Bing Lu1, Zhongshan Gou1, Ting Wang3, Hui Tang3, Jingjing Xiang3, Wei Jiang1* and Xuedong Deng1*


1Center for Medical Ultrasound, The Affiliated Suzhou Hospital of Nanjing Medical University, Suzhou, China

2Department of Obstetrics and Gynecology, The Affiliated Suzhou Hospital Nanjing Medical University, Suzhou, China

3Center for Reproduction and Genetics, The Affiliated Suzhou Hospital Nanjing Medical University, Suzhou, China

Edited by:
Muhammad Abu-Elmagd, King Abdulaziz University, Saudi Arabia

Reviewed by:
Gabriele Tonni, Azienda Unita Sanitaria Locale di Reggio Emilia, Italy
 Fabien Guimiot, Assistance Publique Hopitaux de Paris, France

*Correspondence: Wei Jiang, longfellowjw@sina.com
 Xuedong Deng, xuedongdeng@163.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Human and Medical Genomics, a section of the journal Frontiers in Genetics

Received: 17 April 2021
 Accepted: 30 August 2021
 Published: 23 September 2021

Citation: Song J, Zhang Q, Lu B, Gou Z, Wang T, Tang H, Xiang J, Jiang W and Deng X (2021) Case Report: Candidate Genes Associated With Prenatal Ultrasound Anomalies in a Fetus With Prenatally Detected 1q23.3q31.2 Deletion. Front. Genet. 12:696624. doi: 10.3389/fgene.2021.696624



Background: Patients with deletions involving the long arm of chromosome 1 are rare, and the main aim of this study was to refine the genotype-phenotype correlation.

Case Report: In this report, a 28-year-old pregnant woman, gravida 2 para 1, at 25+4 weeks of gestation underwent ultrasound examination in our institute. The ultrasonographic findings of the fetus were as follows: (1) fetal growth restriction; (2) cleft lip and palate; (3) bilateral renal hypoplasia; (4) lateral ventriculomegaly; (5) single umbilical artery; (6) absent stomach; (7) coronary sinus dilatation with persistent left superior vena cava, ventricular septal defect and unroofed coronary sinus syndrome. Chromosomal microarray analysis of amniotic fluid from the fetus revealed a 28.025 Mb deletion in 1q23.3q31.2, spanning from position 164,559,675 to 192,584,768 (hg19).

Conclusion: Genotype-phenotype correlation might improve prenatal diagnosis of fetuses with chromosome 1q deletion. PBX1 could be a candidate gene for fetal growth restriction, renal hypoplasia and congenital heart disease. Fetal growth restriction was accompanied by decreased renal volume in the fetus. Combined with ultrasonic examination, the application of chromosomal microarray analysis will provide accurate prenatal diagnosis.

Keywords: unroofed coronary sinus syndrome, persistent left superior vena cava, chromosomal microarray analysis, kidney, ultrasound, fetal growth restriction


INTRODUCTION

The incidence of chromosome 1q deletion in the population has not been reported due to the limited number of reported cases. In this study, we retrospectively reviewed a cohort study of 4,119 pregnancies from September 2015 to December 2020, and only one case was detected (0.024%). Available data on these patients with the proximal and intermediate deletions on chromosome 1q, indicate that the most common clinical features include fetal growth restriction, microcephaly, intellectual disability, abnormal ears, palmprint abnormality, fifth finger clinodactyly, fingernail dysplasia, multiple hernia, short limbs and external genital malformations (Scarbrough et al., 1988). In recent years, the application of chromosomal microarray analysis (CMA) makes it possible to identify more fetuses with chromosomal abnormalities. CMA is a high-resolution technique that can detect aneuploidy, microduplication and microdeletions throughout the genome (Xiang et al., 2020). Overall, the literature clearly shows that CMA will detect clinically significant submicroscopic CNVs other than karyotypes in about 6–7% of fetuses with structural anomalies observed by ultrasound (Vora et al., 2016). Based on this, the American Congress of Obstetricians and Gynecologists (ACOG) now recommends CMA as the first tier approach for the diagnosis of fetal structural abnormalities (Levy and Wapner, 2018).



CASE PRESENTATION

A 28-year-old pregnant woman, gravida 2 para 1, at 25+4 weeks of gestation underwent ultrasound examination in our institute. The biparietal diameter was 5.9 cm (−1.67SD), the head circumference was 20.6 cm (−3.11SD), the abdominal circumference was 18.1 cm (−2.55SD) and the length of femur was 3.7 cm (−4SD) (Figure 1). The results indicated that all the biological measurement indexes were consistent with the ultrasound findings of 22+4 weeks of pregnancy. The size of left and right kidneys was small (left: 2.1 × 1.1 × 0.9 cm, right: 1.8 × 1.0 × 1.0 cm).


[image: Figure 1]
FIGURE 1. Fetal growth curve.


The ultrasound machines used in this study were a Voluson E10 (GE Healthcare Ultrasound, Milwaukee, WI, USA) with a 1–5-MHz transabdominal 2D curvilinear transducer and a Affiniti 70 (Philips Healthcare, Bothell, WA) with a 1–5-MHz convex probe. This examination was conducted in accordance with the prenatal ultrasound examination guidelines of the Ultrasound Physicians Branch of the Chinese Physicians Association. In addition, the abnormalities of placenta, umbilical cord, amniotic fluid and other accessory structures were also observed carefully. A detailed fetal echocardiogram examination was performed according to the practice guidelines of fetal echocardiography issued by the International Society of Ultrasound in Obstetrics and Gynecology (Carvalho et al., 2013). Two dimension and color Doppler were used to evaluate the position, axis and size of the heart, the connection of atrium-ventricle-artery, and the return of systemic veins and pulmonary veins. The ultrasonographic findings of the fetus were as follows: (1) fetal growth restriction; (2) cleft lip and palate (Figure 2A); (3) bilateral renal hypoplasia; (4) lateral ventriculomegaly; (5) single umbilical artery; (6) absent stomach; (7) unroofed coronary sinus syndrome (Figure 2B); (8) coronary sinus dilatation with persistent left superior vena cava (Figure 2C); (9) membranous ventricular septal defect; (10) main pulmonary artery was dilated with inner diameter 7.6 mm, both branch pulmonary arteries arise from the right side of main pulmonary artery.


[image: Figure 2]
FIGURE 2. (A) Transabdominal scan performed at 25 weeks 4 days in coronal plane: the cleft lip appeared as an anhecogenic area at the level of the left upper lip. (B) Transverse section of fetal chest at 25 weeks 4 days: the red arrow pointed to the defect between the left atrium (LA) and the coronary sinus (CS). (C) The three-vessel and tracheal (3VT) view at the upper mediastinum showed a supernumerary vessel to the left of the pulmonary trunk and arterial duct. The red arrow pointed to the persistent left superior vena cava (PLSVC) draining into the right atrium.


After genetic counseling, amniocentesis and CMA were performed at 26 weeks of gestation. The pregnant woman signed an informed consent and was fully informed of the risks of prenatal diagnosis, the advantages and limitations of testing methods.

The genomic DNA of amniotic fluid was digested, amplified, purified, fragmented, labeled, hybridized, washed and scanned strictly according to the standard protocol of the Affymetrix CytoScan platform (Affymetrix, Santa Clara, CA, USA), and the data were analyzed with ChAS 2.0 software. CNVs ≥ 50 Kb containing at least 20 contiguous markers were called for further analysis, and public reference databases such as Clingen, OMIM, DGV, DECIPHER, ISCA, USCS and PubMed were searched for comprehensive analysis. According to the standards and guidelines released by the American College of Medical Genetics (Kearney et al., 2011), CNVs can be classified as pathogenic, likely pathogenic, likely benign, benign or variants of uncertain significance. The CMA results of the fetus (Figure 3) revealed a 28.025-Mb deletion at 1q23.3q31.2 containing 115 OMIM genes (chr1:164,559,675–192,584,768), which was classified as pathogenic. The pregnant woman ultimately chose to terminate the pregnancy at 28 weeks of gestation and underwent induced labor. The autopsy after induced labor confirmed the prenatal ultrasound findings.


[image: Figure 3]
FIGURE 3. Single nucleotide polymorphism (SNP) array results of the fetus: the red rectangle showed the deletion region of 1q23.3q31.2.




DISCUSSIONS

CMA of this fetus revealed a 28.025 Mb deletion on chromosome 1q23.3q31.2 (chr1:164,559,675–192,584,768), which encompassed 115 OMIM genes. The size of deletions on chromosome 1q and the resulting phenotypes varied among patients. A previous case (Table 1) of del(1)(q23.3q31.1) showed similar phenotypes, which included fetal growth restriction, cleft-lip and cleft-palate, absent stomach, bilateral renal hypoplasia, lateral ventriculomegaly, and ventricular septal defect (Lee et al., 2018). However, unroofed coronary sinus syndrome detected by prenatal ultrasound was not reported before. Unroofed coronary sinus (UCS) refers to the communication between the coronary sinus wall and the left atrium, which is often associated with the persistent left superior vena cava (PLSVC). In fact, UCS is a special type of atrial septal defect, which is easy to be missed due to the lack of specific clinical features (Tonni and Grisolia, 2020; Khadkikar et al., 2021). The diagnosis of the lesion is highly significant for the patient's prognosis because it can result in pulmonary hypertension, brain abscess or cerebral embolism (Bonardi et al., 2012). PLSVC is the most common systemic venous abnormality, accounting for 0.5% of the general population, and 3–8% of people with congenital heart disease (Galindo et al., 2007). The fetus with PLSVC is often associated with intra-cardiac and/or extra-cardiac anomalies. Ventricular septal defect, endocardial cushion defect and tetralogy of Fallot are common intra-cardiac malformations, while single umbilical artery is a common extra-cardiac malformation (Berg et al., 2006). Intra-cardiac and/or extra-cardiac anomalies in our patient were demonstrated by ventricular septal defect and single umbilical artery. In addition, PLSVC is more common in fetuses with chromosomal abnormalities, and PLSVC fetuses with other structural malformations have a higher correlation with chromosomal diseases than fetuses with isolated PLSVC (Du et al., 2014), so CMA should be recommended.


Table 1. Genotypes and phenotypes of the 20 previously identified cases of 1q23–32.1 deletions.

[image: Table 1]

The abnormal expression of PBX1 have been reported to be associated with congenital heart disease (CHD) previously (Alankarage et al., 2020). Except for three cases reported by Hoglund, Milani and Hu (Höglund et al., 2003; Milani et al., 2012; Hu et al., 2013), severe pre- and/or postnatal growth retardation was found in almost all the patients with 1q23.3-q32 deletion. PBX1, LHX4 and CENPL remain to be the primary candidate genes for growth retardation.

PBX1 regulates numerous embryonic processes, including morphologic patterning, organogenesis and hematopoiesis (Ficara et al., 2008). PBX1, which is most strongly expressed in fetal kidney and brain, is an important regulator of interstitial function in renal morphogenesis and plays a key role in interstitial-epithelial signal transduction (Le Tanno et al., 2017). Patients with pathogenic PBX1 mutations/microdeletions showed multiple developmental defects similar to those in PBX1−/− mice, including external ear malformation, abnormal branchial arch derivatives, heart malformations, diaphragmatic hernia, renal hypoplasia and ambiguous genitalia (Slavotinek et al., 2017). Zhou et al. found that PBX1 was a unique functional transcription factor in dNK cells, which promoted fetal development by up-regulating the expression of GPFs. The lack of PBX1+ dNK cells led to fetal growth restriction (Zhou et al., 2020). LHX4 gene is located on 1q25 and involved in the regulation of motoneuron localization and pituitary development. Haploin sufficiency of LHX4 could lead to growth hormone deficiency in patients with a deletion of this area. Another gene, CENPL gene at 1q25.1 is important for proper kinetochore function and mitotic progression. The deletion of this gene would result in growth deficiency (Lam and Morris, 2016).

Fetal growth restriction (FGR) means that fetal growth does not reach its due genetic potential due to the influence of maternal, fetal, placental and other pathological factors, which is characterized by the fact that the fetal weight or abdominal circumference estimated by ultrasound is lower than the 10th percentile of the corresponding gestational age (Galan and Grobman, 2019). Based on the growth status of different gestational weeks, fetal weight can be estimated and dynamic monitoring can be used to understand the fetal growth trend. Detailed ultrasound scans of fetal structure are recommended for FGR.

Brenner et al. proposed that FGR caused congenital renal hypoplasia (Brenner et al., 1988). Renal hypoplasia was defined as abnormally small kidneys with normal morphology and reduced nephron number. Current clinical practice utilizes ultrasonography to measure fetal kidney size and echogenicity as a means of evaluating the severity of renal hypoplasia and dysplasia (Phua and Ho, 2016). Interestingly, the kidneys appeared uniformly echogenic on ultrasound without cysts, and were difficult to differentiate from normal kidneys. The renal artery flow on Doppler couldn't always be recorded. Decreased blood flow to fetal kidneys could be responsible for decreased renal volumes (Slabiak-Blaz et al., 2015). However, renal hypoplasia is more likely the consequence of a malformative embryologic process. PBX1 was thought to play a crucial role during embryogenesis by regulating the expression of developmental genes thus influencing proliferation or remodeling processes (Le Tanno et al., 2017). Defects in the induction and patterning of the developing kidney can cause congenital anomalies of the kidney and/or urinary tract (CAKUT), a wide range of renal-related birth defects including kidney agenesis, kidney hypoplasia or dysplasia, horseshoe kidney, cystic kidneys, or duplex kidney, as well as multiple collecting ducts or ureters abnormalities (San Agustin et al., 2016). Efforts to systematically elucidate genetic link between CAKUT and CHD have been reported, suggesting that CAKUT is highly associated with CHD (Gabriel et al., 2018). These findings may allow CHD fetuses benefit from early diagnosis and early therapeutic intervention of CAKUT. In addition, the mutations in ciliopathies also lead to kidney disease, which is called kidney ciliopathies. Unlike previous studies, we could not found any genes involved in ciliopathies or ciliogenesis in the deleted region (Table 2) (Devlin and Sayer, 2019).


Table 2. Summary of novel renal ciliopathy genes and their function. Adapted from Devlin and Sayer (2019).
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Our case is the first report of detailed prenatal ultrasound diagnosis of a fetus with del(1)(q23.3q31.2). When the fetus with FGR is complicated with abnormal ultrasound soft markers or structural abnormalities in the second trimester, interventional prenatal diagnosis and CMA are recommended. CMA is performed either by array comparative genomic hybridization or single nucleotide polymorphism array. Compared with classic cytogenetic and fluorescence in situ hybridization (FISH) techniques, the biggest advantage of using CMA for prenatal genetic diagnosis of chromosomal abnormalities is that CMA can detect much smaller imbalances (Levy and Wapner, 2018). Conventional G-banded karyotype analysis can only be able to detect the deletions or duplications over 5–10 Mb in size. The meta-analysis of the application of CMA to FGR compared with typical G-banding karyotype analysis showed that when FGR was associated with structural abnormalities, CMA could detect an additional 10% of the pathogenic CNV (Borrell et al., 2018).



CONCLUSION

In this study, we reported a detailed description of the phenotypes in a fetus with del(1)(q23.3q31.2) and proposed some phenotype-related candidate genes. However, this deletion region didn't contain previously reported ciliary genes. Identification of additional affected fetuses with similar deletion of chromosome1q23.3–q31.2 is needed to provide further insights into the pathogenesis of 1q23.3–q31.2 deletion.
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Pharmacological inhibition of PCSK9 (proprotein convertase subtilisin/kexin type 9) is an established therapeutic option to treat hypercholesterolemia, and plasma PCSK9 levels have been implicated in cardiovascular disease incidence. A number of genetic variants within the PCSK9 gene locus have been shown to modulate PCSK9 levels, but these only explain a very small percentage of the overall PCSK9 interindividual variation. Here we present data on the genetic association structure between PCSK9 levels and genom-wide genetic variation in a healthy sample from the general population. We performed a genome-wide association study of plasma PCSK9 levels in a sample of Brazilian individuals enrolled in the Estudo Longitudinal de Saude do Adulto cohort (n=810). Enrolled individuals were free from cardiovascular disease, diabetes and were not under lipid-lowering medication. Genome-wide genotyping was conducted using the Axiom_PMRA.r3 array, and imputation was performed using the TOPMED multi-ancestry sample panel as reference. Total PCSK9 plasma concentrations were determined using the Quantikine SPC900 ELISA kit. We observed two genome-wide significant loci and seven loci that reached the pre-defined value of p threshold of 1×10−6. Significant variants were near KCNA5 and KCNA1, and LINC00353. Genetic variation at the PCSK9 locus was able to explain approximately 4% of the overall interindividual variations in PCSK9 levels. Colocalization analysis using eQTL data suggested RWDD3, ATXN7L1, KCNA1, and FAM177A1 to be potential mediators of some of the observed associations. Our results suggest that PCSK9 levels may be modulated by trans genetic variation outside of the PCSK9 gene and this may have clinical implications. Understanding both environmental and genetic predictors of PCSK9 levels may help identify new targets for cardiovascular disease treatment and contribute to a better assessment of the benefits of long-term PCSK9 inhibition.
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INTRODUCTION

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a key modulator of LDL receptor (LDLR) degradation and, consequently, LDL-cholesterol (LDL-C) serum levels. Gain-of-function mutations in PCSK9 have been shown to cause familial hypercholesterolemia and increased cardiovascular risk (Hopkins et al., 2015). On the other hand, loss-of-function variants have been shown to associate with low LDL-C levels and reduced cardiovascular risk (Kent et al., 2017). Furthermore, plasma PCSK9 has been independently associated with other components of the lipid profile (Leander et al., 2016; Brumpton et al., 2019). As a result, pharmacological inhibition of PCSK9 became mainstream as a lipid reduction strategy (Reyes-Soffer et al., 2017).

Understanding the factors that modulate interindividual variability of PCSK9 plasma levels is important for the better understanding of individual responses to treatment as well as the identification of new targets for cardiovascular disease treatment. The use of unbiased genetic approaches has the potential to contribute to increase our understanding of the two.

We conducted a genome-wide association study (GWAS) in healthy individuals from the general population aiming at the identification of genetic variation associated to plasma PCSK9 levels.



MATERIALS AND METHODS


Study Population

The study sample belongs to the Estudo Longitudinal de Saude do Adulto, NCT02320461 (ELSA-Brasil). For the present analysis, we included 810 participants that have both PCSK9 plasma levels and genome-wide genotype information.

The ELSA-Brasil study design and cohort profile have been published elsewhere (Aquino et al., 2012). Briefly, ELSA-Brasil enrolled 15,105 civil servants living in six large Brazilian urban areas (Belo Horizonte, Porto Alegre, Rio de Janeiro, Salvador, Sao Paulo, and Vitoria), aged between 35 and 74years at baseline. Information on sociodemographic, clinical history, family history of diseases, lifestyle factors, mental health, cognitive status, and occupational exposure was assessed from August 2008 to December 2010. Anthopometric, laboratory and imaging measurements were also obtained. In addition to baseline measurements, samples of plasma and DNA were collected and stored for further analysis at −80°C (Pereira et al., 2013). All participants signed an informed consent before enrollment. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Research Ethics Committees and by the National Research Ethics Committee (CONEP).

Participants enrolled in the Sao Paulo site (5,061 people in total) without diabetes (exclusion criteria: fasting plasma glucose-FPG>126mg/dl and/or 2-h post-load glucose >200mg/dl and/or history of treatment with oral anti-diabetic agents or insulin), without cardiovascular, renal or hepatic diseases (exclusion criteria: self-reported history of medical diagnosis of these pathologies), and who did not report prescription of lipid-lowering agents, were eligible for a PCSK9 ancillary and exploratory study. From the 1,751 randomly selected participants fulfilling the inclusion criteria for subsequent PCSK9 plasma concentration measurements (Ramin-Mangata et al., 2020), we used the 810 who had genome-wide genotype information for the present analysis.



Biochemical Analyses

A 12-h fasting blood sample was drawn in the morning soon after arrival at the research clinic, following standardized procedures for sample collection and processing. A standardized 75g oral glucose tolerance test was performed in all participants without known diabetes utilizing an anhydrous glucose solution. For measurement of fasting and post-load glucose, we used the hexokinase method (ADVIA 1200, Siemens); for fasting and post-load insulin, an immunoenzymatic assay, and for HbA1c, high-pressure liquid chromatography. Total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), and triglycerides (TG) were measured with enzymatic colorimetric assays (ADVIA Chemistry). LDL-C was calculated using the Friedewald equation. When TG were≥400mg/dl, LDL-C was measured directly with an enzymatic colorimetric assay (ADVIA Chemistry).

Total PCSK9 plasma concentrations were determined using the Quantikine SPC900 ELISA kit (R&D Systems, Lille, France; Ramin-Mangata et al., 2020). Briefly, plasma samples were diluted 1: 20 in the calibrator diluent onto ELISA plates and incubated for 2h on a plate shaker at 450rpm. Wells were rinsed with wash buffer using an automated Hydroflex TECAN microplate washer. The detection HRP-conjugated antibody was added to each well and plates were incubated for 2h at 450rpm. Wells were rinsed. The TMB substrate solution was added to each well and plates were further incubated in the dark for 30min at 450rpm. Reactions were stopped by the addition of 0.2N acid sulphuric solution. Absorbance was read at 450nm with reference at 540nm on an Infinite 200 pro TECAN plate-reader. The same experimenter (SR-M) performed the PCSK9 measurements on the same site and at the same time. The reported intra-assay precision coefficient of variation was 5.4%, and the minimum detectable dose of human PCSK9 ranged from 0.030–0.219ng/ml.



SNP Genotyping and Imputation

Genomic DNA extraction has been previously described (Chor et al., 2019). ELSA-Brasil DNA samples were genotyped using Axiom_PMRA.r3 array (ThermoFisher) and genotypes annotated using the Axiom_PMRA.na35.annot.db provided at the ThermoFisher site. Genotype calling was performed using Affymetrix Power Tools. Initial VCF file containing 850,483 variants fulfilled all quality criteria.

Imputation was performed using the Haplotype Reference Consortium Michigan Imputation Server using the TOPMED reference haplotype panel as reference. After imputation data were exported in the standard PLINK format, downstream QC procedures and statistical analysis were conducted using the latest PLINK1 and R software packages,2 installed on a Linux-based computation resource. Imputation markers were kept if R2>0.3, and minor allele frequency (MAF)>0.01. A HWE value of p <1×10−20 was used to control for potential genotyping clustering problems. Genetic population structure was studied through PCA analysis after LD-pruning of associated markers (see also Statistical Analysis section). A total of 11,524,071 SNPs were used for genome-wide analysis, 11,289,274 for autosomal, and 234,797 for X-chromosomal analyses.



Colocalization Analysis

For colocalization analysis, we defined a window spanning 500 Kb center at the most associated variant in all regions classified as having a suggestive association signal. Information on all variants within this region was used for colocalization testing. We used the LocusFocus3 analytical approach for colocalization testing. Briefly, all genes residing in each selected region with their expression quantitative trait loci (eQTL) summary statistics available in GTEx were sequentially tested for colocalization with the results obtained for PCSK9 association. As reference LD structure, we used 1,000 genomes 2012 European LD matrix (our sample has approximately 80% European ancestry). Colocalization was tested against all 48 tissues available in GTEx and the most significant signal was selected.



Statistical Analysis

PCSK9 levels were log-transformed for all analyses. Baseline categorical parameters are presented using frequencies (proportions), and continuous parameters are presented using mean±SD. Before GWAS, we adjusted a linear model for log (PCSK9) adjusting for age. The residuals of this model were used for GWAS as a continuous variable. Confounding effects for age, sex, smoking and BMI were later tested for all genome-wide and suggestive GWA hits.

Genome-wide association analyses were conducted using plink. We conducted two analyses – one without any further adjustment and one adjusting for the first four principal components. The threshold for genome-wide significance was set to p<5×10−8. Associations with p<1×10−6 were considered as suggestive and presented as a list of top SNPs.

Due to the high level of admixture and complex genetic population structure present in the Brazilian population, we conducted two different sensitivity analyses taking into consideration self-referred race and a particular individual position in a PCA plot generated using the 2 first principal components. Briefly, for the self-referred race sensitivity analysis, association summary statistics were generated in each of three established subgroups: whites, blacks and browns (“pardos” in Portuguese). For the PCA-defined subgroup analysis, we used k-means clustering with k=3 and defined three different subgroups with higher European, African and Native-American ancestries. Meta-analysis used a fixed-effect model and was calculated using plink –meta-analysis routine.

Local association plots were created using LocusZoom (Pruim et al., 2010). Local linkage disequilibrium structure was determined using Haploview (Barrett, 2009).

Mediation analysis was conducted for selected loci. To select mark for a genetic risk score for plasma PCSK9 levels, we determined independently associated variants at the PCSK9 genomic locus (cis-pQTL) through fitting a multiple linear regression model using 20 nominally associated markers at this locus and a stepwise variable selection procedure. Genetic risk score was derived as the sum of weighted genotypes by their final regression coefficients.




RESULTS


Relationship Between Cardiovascular Risk Factors and Plasma Pcsk9

Clinical and laboratory characteristics of the ELSA-Brasil sample used in the present analysis are summarized in Table 1. Plasma PCSK9 levels were associated with TC (p=0.0006), TG (p=0.003), and LDL-C (p=0.003; Table 1).



TABLE 1. Clinical and laboratory characteristics of studied subjects according to tertiles of plasma PCSK9 concentrations.
[image: Table1]



Genome-Wide Association Analysis of PCSK9 Plasma Levels

We performed a GWA of the age-adjusted residuals of the log transformed values of plasma PCSK9. In the primary analysis adjusted for the four first principal components, we identified two loci that reached the pre-defined genome-wide significant level of 5×10−8 (Figure 1). Notably, no significant genomic inflation was observed (lambda=1.06). In addition, no significant difference was observed in the effect sizes and values of p in genome-wide significant and suggestive loci when running an unadjusted analysis (Supplementary Figure S1).

[image: Figure 1]

FIGURE 1. Manhattan and qqplot of GWA analysis for log-transformed PCSK9 as a function of variant, age, sex and the first 4 Principal Components.


In addition, we explored the effect that genetic population structure might have on observed results. For this, we conducted two different sensitivity analyses. The first, involved a trans-ethnic meta-analysis after separating individuals into the three most commonly self-referred races in Brazil (i.e., Whites, Blacks and Browns; Supplementary Figure S2). In the second, we first derived clusters using a k-means cluster algorithm with k=3 and data from the 2 first PCs (Supplementary Figure S3). Samples were divided into 3 subgroups and analysis proceeded as described for the sensitivity analysis using self-referred race. Of note, the overall results were very similar to the overall analysis.



Genome-Wide Significant Loci

In our main analysis, we observed two genome-wide significant loci and seven loci that reached the pre-defined value of p threshold of 1×10−6 (Table 2).



TABLE 2. Genome-wide and suggestive associated loci.
[image: Table2]

The strongest associations with PCSK9 plasma levels were observed on chromosome 12p13.32, top lead SNP rs116367042 (value of p 5.97e-09). A regional association plot of the locus is shown in Figure 2. The closest gene is KCNA5 and significant eQTLs have been observed in the region for AKAP3, DYRK4, KCNA5, KCNA1, NDUFA9, and GALTN8. The region has been described as associated with serum uric acid levels in a previous GWAS. All summary statistics from the main analysis can be found at Supplementary File 1.
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FIGURE 2. Local association plot for rs116367042.


The second genome-wide significant hit was observed in 13q31.2, in the region coding for LINC00353. A regional association plot of the locus is shown in Supplementary Figure S5. Notably, only a single marker was associated with PCSK9 levels at this locus, reducing, thus, its credibility.



Suggestive Loci

Using a pre-defined suggestive significance threshold of 1×10−6 we identified additional 7 loci (Supplementary Table S2; Supplementary Figure S5). Those loci were on chr1p32.3 (nearest gene TXNDC12.), chr1p21.3 (nearest gene RWDD3), chr1q32.1 (nearest gene MAPKAPK2), chr7q22.3 (nearest gene ATXN7L1), chr9q31.3 (nearest gene MUSK), chr14q13.2 (nearest gene KIAA0391), and chr18q12.2 (nearest gene KIAA1328).



PCSK9 Locus Association Structure

Previous GWAS and candidate-gene association studies have observed significant associations between PCSK9, LDL-C, and TC levels and genetic variants at the PCSK9 locus. Here we extend these observations using a multi-ethnic sample (Supplementary Figure S6). Of note, stronger associations are located at the 3′ region of PCSK9 and within the nearby USP24 gene. Interestingly, previous studies in Europeans, African and other admixed samples have also described stronger associations for total cholesterol and LDL levels at this same region.

Linkage disequilibrium of the PCSK9 locus was resolved in four main haplotype blocks (Supplementary Table S1). Fifty-seven markers were nominally associated with PCSK9 levels being the most associated rs505151, rs662145, rs487230, and rs555687. Tagging associated SNPs in the PCSK9 locus, we were able to reduce the number of associated variants from 57 to 20, capturing 100% of the initial variation.

Using information from all 20 tagged markers and a stepwise regression approach, we were able to derive a PCSK9 instrumental variable made of four independently associated markers at the PCSK9 locus (cis-pQTLs; Supplementary Table S1). The R-squared for the multiple regression model containing all 4 markers was 0.036. Of particular importance, a model containing independently associated markers, BMI, age and smoking status, although highly significant (p=5.186e-08) was only able to explain 5.2% of the overall variation in PCSK9 plasma levels in our sample, genetic information being the variable with the highest effect size in our model.



Colocalization Analysis of Associated Loci

Finally, we studied the colocalization pattern between the identified loci and expression traits of the genes in the vicinity of the association signal. For this, we used data from all the available tissues in the GTEx database. Colocalization analysis suggested that RWDD3, ATXN7L1, KCNA1, and FAM177A1 are potential mediators of the observed associations on chromosomes 1, 7, 12, and 14, respectively (Supplementary Table S2).




DISCUSSION

PCSK9 is a serine protease with protein–protein interaction with the LDL receptor that has both genetic and clinical validation (Petrilli et al., 2020). PCSK9 binds to the LDLR and is thought to reduce the recycling of these proteins from the cell surface (sending them to lysosomes instead), inhibiting LDL-particle removal from the extracellular fluid (Deng et al., 2019). Blocking PCSK9 can lower blood LDL-C concentrations, and low PCSK9 levels are associated with lower LDL-C levels and reduced incidence of atherosclerotic cardiovascular disease. Despite the elusive importance of PCSK9 in lipoprotein homeostasis, few studies have analyzed PCSK9 plasma levels as a function of global genetic variation (Paquette and Baass, 2018; Pott et al., 2018). Understanding the genetic architecture that modulates PCSK9 levels may help dissect the mechanisms by which PCSK9 inhibition improves vascular function and overall cardiovascular morbidity and mortality.

It is assumed that PCSK9 modulates cardiovascular risk through cholesterol levels, more specifically LDL-C levels. Indeed, pharmacological inhibition of PCSK9 leads to significant decreases in LDL-C and reduction in the incidence of cardiovascular events. However, it is not known whether PCSK9 has other actions independent of plasmatic LDL-C levels (Cesaro et al., 2020), and the association between PCSK9 inhibition and inflammatory markers has not been as consistent as its association to lipid levels (Ruscica et al., 2019). For instance, PCSK9 is substantially expressed in arterial walls and macrophages (Cariou et al., 2016), and it is possible that its actions in these cells are not directly linked to LDL-C metabolism. PCSK9 has also been shown to be associated with metabolic factors other than lipoproteins. It is positively associated with albumin, liver enzymes (ALT, ALP, AST, GGT) and with hepatic steatosis, although whether this association is confounded by or mediated by LDL-C is still unclear (Paquette et al., 2020). Finally, PCSK9 is also expressed in the intestine, endocrine pancreas and brain, and non-lipid-lowering effects of PCSK9 inhibition could also be linked to platelet activation (Qi et al., 2021), cell proliferation and apoptosis (Macchi et al., 2021).

Importantly, there is great interindividual variation in both PCSK9 levels and response to PCSK9 inhibitors (Chasman et al., 2012; Qamar et al., 2019; Ramin-Mangata et al., 2020). In addition, only about 20% of circulating PCSK9 variance can be explained by clinical variables. Previously identified genetic variation only adds less than 5% to this figure, almost all of it from eQTL and pQTL within the PCSK9 locus itself (Anderson et al., 2014; Lim, 2017).

We conducted a GWAS study aiming at identifying genetic determinants of PCSK9 plasma levels. To our knowledge, this is the second GWAS conducted for PCSK9 levels and the first using a sample from a multi-ethnic population. Despite the relatively small sample size, we were able to observe two genome-wide significant association loci and a number of loci with suggestive association signals. In addition, we have confirmed the previously described association between PCSK9 levels and common genetic variation at the PCSK9 locus (Pott et al., 2018). The most interesting observed genome-wide significant locus was at Chr12 within the KCNA gene cluster (Figure 2). Colocalization analysis was able to detect a significant colocalization signal with the KCNA1 gene expression profile in adipose subcutaneous tissue. Mutations in KCNA1 have been shown to cause episodic ataxia/myokymia syndrome type 1. The gene is lowly expressed in the adipose tissue and liver; and no metabolic phenotype has been associated with manipulations in KCNA1. Despite not being able to replicate this finding in an independent GWAS, further work characterizing the role of genetic variants nearby KCNA1 in PCSK9 levels is warranted.

We are not the first to describe genome-wide significant variants associated with plasma PCSK9 levels outside of the PCSK9 gene. Pott et al. in a GWAS conducted in 3290 individuals from the LIFE-Heart cohort identified variations within the FBXL18 gene to be associated with PCSK9 levels (Pott et al., 2018). We did not identify any association in this region and together with the low imputation quality the authors of this previous GWAS described, we suggest the association between FBXL18 and PCSK9 to be targeted in future studies aiming at clarifying the role of this locus on potentially regulating PCSK9 serum levels.

Plasma PCSK9 levels have been associated with several cardiovascular and metabolic risk factors (Caselli et al., 2019). Notwithstanding the understanding of PCSK9 mechanism at the molecular level, completely understanding the directionality of the associations between PCSK9 levels and other metabolic traits has been ill explored. In fact, most studies assume that PCSK9 is associated with lipid levels because of the interaction between PCSK9 and LDLR at the molecular level. However, it is unknown whether different predictors of PCSK9 levels are indeed associated with the same degree of increased cardiovascular risk. Indeed, recent experimental and clinical studies have also reported that higher circulating PCSK9 levels contributed to coronary atherosclerosis by enhancing the expression of pro-inflammatory genes, promoting apoptosis of human endothelial cells and activating platelet reactivity (Ricci et al., 2018; Yurtseven et al., 2020). The causal directionality of these associations, however, has not been fully explored and neither has the relationship of predictors of PCSK9 interindividual variation and clinically actionable management strategies.

By identifying potentially trans associations with PCSK9 levels, our data give rise to the possibility of a more complex mechanism, where different genetic factors may modulate PCSK9. It remains to be determined if PCSK9 levels driven by trans genetic factors carry the same increased risk of cardiovascular disease as PCSK9 levels determined by genetic variation at the PCSK9 locus. It is important to note that similar trans mechanisms have been identified for other important genes regulating lipid metabolism, such as LPA (Li et al., 2015). In summary, our data suggest that PCSK9 levels may be modulated by upstream targets other than genetic variation in the PCSK9 gene, which are well-known proxies for PCSK9 levels. The lack of large-effect size loci that modulate PCSK9 serum levels also points to the possibility that interindividual variation in PCSK9 is mostly a function of epigenetic modulation and not of a polygenic component. Indeed, several studies have shown that the PCSK9 promoter is dynamically methylated following several different exposures.

This study has some potential limitations. First and foremost, we have not been able to find a suitable replication sample for our GWAS results. The observed genome-wide significant loci still need to be replicated in an independent sample to be, in effect, taken as drivers of PCSK9 plasma levels (Trinder and Brunham, 2021). In addition, the reduced sample size of our study may have prevented us to identify other genome-wide significant loci with decreased effect size. In fact, post hoc calculation of our statistical power assuming a MAF of 0.2 was 0.73 to detect a difference of 0.5 standard deviation in the mean values of genotype groups, but only 0.11 to detect the same, different for alleles at a MAF of 0.1. Mendelian randomization analysis using our sample lacked the necessary statistical power to derive robust conclusions regarding the causality of trans PCSK9 variants and coronary artery disease or even LDL-C levels. Finally, lack of data on hsCRP and lipoprotein (a) precluded efforts in trying to understand the relevance of the described genetic associations in these variables. These aspects should be better defined in further studies.



CONCLUSION

In conclusion, we describe new genome-wide significant loci associated with PCSK9 plasma levels in a sample from a healthy population. Our results suggest that PCSK9 levels may be modulated by trans genetic variation outside of the PCSK9 gene. Understanding both environmental and genetic predictors of PCSK9 levels may help identify new targets for cardiovascular disease treatment and contribute to better assessment of the benefits of long-term PCSK9 inhibition.
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Metabolic associated fatty liver disease (MAFLD) is associated with obesity, type 2 diabetes mellitus, and other metabolic syndromes. Farnesoid X receptor (FXR, NR1H4) plays a prominent role in hepatic lipid metabolism. This study combined the expression of liver genes in FXR knockout (KO) mice and MAFLD patients to identify new pathogenic pathways for MAFLD based on genome-wide transcriptional profiling. In addition, the roles of new target genes in the MAFLD pathogenic pathway were also explored. Two groups of differentially expressed genes were obtained from FXR-KO mice and MAFLD patients by transcriptional analysis of liver tissue samples. The similarities and differences between the two groups of differentially expressed genes were analyzed to identify novel pathogenic pathways and target genes. After the integration analysis of differentially expressed genes, we identified 134 overlapping genes, many of which have been reported to play an important role in lipid metabolism. Our unique analysis method of comparing differential gene expression between FXR-KO mice and patients with MAFLD is useful to identify target genes and pathways that may be strongly implicated in the pathogenesis of MAFLD. The overlapping genes with high specificity were screened using the Gene Expression Omnibus (GEO) database. Through comparison and analysis with the GEO database, we determined that BHMT2 and PKLR could be highly correlated with MAFLD. Clinical data analysis and RNA interference testing in vitro confirmed that BHMT2 may a new regulator of lipid metabolism in MAFLD pathogenesis. These results may provide new ideas for understanding the pathogenesis of MAFLD and thus provide new targets for the treatment of MAFLD.
Keywords: FXR, metabolic associated fatty liver disease, transcription analysis, BHMT2, PPAR γ
INTRODUCTION
Metabolic-associated fatty liver disease (MAFLD), formerly known as non-alcoholic fatty liver disease (NAFLD), is the most common among chronic liver diseases. It is diagnosed based on histological evaluation (biopsy), imaging studies, or blood biomarker evidence of fat accumulation in the liver (hepatic steatosis), in addition to one of the following three criteria overweight/obesity, presence of type 2 diabetes mellitus (T2DM), or evidence of metabolic dysregulation (Eslam et al., 2020a). The pathogenesis and progression of MAFLD involve multiple factors, including insulin resistance, hormones secreted from adipose tissue, nutritional factors, gut microbiota, endoplasmic reticulum (ER) stress, innate immunity, genetic factors, and epigenetic factors (Tilg and Moschen, 2010; Buzzetti et al., 2016). MAFLD is a progressive disease. Most MAFLD patients have progressed from a simple steatosis to the more advanced form of the disease, which may ultimately lead to cirrhosis or hepatocellular carcinoma and liver decompensation. MAFLD is the most common cause of cirrhosis and the current leading indication for liver transplant in women and the second leading cause in men (Ogawa et al., 2019). In addition to liver transplantation, there are no effective therapies for advanced MAFLD that have been approved by the Federal Drug Administration (FDA) or European Medicines Agency (EMA); thus, it is crucial to explore the pathogenesis of MAFLD.
Farnesoid X receptor (FXR) is a ligand activated transcription factor that belongs to the nuclear receptor (NR) superfamily (Forman et al., 1995), and is mainly expressed primarily in the liver, intestine, and kidney, while bile acids (BAs) are its endogenous ligands. FXR mainly functions as the BA sensor by regulating genes that are critically involved in BA homeostasis, including BA biosynthesis, conjugation, and enterohepatic circulation (Sinal et al., 2000). Furthermore, FXR activation leads to the expression of various genes involved in glucose, lipid, lipoprotein metabolism, and bile acid synthesis (Kunne et al., 2014). Hepatic FXR can inhibit lipid uptake and synthesis and can enhance β-oxidation, thus reducing liver lipid accumulation. Therefore, FXR also plays a crucial role in the treatment of MAFLD. Obeticholic acid (OCA), a first-generation FXR agonist, has been applied in clinical practice and has achieved good clinical effects, the development of second-generation FXR agonists is currently ongoing (Ogawa et al., 2019). Nonbile acid FXR agonists with a high affinity for intestinal FXR have been developed as new-generation FXR agonists (Tully et al., 2017).
In the present study, we applied a unique analysis method to obtain 134 overlapping genes by comparing the differential gene expression in liver tissue of FXR-KO mice and MAFLD patients, and a series of signaling pathways and molecules have also been identified through differential gene expression analysis. Furthermore, in conjunction with the GEO datasets, we identified two specific overlapping genes BHMT2 and PKLR differentially expressed in both models. The correlation analysis of clinical data and RNA interference further confirmed the correlation between BHMT2 expression and hepatocyte lipid metabolism. The result of real-time PCR showed that BHMT2 could affect hepatocyte lipid metabolism by regulating PPARG expression. Thus, we propose BHMT2 as a potential regulator of lipid metabolism associated with MAFLD.
MATERIALS AND METHODS
Clinical Samples and Patient Data
In this study, we included nine healthy control samples from adult patients who underwent surgical resection for hemangioma, and seven liver samples that were histologically diagnosed as MAFLD. Two experienced pathologists, blinded to clinical data, independently evaluated all liver samples according to the NAFLD activity score (NAS), defined as the sum of steatosis, inflammation, and ballooning of hepatocytes. Patients with a NAS score ≥5 were considered likely to have steatohepatitis (Kleiner et al., 2005). The clinical characteristics of the MAFLD and control groups are shown in Table 1.
TABLE 1 | Clinical characteristics of MAFLD and control groups.
[image: Table 1]Hepatic Transcriptome
Total RNA was extracted from liver tissue samples obtained from patients with MAFLD and healthy controls using the Illustra RNA spin Mini Kit (GE Healthcare, United States). RNA samples were quantified using a Nanodrop instrument (Thermo Fisher Scientific, United States) and qualified by agarose gel electrophoresis. Illumina kits which include procedures of RNA fragmentation, random hexamer primed first-strand cDNA synthesis, dUTP-based second strand cDNA synthesis, end-repairing, A-tailing, adaptor ligation, and library PCR amplification, were used for RNA-seq library preparation. Finally, the prepared RNA-seq libraries were qualified using a 2100 Bioanalyzer (Agilent, United States) and quantified using a qPCR absolute quantification method. The sequencing was performed using the Illumina Hi Seq 4000 platform. Raw sequencing data that passed the Illumina quality filter were used for the following analysis. Trimmed reads are aligned with the reference genome (Human GRCh38/hg38). Based on alignment statistical analysis (mapping ratio, rRNA/mt RNA content, and fragment sequence bias), we determined whether the results could be used for subsequent data analysis. After the livers of FXR-KO mice and control were obtained, hepatocyte RNA was extracted by the same method. Subsequently, expression profiling, differentially expressed genes, and differentially expressed transcripts were calculated. Genes with a p-value < 0.05 were considered differentially expression genes. Principal component analysis (PCA), correlation analysis, hierarchical clustering, gene ontology (GO), and pathway analysis were performed to explore the potential role of differentially expressed genes using R or the Python environment for statistical computing and graphical representation, respectively.
Animal Studies
C57BL/6 mice were obtained from the Animal Research Center of Xiangya Medical College and we successfully constructed the FXR-knockout model mice (C57BL/6J FXR-/- mice were generated using the CRISPR/Cas9 system). Eight-week-old male wild-type (WT) and FXR-KO mice were fed a high-fat diet (HFD) (Bio Serv) for 16 weeks. All mice were housed under specific pathogen-free and controlled temperature conditions with a 12-h light-dark cycle at 22–24°C. Only male mice were used for the experiments. All animal studies were approved by the Animal Care and Use Committee of Central South University and were carried out according to the Guide for the Care and Use of Laboratory Animals.
Immunohistochemistry
Paraffin-embedded sections (5 µm) from each tissue were stained using immunohistochemistry with anti-BHMT2 or anti-PKLR antibodies (Sigma, United States). After deparaffinization, the sections were first incubated with 10% of normal goat serum in 50 mM Tris-HCl (pH 7.4) with 150 mM NaCl (TBS) at room temperature, followed by incubation with the primary antibody. The sections were then incubated with the biotinylated secondary antibody, the avidin-biotin-peroxidase complex (Vector Laboratories, United States), and 3,3′-diaminobenzidine in the presence of H2O2. All stained sections were photographed under a light microscope connected to a charge-coupled camera device.
BODIPY and Immunofluorescence Staining
At 48 h post-transfection with siRNA, intracellular lipid droplets were stained with BODIPY 493/503 (Sigma, United States). The cells were washed with PBS and incubated in BODIPY 493/503 staining solution for 15 min at 37°C. The cells were then washed with PBS twice and fixed in 4% of paraformaldehyde for 15 min at room temperature, followed by permeabilization with 0.1% of Triton X-100. After blocking with 5% BSA for 30 min, the fixed cells were incubated with a Flag (M2) antibody (Sigma, United States) and detected using an Alexa Fluor-conjugated secondary antibody (Invitrogen, United States). The nuclei were counterstained with DAPI (Invitrogen, United States) for 2 min and washed with PBS three times again. Approximately, 10% of the cells with high or low fluorescence intensity were sorted and collected using a fluorescence-activated cell sorter (BD Bioscience, United States).
Immunoblotting
CGI-58 antibody was purchased from Abcam. β-actin antibody was obtained from Cell Signaling Technology. Cells were lysed with lysis buffer containing 2% SDS, 62.5 mM Tris-HCl pH 6.8, and 10% glycerol. Protein concentrations were measured using a BCA kit and a protein standard. Subsequently, the samples were separated by SDS-PAGE and transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore Corporation, Billerica, MA, United States). The membrane was blocked by incubating in 5% of defatted milk for 1 h, and incubated with the primary antibodies overnight at 4°C. After incubation, the membrane was washed three times for 30 min each and subsequently incubated with horseradish peroxidase-conjugated secondary antibodies. Visualization of target protein was achieved through Immobilon Western Chemiluminescent HRP substrate (Millipore Corporation, Billerica, MA, United States).
Data and Statistical Analysis
Pathway enrichment and GO analysis were performed using the web application Metascape and DAVID with analyses including “GO Biological Processes” and “KEGG Pathway” as the default parameters. Protein-protein interaction (PPI) enrichment analysis was carried out using STRING and Cytoscape. The resultant network contained a subset of proteins that form physical interactions with at least one other member in the list. If the network contained between 3 and 500 proteins, the molecular complex detection (MCODE) algorithm was applied to identify the densely connected components of the network. Pathway and process enrichment analysis was applied to each MCODE component independently using Metascape, and the three best-scoring terms defined by the p-value were retained as the functional description of the corresponding components.
Then, we queried the GEO database from National Center for Biotechnology Information (NCBI) and extracted two data sets for analysis of gene expression in liver tissue of patients with MAFLD and in normal controls, we identified specific differentially expressed genes by comparing this list with the genes identified in this study, so as to further illustrate the importance of these overlapping genes in the pathogenesis of MAFLD.
Data are presented as means ± standard error (SEM). All data analyses were performed using Prism 8.3.0 (GraphPad Software Inc., San Diego, CA, United States). The raw data from each individual experiment were evaluated using an unpaired two-tailed t-test with 95% confidence interval (CI) in Prism. For data sets that did not pass the D’Agostino and Pearson omnibus normality test (α = 0.05), differences were evaluated using a two-tailed unpaired nonparametric Mann–Whitney test with 95% CI.
RESULTS
FXR-KO Promoted the Development of MAFLD in Mice, but There Were no Significant Differences in FXR Expression Among MAFLD Patients
To investigate the involvement of FXR in MAFLD, we used FXR–/– and WT mice fed a HFD for 16 weeks to construct MAFLD models (Figures 1A,B). A shown in Figure 1C, the degree of steatosis and the ballooning of fat droplets were intensified in FXR–/– MAFLD mice compared to WT MAFLD mice. Next, we analyzed the expression of FXR in liver tissues of nine normal controls and seven patients with a pathological diagnosis of MAFLD. There were no significant differences in FXR expression between the liver tissue of the MAFLD and control groups (Figure 1D p > 0.05). Consistent with a previous study, inhibition of FXR increased the degree of steatosis in animal models of MAFLD (Ma et al., 2013), which indicated inhibition of FXR was indeed involved in the pathogenesis of MAFLD. However, in the seven patients with MAFLD, we did not identify a significant relationship between FXR expression and MAFLD. Therefore, changes in FXR expression may not necessarily be associated with the onset of MAFLD.
[image: Figure 1]FIGURE 1 | FXR is downregulated in the livers of MAFLD mice and is associated with increased lipid accumulation in the liver. (A) The result of gene sequencing in the liver of MAFLD mice and controls. (B) Schematic representation of the experimental design. (C) Paraffin-embedded liver sections stained with H&E. (D) Relative levels of FXR mRNA detected in the liver of MAFLD patients and controls.
To obtain further insight into steatohepatitis and to explore the pathogenesis of MAFLD at the gene level, we examined the transcriptional regulation of genes implicated in lipogenesis, β-oxidation, and lipolysis in the liver by previous studies (Correia et al., 2015). FXR-KO enhanced the expression of lipogenesis genes (PPARγ, Cd36, Fasn, Pklr, p < 0.05), decreased the expression of β-Oxidation genes (Creb3L3, SLc25a29, p < 0.05) and lipolysis gene (Ces1g, p < 0.05) (Figure 2A). We identified similar changes in liver gene expression in patients with MAFLD (Figure 2B). Therefore, changes in gene expression could represent driving factor of MAFLD. In mice, FXR deficiency resulted in an imbalance of liver lipid metabolism, which worsened lipid accumulation in the liver and further developed into steatohepatitis. In humans, FXR expression did not differ significantly across the 16 liver tissue samples. There may be a change in FXR protein activity, however, in addition to FXR, other genes or pathways which might play an important role in the pathogenesis of MAFLD have not yet been identified and need to be further explored.
[image: Figure 2]FIGURE 2 | The expression of lipid metabolism genes was altered in patients/mice with MAFLD. (A,B) Expression of genes involved in de novo lipogenesis, β-oxidation, and lipolysis measured by qPCR. (*p < 0.05; **p < 0.01; ***p < 0.001).
Pathway Analysis of Overlapping Genes and Differentially-Expressed Genes
To further explore the regulation of MAFLD, we compared the transcriptomic analysis of differentially expressed genes from liver tissues of three FXR-KO mice with MAFLD and three WT mice [p < 0.05, log2 (fold change) ≥0.5 or ≤−0.5] (Supplementary Table S1), the same transcriptomic analysis was applied to liver tissues of seven patients with MAFLD and nine normal controls [p < 0.05, log2 (fold change) ≥0.5 or ≤−0.5] (Supplementary Table S2). By comparing the two groups of differentially expressed genes, we identified 134 overlapping genes (Supplementary Table S3; Figure 3A). The heatmap shows Pearson’s correlation analysis of the expression data of the overlapping genes of liver tissues of MAFLD patients versus controls (Figure 3B). STRING and Cytoscape network analysis of the 134 overlapping genes is shown in Figure 3C.
[image: Figure 3]FIGURE 3 | Overlapping genes that appeared in two groups of differentially expressed genes. (A) Venn diagram of genes that appear in both groups of differentially expressed genes. (B) Heatmap of overlapping genes from the transcriptomic analysis was compared with liver tissues of seven patients with MAFLD and nine normal controls. The lighter the color, the smaller the Pearson’s correlation coefficient. (C) PPI network from the Cytoscape network analysis of the overlapping genes. The size of the dot represents the number of related protein interactions, the thickness of the line represents the strength of the interaction between proteins. A darker red dot color represents the greater upregulation of gene expression, and a darker blue color represents a greater downregulation of gene expression.
DAVID was used for the GO and KEGG enrichment analysis of overlapping genes. The pathways and functions are listed in Table 2 (p < 0.05). The results suggested that these genes were enriched in metabolic pathways, retinol metabolism, oxidation-reduction process, lipid metabolic process, glucose homeostasis, and in insulin secretion. Next, we employed Cytoscape for PPI enrichment analysis to further understand protein interactions and used MCODE to identify densely connected network components. A list of important genetic components in the PPI network is shown in Figure 4A. Metascape was used for pathway and enrichment analyses for each MCODE component. The results showed that the biological functions of the MCODE components consisted of retinol metabolism, phase I-functionalization reactions of compounds, regulation of cell cycle processes, and cell division (Supplementary Table S4). Many of these overlapping genes have been reported to play an important role in lipid metabolism, which means these genes may be related to the onset of MAFLD. These findings suggested that our method of integrated analysis was reliable and feasible for identifying new regulating genes and pathways in MAFLD.
TABLE 2 | DAVID functional annotation for overlapping genes.
[image: Table 2][image: Figure 4]FIGURE 4 | Comprehensive analysis of differentially expressed genes in the transcriptomic analysis of patients with MAFLD vs. control subjects using Metascape and Cytoscape. (A) The four significant MCODE components form the PPI network of overlapping genes. (B) Bar graphs showing the top 20 significantly enriched biological processes and pathways associated with MAFLD differently expressed genes excluding overlapping genes. (C) The top 11 significant MCODE components from the PPI network of MAFLD differently expressed genes excluding overlapping genes. The MCODE algorithm was applied to this network to identify neighborhoods where proteins are densely connected. Each node represents a protein, and the edge between nodes represents the interaction between two connected proteins.
To discover new target genes and pathways unrelated to FXR, excluding overlapping genes, we obtained 1,124 differentially expressed genes from transcriptomic analysis of liver tissues of MAFLD patients vs. controls [p < 0.05, log2 (fold change) ≥0.5 or ≤−0.5] (Supplementary Table S5). We used Metascape to conduct GO and KEGG enrichment analyses (Supplementary Table S6; Figure 4B) (Zhou et al., 2019). The top 20 significant pathways and functions are listed in accordance with their p-values in Figure 4B. The results suggested that these genes are involved in monocarboxylic acid metabolic processes, regulation of lipid metabolic processes, carbohydrate metabolic processes, the PPAR signaling pathway, fatty acid transmembrane transport, and triglyceride metabolic processes. We also employed Cytoscape for PPI enrichment analysis to investigate protein interactions and used the MCODE algorithm to identify densely connected network components. A list of important genetic components in the PPI network is shown in Figure 4C. The 11 most important MCODE components were selected, after which pathway and enrichment analyses were applied by Metascape to each MCODE component (Supplementary Table S7). The results showed that the biological functions of the MCODE components included protein binding, cell division, rRNA processing, the PPAR signaling pathway, fatty acid metabolism, fatty acid degradation, transmembrane-ephrin receptor activity, metabolic pathways, and DNA binding. These pathways and biological functions may play an important role in the pathogenesis of MAFLD. The identification of a new regulator of lipid metabolism associated with MAFLD, would be of great significance in improving the understanding of the pathogenesis of MAFLD.
Expression of BHMT2 and PKLR was Elevated in Patients With MAFLD
Next, we verified the reliability of the above differentially expresses gene with datasets from the GEO database, choosing the GSE48452 dataset from the study of “Human liver biopsy of different phases from control to NASH” (Ahrens et al., 2013). A total of 14 healthy controls, 14 steatosis (SS) samples, and 18 nonalcoholic steatohepatitis (NASH) samples were included in the GSE48452 dataset (Liu et al., 2020). According to the transcriptomic analysis, we identified the differentially expressed genes in liver tissues of the GSE48452 dataset (Supplementary Table S8). In the GSE63067 dataset, differentially expressed genes were stratified according to different stages of NAFLD, and included genome-wide expression patterns from two cases of human steatosis and nine cases of human NASH and seven healthy controls (Supplementary Table S9). These two lists of differentially expressed genes were compared with the 134 overlapping genes, and two overlapping genes were identified: BHMT2 and PKLR (Figures 5A,B). Our results of the transcriptional analysis comparing liver tissues of MAFLD patients and controls indicated the expression of BHMT2 and PKLR was elevated in MAFLD patients (p < 0.05) (Figure 5C).
[image: Figure 5]FIGURE 5 | Expression of BHMT2 and PKLR was elevated in patients with MAFLD (A) Venn diagram of genes appearing in the three groups of differentially expresses genes. (B) mRNA relative levels of BHMT2 and PKLR detected in the liver of MAFLD patients and controls in the GSE48452 dataset. (C) mRNA relative levels of BHMT2 and PKLR detected in the liver of MAFLD patients and controls. (D) Immunohistochemistry assay of BHMT2 and PKLR in liver tissues of patients with MAFLD and controls. (E) Statistical results of the relative expression of BHMT2 and. PKLR. The relative level of BHMT2 and. PKLR were determined by calculating the average intensity of each sample normalized to the average intensity of the control sample. (*p < 0.05; **p < 0.01; ***p < 0.001).
To further confirm the changes in the expression of BHMT2 and PKLR in the liver of patients with MAFLD, we also performed immunohistochemical staining using these 16 liver tissue samples, The results showed that the expression of BHMT2 and PKLR was significantly increased in liver tissues of MAFLD patients compared to controls (Figures 5D,E).
Then, we explored the functions of BHMT2 and PKLR in MAFLD. We analyzed the clinical characteristics of seven patients with NASH and nine normal controls. The results showed that the clinical parameters BMI, TC, TG, ALT, ALP, and GGT of patients with MAFLD were higher than those of controls (Figure 6A). According to the latest clinical practice guidelines of the Asian Pacific Association for the Study of the Liver (APASL) on MAFLD (Eslam et al., 2020b), these indicators play an important role in the diagnosis of MAFLD. We questioned whether there was any relationship between the change in these clinical indicators with the expression level of BHMT2 and PKLR. Pearson’s correlation analysis was performed and the results indicated that the expression levels of BHMT2 and PKLR were positively correlated with the serum content of TC, TG, and LDL-C (Figure 6B). Overall, these findings suggested that BHMT2 and PKLR could be involved in the pathogenesis of MAFLD.
[image: Figure 6]FIGURE 6 | Analysis of BHMT2 and PKLR with clinical parameters. (A) Comparative analysis of clinical indicators between MAFLD patients and controls. (B) Correlation analysis between BHMT2, PKLR with serum TC, TG, and LDL-C levels. BMI, body mass index; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, γ-glutamyl transpeptidase; TC, total cholesterol; Tri (TG), Triglycerides. (*p < 0.05; **p < 0.01; ***p < 0.001).
BHMT2 May be Involved in Hepatocyte Lipid Metabolism by Regulating the Expression of PPARG In Vitro.
Previous studies have indicated that PKLR plays an important role in the pathogenesis of MAFLD (Yki-Järvinen, 2014; Byrne and Targher, 2015). We questioned what role BHMT2 could play in the development of MAFLD. To further verify the function of BHMT2 in lipid metabolism in the liver, we modified the expression of BHMT2 in L02 cells by RNAi. When BHMT2 was downregulated, the presence of OA (oleic acid) + PA (palmitic acid)-induced lipid droplets (LD) was significantly decreased (Figures 7A,B). We used CGI-58 as lipid drop markers for the western blotting semi-quantitatively analysis, and the results showed that inhibition of BHMT2 expression reduced the expression of CGI-58. It further confirmed the effect of BHMT2 on lipid metabolism in vitro (Figure 7C). The results of real-time PCR revealed that inhibition of BHMT2 expression resulted in decreased PPARG expression (Figure 7D), which confirmed that BHMT2 may be involved in the metabolism of hepatocyte lipids by regulating the expression of PPARG in vitro.
[image: Figure 7]FIGURE 7 | BHMT2 may be involved in hepatocyte lipid metabolism by regulating the expression of PPAR in vitro. (A) L02 cells were transfected with BHMT2 siRNA and control siRNA. (B) The number of lipid droplets per cell shown in (A) was quantified. (C) Western blotting results of CGI-58, β-actin is as a loading control. (D) PCR results of PPARG. (*p < 0.05; **p < 0.01; ***p < 0.001).
DISCUSSION
In this study, using a unique analytical approach, we comprehensively analyzed the regulatory factors of MAFLD at the genome-wide level. We compared the differentially expressed genes in FXR-KO mice and patients with MAFLD and their respective controls, and identified 134 overlapping genes. These genes were found to be involved in important signaling pathways and in lipid metabolism, as identified by pathway analysis, which also demonstrated the reliability of our unique analytical method. Using a similar approach, in conjunction with the GEO database, we identified two specific overlapping genes BHMT2 and PKLR from an independent human dataset of MAFLD. Herein, we demonstrated that BHMT2 is a newly identified regulator of lipid metabolism associated with MAFLD.
In previous studies, genome-wide association studies identified dozens of genes with multiple polymorphisms that were associated with the increased risk of developing fatty liver disease in specific populations, including PPARG, PNPLA3, TM6SF2, PCSK9, HSD17B13, FXR, GCKR, APOB, LPIN1, UCP2, IFLN4, and PKLR (Yu et al., 2016; Lee et al., 2017; Schumacher and Guo, 2019). Related studies have shown that FXR plays a precise role in the occurrence and development of MAFLD. FXR agonism has been shown to be a promising pharmacological target, FXR activation is protective against liver inflammation associated with NASH (Armstrong and Guo, 2017). The expression of factors in both the adaptive and innate immune response in the liver is regulated in an FXR-dependent and independent manner. In human hepatocytes, FXR upregulated peroxisome proliferator-activated receptor alpha (PPARα) levels, which subsequently increased fatty acid oxidation (Verbeke et al., 2016). Furthermore, mouse livers deficient in FXR, exhibited elevated serum cholesterol levels compared to WT mice when fed a high-cholesterol diet (Pineda Torra et al., 2003).
We used FXR-KO mice to construct MAFLD models. The results of H&E staining indicated that decreasing the expression of FXR in the liver could lead to the development of MAFLD. In humans, FXR expression was not significantly different between MAFLD and controls, which could reflect a change in FXR protein activity, and conversely may also indicate that changes in FXR expression may not be necessarily associated with the onset of MAFLD. Besides FXR, other genes or pathways have yet to be identified.
We performed a transcriptomic analysis using liver tissues from FXR-KO mice and MAFLD patients, and identified 134 overlapping differentially expressed genes in the two models. Pathway analysis suggested that these genes were enriched in metabolic pathways, retinol metabolism, oxidation-reduction processes, lipid metabolic processes, glucose homeostasis, and in insulin secretion. The PPI enrichment analysis showed that the biological functions of the MCODE components consisted of retinol metabolism, phase I functionalization modification of compounds, regulation of cell cycle processes, and cell division. FXR is associated with several signaling pathways besides lipid metabolism, which indicates that changes in these signal pathways and genes are downstream events or results that lead to MAFLD. Therefore, the overlapping genes may play an important role in the pathogenesis of MAFLD, which needs to be further studied.
To identify new target genes and pathways that are independent of the FXR pathway, we analyzed the pathway enrichment involving the identified 1,124 differentially expressed genes. Our results suggested that these genes were involved in monocarboxylic acid metabolic processes, regulation of lipid metabolic processes, carbohydrate metabolic processes, the PPAR signaling pathway, fatty acid transmembrane transport, and triglyceride metabolic process. The PPI enrichment analysis showed that the biological functions of the MCODE components involved protein binding, cell division, rRNA processing, the PPAR signaling pathway, fatty acid metabolism, fatty acid degradation, transmembrane-ephrin receptor activity, metabolic pathways, and DNA binding. These pathways and biological functions may also play an important role in the pathogenesis of MAFLD.
We next combined the GEO databases GSE48452 and GSE63067 from NCBI, and identified BHMT2 and PKLR among the 134 overlapping genes. Our own transcriptional analysis showed that the expressions of BHMT2 and PKLR was elevated in MAFLD. Immunofluorescence staining further showed that the expression of BHMT2 and PKLR was significantly increased in MAFLD compared to controls. Previous studies showed that the protein encoded by pyruvate kinase L/R (PKLR) is a kinase that catalyzed the transphosphorylation of phosphoenolpyruvate into pyruvate and ATP, which are the rate-limiting steps of glycolysis. Defects in this enzyme, due to gene mutations or genetic variations, are common causes of chronic hereditary nonspherocytic hemolytic anemia. Most importantly, the modulation of these genes affects key metabolic pathways associated with lipid metabolism (i.e., steroid biosynthesis, the PPAR signaling pathway, fatty acid synthesis, and oxidation) and have been proposed to be involved in the progression of MAFLD. For example, inhibition of PKLR led to decreased glucose uptake and decreased mitochondrial activity in HepG2 cells (Schmitt et al., 2015). In vivo knockdown experiments of PKLR improved both steatosis and insulin resistance (Liu et al., 2019). Furthermore, PKLR induced mitochondrial stress in both steatosis and fibrosis models, and silencing PKLR relieved this stress and promoted the resolution of NAFLD/NASH (Chella Krishnan et al., 2018). Therefore, PKLR could be considered an efficient treatment strategy for MAFLD.
The protein encoded by BHMT2 is a methyl transferase that can catalyze the transfer of the methyl group from betaine to homocysteine. Anomalies in homocysteine metabolism have been implicated in disorders ranging from vascular disease to neural tube birth defects such as spina bifida (Chella Krishnan et al., 2021). BHMT2 is involved in adolescent obesity by affecting the metabolism of amino acids, that may be candidate genes in the etiology of obesity (Mostowska et al., 2010). BHMT2 has been reported to be downregulated during both short- and long-term weight loss (Aguilera et al., 2015; Bollepalli et al., 2018). BHMT overexpression increases PtdCho synthesis, leading to reduced lipid accumulation in the liver, while BHMT deficiency leads to fatty liver (Ji et al., 2008). In addition, BHMT-/- mice presented reduced adiposity, enhanced insulin sensitivity, glucose tolerance, and increased whole body energy expenditure (Teng et al., 2011; Teng et al., 2012). BHMT may be related to lipid metabolism, but there have been no reports indicating that BHMT2 is involved in the lipid metabolism observed in MAFLD pathogenesis.
In the present study, the evaluation of the clinical characteristics showed that the BMI, TC, Tri, ALT, ALP, and GGT levels of patients with MAFLD were higher than those of controls. Pearson’s correlation analysis indicated that BHMT2 and PKLR were positively correlated with serum levels of TG, TC, and LDL-C. Similarly, our RNAi studies and western blotting showed that reducing BHMT2 expression could significantly reduce hepatocyte LD accumulation in vitro. Real-time PCR results showed that inhibition of BHMT2 expression resulted in decreased PPARG expression. The PPAR signaling pathway as an important pathway of lipid metabolism plays an crucial role in the pathogenesis of MAFLD (Pawlak et al., 2014; Montagner et al., 2016). Peroxisome proliferator-activated receptor (PPAR)α, β/δ, and γ modulate lipid homeostasis. Whole-body and hepatocyte-specific PPARα-deficient mice develop aggravated liver steatohepatitis when fed a HFD and or a methionine and choline-deficient die (Wang et al., 2020). Activation of PPARβ/δ may prevent dyslipidemia, insulin resistance, obesity, and NAFLD (Palomer et al., 2018). PPARG is highly expressed in adipose tissue and macrophages, and plays important roles in adipogenesis, lipid metabolism, insulin sensitivity, and immune regulation (Ahmadian et al., 2013). When PPARγ is ectopically overexpressed in hepatocytes, lipid droplets emerge. Adenovirus-mediated overexpression of PPARγ2 in hepatocytes increased hepatosteatosis and hepatocyte-specific disruption of PPARγ gene (PPARG) decreased liver steatosis in PPARγ−/− mice (Yu et al., 2003). Therefore, BHMT2 may be involved in hepatocyte lipid metabolism by regulating the expression of PPARG in vitro. However, the detailed mechanisms involved in the reduction of LD reducing induced by BHMT2 deficiency requires further study.
RNA Interference
The RNA oligos complementary to the BHMT2 gene and nontarget sites were obtained from GenePharma (Shanghai, China). OligoRNA was introduced into L02 cells by transfection with Lipofectamine 2000 reagent (Invitrogen, United States) according to the protocol provided by the manufacturer. The human liver cell line L02 (Pang et al., 2000) was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and was cultured in RPMI-1640 medium containing 20% FBS (Invitrogen, United States) with 4 mM of L-glutamine, and 10 μg/ml of penicillin and streptomycin at 37°C, in an atmosphere of 5% CO2.
CONCLUSION
In summary, our study comprehensively analyzed the regulatory factors of MAFLD at the genome-wide level by comparing the differentially expressed genes of FXR-KO mice and patients with MAFLD. Through this unique analysis method, we identified many new target genes and pathways that may potentially play an important role in the pathogenesis of MAFLD. Most importantly, we demonstrated that BHMT2 is a new regulator of lipid metabolism and is involved in MAFLD pathogenesis. Overall, our results may provide a better understanding of the pathogenesis of MAFLD and thus provide new targets for the treatment of MAFLD.
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Perinatal exposure to starvation is a risk factor for development of severe retinopathy in adult patients with diabetes. However, the underlying mechanisms are not completely understood. In the present study, we shed light on molecular consequences of exposure to short-time glucose starvation on the transcriptome profile of mouse embryonic retinal cells. We found a profound downregulation of genes regulating development of retinal neurons, which was accompanied by reduced expression of genes encoding for glycolytic enzymes and glutamatergic signaling. At the same time, glial and vascular markers were upregulated, mimicking the diabetes-associated increase of angiogenesis—a hallmark of pathogenic features in diabetic retinopathy. Energy deprivation as a consequence of starvation to glucose seems to be compensated by upregulation of genes involved in fatty acid elongation. Results from the present study demonstrate that short-term glucose deprivation during early fetal life differentially alters expression of metabolism- and function-related genes and could have detrimental and lasting effects on gene expression in the retinal neurons, glial cells, and vascular elements and thus potentially disrupting gene regulatory networks essential for the formation of the retinal neurovascular unit. Abnormal developmental programming during retinogenesis may serve as a trigger of reactive gliosis, accelerated neurodegeneration, and increased vascularization, which may promote development of severe retinopathy in patients with diabetes later in life.
Keywords: transcriptomics, retinogenesis, starvation, neurovascular unit, retinopathy, transcriptomic (RNA-seq)
INTRODUCTION
Intrauterine or fetal programming has in the past years been connected to age-related metabolic diseases in adults (Vaiserman and Lushchak, 2019; Hsu and Tain, 2020). Thus, there is striking evidence indicating that 25–63% of diabetes, cardiovascular disease, hypertension, and obesity can be attributed to the perinatal factors and features such as low weight at birth (Tian et al., 2006). Notably, pediatric ophthalmologists were the first to observe that preterm and low-birthweight infants exhibited a lasting abnormal retinal architecture, suggesting a key role of the intrauterine environment for vascular development in the retina and retinal neurovascular unit (RNVU) formation (Swan et al., 2018). Retinopathy is a progressive complication of diabetes with a global prevalence of 35.4% among diabetic patients (Solomon et al., 2017). Proliferative diabetic retinopathy (PDR) is the most severe form, which is characterized by progressive neovascularization leading to severe vision loss and blindness (Wong et al., 2018). Presently, there are only a few treatment alternatives for severe retinopathy targeting vascular pathology such as laser photocoagulation and anti-VEGF therapy (Wong et al., 2018). However, these treatments are not affordable in every country, and the prevalence of PDR is reported to be higher in developing countries as compared to developed countries (Ruta et al., 2013).
In support of the fetal programming hypothesis, recent epidemiological observational studies from the Ukrainian and the Hong Kong Diabetes Registries demonstrated disproportionally elevated risk for severe diabetic retinopathy in offspring to parents exposed to famine (Fedotkina et al., 2021). This evidence indicated that fetal exposure to starvation can be a triggering risk factor for vision-threatening diabetic retinopathy in adults, which might, independently or synergistically with diabetes-related metabolic risk factors, aggravate disease progression (Fedotkina et al., 2021). Understanding mechanisms involved in early retinogenesis during starvation insults, which could increase preponderance to diabetes retinopathy later in life, might aid in discovering fundamental cues for novel treatment strategies. In the present study, we investigated the effects of short-term exposure to glucose starvation on global transcriptome changes of embryonic retinal cells comprising mostly neuronal, glial, and vascular cells.
MATERIALS AND METHODS
Retinal Cell Sample Preparation and Culture, RNA Isolation, and Sequencing
Isolation and Culture of Retinal Cells. C57BL/6J mice were purchased from Charles River. The retinas were isolated from E18.5 mouse embryos and digested with 0.05% trypsin (ready-made, Gibco) for 15 min at 37°C. The digestion was terminated by adding Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 25 mM sodium bicarbonate (Gibco), 25 mM HEPES (Gibco), 10% fetal bovine serum (v/v, HyClone), and 1% penicillin and streptomycin solution (v/v, Gibco). The cell suspension was filtered through a 70-μM filter and centrifuged at 1,300 rpm for 5 min, resuspended in the medium, and centrifuged. This was repeated twice, and the cells were plated on poly-l-lysine-coated plates at a density of 2.0 × 106 cells/cm2. Next day, the cells were washed two times with phosphate-buffered saline (PBS) and starved for glucose in the Neurobasal medium supplemented with B27 supplement lacking insulin, with 0.06 g/l-glutamine, 1% penicillin–streptomycin (v/v, Gibco), and 11 mM HEPES for 6 h. The cells were further cultured for 6 days in the normal glucose medium (complete Neurobasal medium). The cells were harvested after 6 days of culturing for RNA isolation to obtain information on the long-term effects of starvation exposure.
Total RNA was isolated by using the miRNeasy micro kit (Qiagen), and reverse transcription was done by using the RevertAid first-strand cDNA synthesis kit (Thermo Fisher). RNA extracts were isolated by using TruSeq Stranded Total RNA with Ribo-Zero. Sequencing was done paired-end on the Illumina NextSeq 500.
The study was approved by the local ethics committee (Regional Ethics Review Board, Lund, Sweden, 2018-579, 2016/891), and the experiments were performed in compliance with the ARRIVE guidelines (Kilkenny et al., 2010).
Processing and Analysis of RNAseq Data
A total of 12 samples were sequenced (n = 6). One of the control samples was excluded from further analysis since it was not clustering with other control samples on the principal component analysis (PCA) biplot. The quality of paired-end RNAseq files was checked with MultiQC v1.0 by using fastq files. A Phred score greater than 30 was achieved for each sequencing position for all samples. There was no adapter contamination shown in QC (adapter contamination <0.1%), so trimming was not applied in order not to lose information. The alignment of transcripts was done by using Kallisto v0.43.1 (Bray et al., 2016) with the GRCh38.p10 reference assembly with the Ensembl Mus musculus v90 annotation as the reference transcriptome (Yates et al., 2016).
On average, we obtained 17.2 ± 6.7 (mean ± SD) million paired-end reads mapped to the mouse genome. After excluding lowly expressed genes (expressed in less than 20% of the samples), a total of 22,978 genes were used in the downstream analyses. The downstream analysis from this level was done by using the R statistical environment (www.r-project.org) and R Studio (www.rstudio.com). The estimated count values of the transcripts given as Kallisto output were converted to gene-level expression values by using Tximport v1.6.04 (Soneson et al., 2015). The genes that had low counts were excluded from the expression matrix with the inclusion criteria of a CPM higher than 0.5 for at least two of the samples.
PCA was applied to explore the differences between libraries. A PCA biplot and sample heatmap were prepared by using a regularized log transformation (rlog) function in the DESeq2 package (Love et al., 2014). Based on exploratory data analysis, one of the control samples was excluded from further analysis since it stood as an outlier on the PCA biplot showing the first two principal components based on gene expression counts. The PCA biplot showing the first two principal components that explain 64% of variation across the samples and the sample clustering based on the gene expression are presented in Supplementary Figure S1. The starved and control samples were separated along the first principal component axis, which shows that the gene expression was a determinant for the separation of the conditions and that most of the explained variance is primarily due to the difference between two conditions. The heatmap shows the clustering of the samples based on Euclidean distances between the samples. The distances are smaller within the conditions; hence, the samples are clustered based on the conditions.
The differential expression analysis was done with using edgeR v3.20.73 (Robinson et al., 2010; McCarthy et al., 2012). The raw count values were provided to edgeR since the tool handles the normalizations for sequencing depth, gene length, and RNA composition of the libraries (TMM normalization). Condition is used as a predictor of gene expression in a quasi-likelihood negative binomial generalized log-linear model (glmQLFit function). Empirical Bayes quasi-likelihood F-tests were used to assess the differential expression (glmQLFTest function). Batch was not included as a covariate in the final analysis since there was no obvious batch effect seen in the data exploration, and above 90% of the differentially expressed genes remained significant when the batch was added in the formula. Sex adjustment was not done via adding sex as an explicit covariate, but a robust algorithm was used to down-weight sex-linked genes (Phipson et al., 2016). False discovery rate (FDR) correction was done by using the Benjamini–Hochberg method. The gene was considered differentially expressed in case of FDR <0.05.
Cell Marker Selection
Marker genes for different cell types were selected based on literature (Fruttiger, 2002; Haverkamp et al., 2003; Casini et al., 2006; Ponomarev et al., 2006, 40; Kim et al., 2008; Johansson et al., 2010; Sanes and Zipursky, 2010; Winkler et al., 2010; Armulik et al., 2011; Kay et al., 2011; de Melo et al., 2011; Bassett et al., 2012; de Melo et al., 2012; Wu et al., 2013; Seung and Sümbül, 2014; Vlasits et al., 2014; Zhao et al., 2014; Darmanis et al., 2015; Karlstetter et al., 2015; Macosko et al., 2015; Maddox et al., 2015; Sanes and Masland, 2015; Zeisel et al., 2015; Boije et al., 2016; Gill et al., 2016; Shekhar et al., 2016; Struebing et al., 2016; Tasic et al., 2016; Vecino et al., 2016; Yu et al., 2016; Hoshino et al., 2017; Lee et al., 2017; Welby et al., 2017; Zeng and Sanes, 2017; Keeley and Reese, 2018; McDowell et al., 2018; Rheaume et al., 2018; Roesch et al., 2008). Genes were considered as marker genes of a relevant cell type upon demonstrating cell-specific expression in at least two separate publications. Cell type-specific expression has been confirmed using immunostaining or single-cell analysis in previous studies. Hence, many of them are overlapping between cell types, especially the ones that belong to the same cell classification as neuronal, glial, or vascular.
Gene Ontology and Pathway Enrichment Analyses
GO and pathway enrichments were done by using goana and kegga functions in edgeR. The genes in the relevant GO terms were extracted from the main page of gene ontology (www.geneontology.org) and KEGG (genome.jp) databases (Ashburner et al., 2000; Kanehisa and Goto, 2000; Mi et al., 2017; The Gene Ontology Consortium, 2017). The following packages were used for the creation of figures: GOplot (Walter et al., 2015) and ggplot2 (Wickham, 2009).
RESULTS
Embryonic retinal cells were exposed to short-term 6-h glucose starvation to study the effects of perinatal glucose starvation on the global transcriptomic profile (n = 6) (Figure 1A) (Methods). Control cells were cultured under normal culture environment (n = 5). RNA was extracted for bulk RNA sequencing, and differential expression in the starved cells compared to controls was analyzed. A gene was labeled as differentially expressed between starved and control cells after multiple testing adjustment of p-values using FDR <0.05. We detected over 5,000 genes differentially expressed in response to exposure starvation; of those, 3,051 were upregulated and 2,533 were downregulated (FDR <0.05, Figure 1B and Supplementary Table S1). About 77% of upregulated genes (2,341) and 13% of downregulated genes (318) had at least a twofold change in the starved-for-glucose samples compared to non-treated controls (Figure 1C).
[image: Figure 1]FIGURE 1 |  (A) Schematics of experimental setup, (B) barplot showing the number of differentially expressed genes for different log-fold-change bins, (C) volcano plot showing the variation of significance with log-fold-change; blue and red colors show downregulated and upregulated genes in the starved conditions with a log-fold-change greater than 50% between conditions and FDR <0.05.
Exposure to Glucose Starvation Results in Downregulation of Neuronal Retinal Marker Gene Expression
To study the effect of exposure to glucose starvation on transcriptomic profiles of different retinal cells, we analyzed expression of various retinal cell markers previously described in the literature (see Methods) (Figure 2 and Supplementary Figure S3 and Supplementary Table S2). It is worth mentioning that some of these genes were reported to be expressed in several retinal cell types and were not specific to a single cell type although they were still used as markers.
[image: Figure 2]FIGURE 2 |  Differential expression of retinal cell markers between starved and control conditions. The expression values are centered and scaled (Supplementary Figure S4 shows unscaled plots with expression levels).
There were 23 retinal ganglion cell (RGC) markers detected, of which 10 (Gap43, Jam2, Nefl, Nefm, Mmp17, Rbfox3, Spp1, Stmn2, and Tubb3) were downregulated, while Thy1 and Ebf3 were highly upregulated as a result of starvation. The differential expressions of other RGC markers such as Atoh7, Cartpt, Slc17a6, and Pou4f1 were not statistically significant.
Expression of amacrine cell (AC) markers (7 out of 16) was significantly downregulated in the starved samples. These were markers related with GABAergic cells: glutamate decarboxylase genes Gad1 and Gad2, GABA transporter Slc6a1, and metabotropic glutamate receptor gene Grm2. Sema6a, which is an important gene for starburst ACs (SACs) and for stratification of the retinal layers (Seung and Sümbül, 2014), was also one of the downregulated AC markers.
The expression levels of horizontal cell marker genes Lhx1, Snap25, and Calb1 were decreased in the starved cells, but only Snap25 was found to be significantly differentially expressed with FDR <0.05.
General bipolar cell (BC) markers such as Slc1a7, which encode glutamate transporter; Prdm8; and Vsx2 showed decreased expression after starvation exposure as well as rod BC markers Prkca and Vstm2b, which are important for BC survival and differentiation during embryogenesis. In contrast, Col11a1, Ebf1, Igfn1, Neto1, Nfia, and Wls were the upregulated BC markers probably reflecting disproportion in On and Off BC subtypes.
Photoreceptor (PR) marker genes Abca4, Arr3, Atp1a3, Gngt1, Rcvrn, and Opn1sw were downregulated in the starved samples, while the downregulation of rhodopsin (Rho) was not statistically significant. Synaptic markers such as Ctbp2, Dlg4, Slc17a7, and Syp were also highly and negatively affected by the starvation.
For the Müller cells (MC), Rlbp1, Glul, Slc1a3, and Car2 genes, involved in neuroglial interplay, were downregulated with starvation, while Cav1, Gfap, and Vim were upregulated. Astrocyte markers such as Aldh1l1, S100b, and Fgfr3 were highly upregulated in the starved cells, while Slc1a2 was downregulated. For microglia, Adgre1, Cd40, Cd68, Aif1, Ptprc, Itgam, and Cx3cr1 were used as markers, and only Cd68 was found to be differentially expressed and downregulated in the starved cells.
Notably, we have also detected a decrease in the expression levels of neuronal cell markers that belong to different lineages, such as Sox2, Notch1, and also Pax6—an established developmental marker of progenitor cells in the retina (Supplementary Table S3).
Starvation Induces Proangiogenic Reprograming of the Developing Retina
Markers of pericytes and vascular endothelial cells such as Cd34, Cdh5, Cspg4, Thbd, Pdgfrb, and Acta2 showed upregulation after starvation exposure, while Vwf and Des were not significantly differentially expressed. Additionally, some genes associated with vascularization such as Tek and Angptl1 were also upregulated in the starved samples. VEGF genes (Vegfa, Vegfc, and Vegfd) were significantly upregulated after starvation exposure, but the Vegf receptor gene Kdr is found to be highly downregulated in the starved samples.
Given that VEGFs have been ascribed to play a pivotal role in co-patterning of nerves and vessels, we performed co-expression analysis of differentially expressed genes with Vegfa, Vegfc, and Vegfd in order to investigate potential VEGF-related candidates for therapeutic interrogation. Almost half of the differentially expressed genes were found to be commonly correlated across all Vegfs (n = 25,12, adjusted p-value ≤ 0.05) (Supplementary Table S5). Furthermore, to focus on vascularization-related genes in the co-expression analysis, we employed the gene list from the MGI database including many blood vessel development- and angiogenesis-related terms (Supplementary Table S6). Out of 262 differentially expressed genes related with these terms, 200 had common correlation across all three VEGF genes (adjusted p-value ≤ 0.05) (Supplementary Table S7).
Increased Vascularization Was Associated With Compromised Neuronal Development in the Starved Retina
For the investigation of the biological landscape affected by the short-term starvation exposure, we performed enrichment analysis using GO terms and KEGG pathways. Figure 3 shows specific GO biological process (BP) terms enriched for the differentially expressed genes (Supplementary Figure S4). Two of the top GO terms were nervous system development and blood vessel development, which were enriched for the downregulated (p = 1.4 · 10–42) and upregulated (p = 3.8 · 10–18) directions, respectively (Figure 3).
[image: Figure 3]FIGURE 3 |  Functional enrichment results for expressed genes. (A) Gene Set Enrichment Analysis (GSEA) for GO terms GO: 0001568-blood vessel development and GO:0007399-nervous system development. (B) Overrepresentation analysis of GO terms for differentially expressed genes. (C) Overrepresentation analysis of KEGG pathways for differentially expressed genes.
Short-Term Glucose Starvation Had a Lasting Effect On Various BPs and Signaling Pathways
Figure 3D shows the KEGG pathway enrichments for the differentially expressed genes. One of the top enriched pathways is the PI3K-Akt signaling pathway (pup = 2.6 · 10–11), which is among the most important signaling pathways for metabolic control, cell survival, and proliferation, demonstrating enrichment of overexpressed genes in the starved cells. Among other upregulated KEGG pathways (p < 10–6) as a result of starvation exposure were ribosome (p = 3.2 · 10–30), olfactory transduction (p = 7.1 · 10–14), focal adhesion (p = 1.4 · 10–10), ECM–receptor interaction (p = 7.0 · 10–10), and those related to cancer (p = 6.3 · 10–8). On the contrary, synaptic vesicle cycle (p = 6.5 · 10–13) and GABAergic synapse (p = 5.6 · 10–9) pathways were downregulated, which can imply altering of neuroglial relations and synaptic transduction in the retina after glucose deprivation.
Genes Regulating Fatty Acid Elongation Were Upregulated After Glucose Starvation to Compensate for Reduced Expression of Glycolytic Enzymes
To shed light on the processes involved in energy balance affected by exposure to starvation, we analyzed genes involved in glucose, lipid, and amino acid metabolism. As expected in the condition of starvation for glucose, there was decreased expression of the genes involved in several steps of glycolysis including glucose transport (Figure 4A). These genes encode enzymes in the pathway from glucose to pyruvate metabolism, as well as Ldha and Ldhb encoding for l-lactate dehydrogenase, which catalyzes pyruvate-to-lactate conversion (Kanehisa and Goto, 2000; Slenter et al., 2018). In line with decreased expression of glycolytic genes, glucose transporters such as Slc2a1 (GLUT1) and Slc2a3 (GLUT3) were downregulated after starvation (FDR <0.05).
[image: Figure 4]FIGURE 4 |  Metabolic changes after starvation exposure: (A) glycolysis pathway—the genes encoding the enzymes functioning in the pathway were downregulated, (B) the correlation between retinal cell markers and glycolysis/gluconeogenesis genes (VC: vascular cells, RGC: retinal ganglion cells, PR-BC: photoreceptor-bipolar cell synapses, PR: photoreceptor cells, HC: horizontal cells, BC: bipolar cells, AC: amacrine cells).
On the contrary, genes encoding for enzymes in the fatty-acid elongation pathway in the endoplasmic reticulum such as Elovl1, Elovl3, Elovl5, Fads1, Scd1, Hacd4, Acot1, and Acot2 were highly upregulated in the starved samples indicative of increased biosynthesis of fatty acids. Similarly, genes involved in amino acid transport and metabolism such as Dpp4, Xpnpep1, Xpnpep2, Mme, and Slc1a5 are highly upregulated in the starved cells (Supplementary Table S1).
Finally, to investigate the glycolytic and metabolic states of different retinal cell types, we assessed correlations of neuronal markers with glycolysis genes (Figure 4B). Assessment of the links between metabolic characteristics and cell-specific markers demonstrated a positive correlation between expressions of Ldha and PR-specific genes (Abca4, Arr3, Atp1a3, Gngt1, and Rcvrn) involved in different aspects of PR functioning including all-trans-retinal aldehyde and cation transport, regulation of rhodopsin activity, proper propagation, and termination of signaling. Moreover, glycolytic enzymes and Ldha repression were associated with downregulation of signaling molecules involved in neuronal subtype-specific patterning and axonal growth, as well as in synaptic plasticity regulation. Downregulation of Hk1, Hk3, Hkdc1, Pfk, and Pkm positively correlated with lower expression of genes encoding adhesion molecules and intercellular junctions (Jam2 and Mmp17), proteins regulating neuronal differentiation (Rbfox3) and growth (Stmn2), axonal transport (Nefl, Nefm, and Tubb3), and neuroprotection (Spp1) in RGC. Glycolytic enzymes and Ldha expression were in synchrony with downregulation of glutamate and GABA signaling and transport in both neurons and glial cells. Additionally, glycolytic enzyme expressions showed profound negative correlation with vascular marker expressions.
DISCUSSION
The main findings in the present study provide evidence of differential changes in expression of genes contributing to retinal development and functioning after short-term metabolic disruption. Obtained data allow us to generate a hypothesis of irreversible and detrimental reprogramming of neurovascular unit (RNVU) formation during retinal development after early-life exposure to glucose starvation. Even after a “relief” period of normal conditions, the effects on the transcriptomic landscape of the retina were still immense. The key features appear to include multiple cellular pathways highlighting disrupted gene expression in the retina. Specifically, transcriptomic analysis has revealed a profound decrease in the expression of neuronal markers, while genes encoding for vascular markers were upregulated, similar to the diabetes-associated increase of angiogenesis in diabetic retinopathy.
Investigation of the molecular mechanisms underlying retinogenesis is important in order to gain knowledge on how to enlighten the path ahead for prevention or treatment of retinopathy in adults with diabetes. The top differentially expressed genes affected by starvation comprised Ppef1, which encodes for the protein product suggested to play a role in sensory neuron function and development; Dpp4, encoding a protease enzyme involved in the cleavage of a broad range of vasoactive peptides, which is also an established drug target for type 2 diabetes (Dicker, 2011); Meox2 gene, known to regulate angiogenesis and myogenesis; and Pycr1 and Dnah8, involved in the ATP-related processes. These findings provide further support for involvement of multiple mechanisms including neuronal, vascular, and energy metabolism that together may contribute to compromise early development of the entire RNVU.
A major pathological feature of advanced and severe forms of retinopathy in patients with diabetes is characterized by accelerated proliferative angiogenesis. This gives rise to an increased growth of small and immature vessels in the retina, which are susceptible to breakage and bleeding. In the present experiments using embryonic retinal cells, the vascular cell markers showed overall upregulation after exposure to glucose starvation, which could be a consequence of lack of necessary nutrition. The restructure of the vascular network might therefore be needed to reach resources even after a short-term glucose deprivation. In support of this, expression of other genes important for blood vessel development (Tek and Angptl1) was also upregulated along with the retinal vascular markers. As was previously reported, starvation causes acute energy depletion that can create a hypoxia-like condition (Rego et al., 1998). As a consequence of this, triggering of mechanisms to promote increased blood supply takes place, typically involving activation of HIF—a major driver for the transcription of VEGFs and overall over 60 genes adjusting cells to a hypoxic state (Sapieha et al., 2010). In this study, we have demonstrated that all VEGF genes (Vegfa, Vegfc, and Vegfd) were significantly upregulated after starvation exposure. Notably, elevated VEGF-C and VEGF-D levels were found in the retinal pigment epithelium (RPE) of patients with age-related macular degeneration (Vellanki et al., 2016). There are also data confirming a significant role of VEGF-D in retinal angiogenesis and ganglion cell protection under excitotoxic injury (Schlüter et al., 2020). In addition, it was demonstrated that hypoxia-induced expression of VEGF-C in the retina is as potent as VEGF-A in inducing pathological retinal neovascularization in PDR and retinopathy of prematurity (Campochiaro, 2015; Singh et al., 2015; Vellanki et al., 2016). In the present study, positive correlations between Vegf’s expression and vascular markers indicate strong promotion of angiogenesis.
Kdr (or Vegfr2) that binds Vegfa, Vegfc, and Vegfd in the retina was strongly downregulated in starved samples. In contrast to Flt1 (Vegfr1) that is restricted to endothelial cells, Kdr is abundantly expressed in the neuroretina (Penn et al., 2008). Importantly, during retinal neurogenesis, Kdr is also expressed by neural progenitor cells and retinal neurons (Hashimoto et al., 2006). High Kdr expression in embryonic retinal nerve cells under physiological conditions titrates VEGF to moderate spatial patterning of angiogenesis and limits internal retinal vascularization. It was shown that loss of Kdr in neurons caused misdirected angiogenesis toward neurons, resulting in abnormally increased vascular density around neurons (Okabe et al., 2014). Interestingly, Müller cell survival and proliferation during retinal development depend on VEGFR- and MAPK-related signaling (Liu et al., 2019). Mice with conditional knockout of Kdr demonstrated significant loss of Müller cells under diabetes/hypoxia, which accelerated retinal degeneration. These show the critical role of VEGF signaling in glial cells’ viability and neuronal integrity (Fu et al., 2018). Thus, increased VEGF expression after glucose deprivation may reflect activation of proangiogenic activity of retinal glial cells and provokes abnormal angiogenesis in the inner retinal compartment, whereas downregulation of Kdr can be related with reduced neurogenesis. A simultaneous increase of vascular markers supports this idea. The fact of increased expression of VEGF and other vascular markers reflects strengthening of the glial–vascular relationship, while neuroglial relations were compromised.
The key master regulator of metabolic relationships between different retinal cells in RNVU is macroglia (Müller cells and astrocytes). Müller cells are the main contributors of glutamate and GABA recycling in the retina and responsible for glutamate uptake from the synaptic cleft to prevent neurotoxicity (Bringmann et al., 2013). As glutamate and GABA are principal neurotransmitters ensuring the radial and lateral synaptic pathways, respectively (Yang, 2004), their downregulation could lead to the decrease of the retinal functional integration and contribute to neuronal degeneration (Bringmann et al., 2013). Similar to GABA, observed downregulation of Glul may reflect impaired regulatory function of Müller cells in neurotransmission and weakening of the neuroglial relationship. On the other hand, this may be related with reactive glial cells (de Melo et al., 2012) and the breakdown of the blood–retinal barrier (Shen et al., 2009), considering detected upregulation of Gfap and Vim. Reactive glia in turn may contribute to neuronal death via glutamate excitotoxicity (Sundstrom et al., 2018).
Notably, decreases in expression of some genes such as Sema6a, which has an important function in stratification of retinal layers (Seung and Sümbül, 2014), may furthermore indicate the overall dissociating effect of starvation exposure on the retinal structure. We observed a strong decrease in expression of marker genes for photoreceptors and photoreceptor-to-bipolar cell synapses, indicating that these cells and their connections are among the most vulnerable to abnormal metabolic conditions. Concomitant downregulation of other neuronal markers, especially the markers for progenitors and RGCs, and the upregulation of vascular and reactive glial markers can suggest that the short-term starvation for glucose may not only cause a retardation in the temporal development but might also give rise to the events promoting future neurodegeneration.
Interestingly, the expression of glucose transporters and glycolytic enzyme genes after exposure to glucose starvation correlated positively with photoreceptors and RGC, while it negatively correlated with VEGF expression in the retina. The similar changes were revealed under retinopathy of prematurity. Increased angiogenesis was associated with decreased retinal Glut1 and glycolytic enzyme expressions. In line with this, it was demonstrated that improvement of glucose uptake and glycolysis may restore retinal neuron formation and normalize retinal angiogenesis (Han et al., 2019).
When interpreting reciprocal changes in vascular drivers and glycolytic enzyme expression, it is important to underline the spatial distribution of distinct expressions and various responses of different retinal cells to hypoxia. The main site of aerobic glycolysis enzyme expression and lactate production is PRs cells located in the outer retina, whereas the main source of VEGF is Müller and ganglionic cells located in the inner retina. Within the retina, PRs rank among the highest-energy-consuming systems. Although PRs are rich in mitochondria and oxidative phosphorylation (OXPHOS) enzymes, these cells convert most of their glucose to lactate through aerobic glycolysis—a process known as the Warburg effect and accounts for about 80–90% of glucose metabolism in adult PRs (Chinchore et al., 2017; Narayan et al., 2017). It is speculated that aerobic glycolysis provides sufficient glucose influx to the pentose-phosphate pathway (PPP) with the subsequent generation of NAPH and lipid synthesis, allowing the recycle of the appropriate amounts of visual pigment (Sun et al., 2008). Lactate production depends on the expression and activity of LDHA, the enzyme critical for the Warburg effect, which was also downregulated in the retina due to starvation. The lack of LDH-A expression was detected in rats with inherited “retinitis pigmentosa,” associated with pathological loss of the photoreceptors (Narayan et al., 2019). This finding supports the notion that the PRs are particularly susceptible to inhibition of glycolysis. Lactate production by PRs is also important for the retinal glial cell functioning. In contrast to PRs, Müller glial cells do not express hexokinase or any pyruvate kinase isoform required for glycolysis (Lindsay et al., 2014; Rueda et al., 2016). Lactate provided by aerobic glycolysis in PRs is used as a fuel by Müller cells and RPE. Additionally, lactate, rather than glucose, is the most effective source of carbon for glutamine synthesis by Müller cells (Gardner and Davila, 2017). Naturally, downregulation of glycolytic enzymes, such as Hk1/3 and Impdh, in the starved retina was associated with a decline in expression of other molecules involved in glutamate turnover, neuronal differentiation, axonal growth, and synaptic transduction. This highlights the importance of a tight interface between retinal neurons and Müller cells that work together as an ecosystem to build metabolically specialized and interdependent RNVUs.
Importantly, the KEGG pathway analysis demonstrated upregulation of gene clusters related to PI3K-Akt and cancer-associated pathways in addition to the regulation of cell-matrix interplay, cell adhesion and migration, protein synthesis, and proteolysis (Figure 3D). Akt was found to be increased as a result of hyperglycemia, which is regarded as the primary cause of the development of retinopathy in the patients with diabetes (Qin et al., 2015). The increase in the signaling through PI3K promotes fibrosis in the retina, which in turn aggravates development of retinopathy. In support of activation of fibrosis in the samples starved for glucose, the extracellular matrix genes such as collagens (such as Col4a1 and Col1a1), fibronectin (Fn1), and laminins (such as Lamb1 and Lama4) were significantly differentially expressed with high fold changes. This signaling pathway may be a target for therapeutic intervention of pathogenic angiogenesis similar to those being developed in cancer (Sasore et al., 2014).
Limitations
The global expression analyses in the present study are performed using mRNA sequencing, and the corresponding protein data and morphological evidence are lacking. Therefore, additional experiments would be needed to expand current results for further validation at the protein expression level. Nevertheless, our observations on downregulation of glycolytic enzymes and their strong correlation predominantly with PR markers are in support of the suggested critical importance of main regulators of aerobic glycolysis in PR not only in the enzymatic reactions but also possibly in acting as neuroprotective mechanisms critical in maintaining PR health, viability, and survival (Weh et al., 2020). It is important to note that current results were generated using mouse embryonic retinal cells, and validation in humans would be warranted. To this extent, a genome-wide association study for severe retinopathy is ongoing in our cohort of Ukrainian patients with type 2 diabetes who were exposed to famine at birth, as a part of the National Ukrainian Registry (Fedotkina et al., 2021).
In summary, the present data provide hypothesis-generating evidence that perinatal glucose deprivation may cause metabolic adaptations in different compartments of the embryonic retina, leading to alterations in the developmental program of the entire RNVU. As was shown in the present study by experimental modeling of starvation for glucose of embryonic retinal cells, early-life metabolic adaptations might trigger reprogramming of retinogenesis with alteration of retinal neurogenesis towards abnormal angiogenesis. Thus, a negative correlation between the expression of glycolytic enzymes and VEGFs in the retina after starvation may reflect the desynchronization of neuroglial interplay and dissociation between outer and inner retinal functions and therefore choroid and retinal vasculature formation. These findings highlight the crucial importance of restoring the balance between neuroglial and glio-vascular function. A combined strategy including antiangiogenic drugs and metabolic correction could be proposed as a beneficial therapeutic approach. The latter could include governed stimulation of aerobic glycolysis and activation of the glutamate transporters to improve neuroglial coupling through lactate production supporting metabolic processes, neurotransmitter exchange, and synaptic transduction.
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Background and objectives: Human cytomegalovirus (HCMV) and genetic polymorphisms of the chemokine receptor 5 have been suggested as factors associated with the progression of colorectal cancer (CRC). The aim of the study was to evaluate the associations of both CCR5Δ32 genetic deletion and/or HCMV virus infection with CRC in Tunisia. Materials and methods: The association between HCMV and CRC was validated by Nested PCR technology performed for HCMV and HCMV-specific serum IgG and IgM antibodies were investigated by enzyme-linked immunosorbent assay. Experiments were carried out on 40 tumor and 35 peri-tumor tissues, 100 blood from CRC patients and on 140 blood samples from healthy subjects and finaly serum samples of 80 patients with CRC and 100 healthy individuals. A conventional PCR has been optimized for the detection of CCR5Δ32 in100 CRC patients and 100 healthy subjects. Results: Our results show that HCMV is significantly active in 93% of patients compared to 60% in controls (p < 0.0001, OR = 8.85, 95% CI: 3.82 -20.50). Compared to the healthy controls, the titers of IgG and IgM antiCMV antibodies in CRC patients were significantly higher than in healthy subjects (p value < 0,0001 for IgG and IgM). Statistical analysis revealed a lack of association between CCR5Δ32 mutation and colorectal cancer (p = 0.788, OR = 1.265, 95% CI: 0.228-7.011). Conclusion: our data confirmed that the HCMV infection was related to the development of CRC and that CRC cells may be infected more favorably by HCMV. Given the importance of the CCR5 in inflammation and therefore CRC progression, further studies still needed to evaluate CCR5 role as a potential candidate gene for CRC susceptibility under other polymorphisms.
Keywords: colorectal cancer, human cytomegalovirus, CCR5Δ32, nested PCR, UL55, UL138 genes
INTRODUCTION
Colorectal cancer (CRC) is the third commonly diagnosed cancer and the second leading cause of cancer-related deaths worldwide in 2020 (Hyuna et al., 2021). It is a malignant tumor of the lining of the colon or rectum. 60–80% of CRC developed from an adenoma, are called adenocarcinomas. The other CRCs develop directly without being preceded by a detectable benign tumor (Lafay and Ancellin, 2015). Rectal cancer accounts for about 30% of colorectal cancer with more severe clinical symptoms (Dayde et al., 2017). The incidence of CRC is about three times higher in developed countries than in developing countries (Bray et al., 2018). In Tunisia, colorectal cancer ranks first among digestive cancers (Kassab et al., 2013). Calculation of incidence is difficult due to the lack of a national cancer registry. However, the country has three regional registers: North, Center and South (Kassab et al., 2013). Risk factors studies established that CRC is a complex multifactorial disease implicating genetic factors, environmental factors, inflammatory bowel diseases and also the intestinal microbiota.
Recently, many studies focused on the potential effect of human cytomegalovirus (HCMV) infection on the onset and/or progression of CRC. It is a common pathogen responsible for generally asymptomatic and persistent infections in healthy people. It can cause serious illness in the absence of an effective immune response (in immunologically immature and immunocompromised individuals). HCMV belongs to the betaherpesvirinae subfamily, whose structure, expression kinetics and persistence of the viral gene throughout the life of its host are characteristic of other herpes viruses (Mocarski and Courcelle, 2001). Like other herpes viruses, the HCMV has the ability to establish latency in different cell types (Alwan et al., 2019). Glycoprotein B (gB) is a type 1 transmembrane protein and represents a highly conserved class III fusion protein found in members of the Herpesviridae family. The gene that codes for gB (gpUL55) is located in the central region of the unique long genes (UL) of the HCMV genome (Pang et al., 2008). After a primary infection, HCMV established a lifelong latent infection in the host. Monocytes (Taylor-Wiedeman et al. JGV 1991) and CD34+ progenitor cells (Mendelson et al., 1996) are sites of latency. Epithelial and endothelial cells (Revello and Gerna 2010) are sites of lytic infection as are smooth muscle cells (Tumilowicz et al., 1985) The HCMV coordinates the expression of two viral genes, UL135 and UL138, which play opposite roles in the regulation of viral replication (Umashankar et al., 2014). UL135 promotes reactivation from latency and virus replication, in part, by overcoming the effects of UL138 which suppresses replication (Leng et al., 2017). After reactivation of the virus, it has been demonstrated by Landolfo and his collaborators that gB (UL55) is an essential glycoprotein which plays a crucial role in the lytic infection by HCMV since it participates in viral entry, the transmission of the virus from cell to cell (Arav-Boger et al., 2002) and cell fusion (Landolfo et al., 2003). UL138 is expressed during both latent and lytic infection. In the absence of UL55 and the expression of UL138, the virus is considered as a latent virus. When both genes are expressed, the virus is considered as a lytic virus. Moreover, the presence of HCMV-DNA and HCMV-protein in the CRC tissues suggests a possible correlation between HCMV infection and CRC. Several studies on HCMV infected cell lines have demonstrated its oncomodulator potential (Dimberg et al., 2013). Indeed, reactivation of HCMV in cancer patients has been closely associated with some chemokines and with their receptors including CCR5 (Chemokine Receptor 5) (Cano et al., 2012). It is established that inflammation triggers the reactivation of HCMV and promotes its replication (Cook et al., 2006).
In the present study, the HCMV infection status in CRC patients and healthy subjects was analyzed through the detection of specific HCMV-specific immunoglobulin (Ig)G and IgM in sera. Additionally, HCMV infection in peripheral blood leukocytes (PBLs) and in tumor tissues was detected through a highly sensitive and specific polymerase chain reaction (PCR) targeting UL55 and UL138, genes that are essential for HCMV proliferation and latency, respectively.
CCL5 chemokine, the ligand of CCR5, is a chemoattractant for eosinophils, monocytes and T cell lymphocytes involved in the inflammatory process promoting cancer progression (Charo and Ransohoff, 2006). CCR5 expression in tumor cells and various host cells plays an important role in tumor progression (Umansky et al., 2017). Indeed, it has been reported that CCR5 and CCL5 might have relevant role in the angiogenic mechanism during tumor cells evasion through the recruitment of inflammatory cells, (Umansky et al., 2017).
The human CCR5 gene, located on chromosom arm 3p21.31, is composed of four exons and two introns (Mummidi et al., 1997; Guignard et al., 1998). Many genetic polymorphisms have been reported for CCR5 including rs2227010 (A > G), rs2734648 (T > G), rs1799987 (G > A), rs1799988 (T > G), rs1800023 (G > A), and rs1800024 (C > T) promoter SNPs (Single nucleotide polymorphism) (Liu et al., 2019). Some genetic polymorphisms of the CCR5 gene could modulate its protein expression and could even lead to the disappearance of the receptor from immune cells surfaces. In this context, one polymorphism is of interest: the CCR5Δ32 deletion (rs333). It corresponds to the deletion of 32 nucleotides from the exon 1 of the CCR5 gene. A genetic analysis of the open reading frame (ORF) of CCR5 gene revealed the deletion of 32 base pairs consisting of nucleotides 794 to 825 (Barmania and Pepper, 2013). Deletion involves a reading frame shift mutation with the inclusion of seven new amino acids after amino acid 174 and a stop codon at the amino acid number 182. The mutant allele codes for 215 amino acids instead of 352 (WT-CCR5) (Barmania and Pepper, 2013). Studies have shown that homozygous CCR5Δ32 mutations lead to a complete lack of surface expression of CCR5 and that heterozygotes CCR5 / CCR5Δ32 have significantly lower CCR5 levels than wild-type homozygotes (Cheng et al., 2014).
The objectives of our study were to examine the association of the genetic polymorphism CCR5Δ32, as well as to determine the frequencies of HCMV infection in colorectal cancer in Tunisia.
MATERIALS AND METHODS
Participants
This case-control study enrolled 100 patients with colorectal cancer (CRC) and 140 CRC-free healthy controls. Participants were recruited from Charles Nicole Hospital (Anatomic Pathology and Cytology department), Mongi Slim hospital (surgery) and the Salah Azaiez institute (Department of Pathology) of Tunisia. A questionnaire was prepared in collaboration with the Public Relations Department (Emirates College of Technology) with the aim of taking into account the sociological criteria of patients. From CRC patients, 100 blood samples and 75 tissues (40 Tumors, 35 peri-tumors) were collected. From tissue samples, sixty-two are included in paraffin block (FFPE): thirteen samples from tumor or peri-tumor tissues fresh frozen. For CRC-free healthy controls (with no previous history of cancer disease) 100 blood samples were collected in EDTA tube.
Ethical Approval
This study was approved by the biomedical ethics committee of the Pasteur Institute of Tunis and the ethics committee of Salah Azaiez Institute of Tunisia. All participants gave their agreement and signed the informed consent.
DNA Extraction
For each FFPE and fresh samples, DNA was extracted using QIAamp DNA Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions with some modifications as earlier reported by Jelassi et al. (2017). The extraction of genomic DNA from 100 blood samples was carried out according to the protocol of the salting-out technique established by Miller and his collaborators (Miller et al., 1988).
We assessed the quality of the extracted DNA by amplifying the β-globin gene (internal control) by Q-PCR using BG1/BG2 primers. The primer sequences were as follows: BG1:5’ ACACAACTGTGTTCACTAGC-3’/BG2: 5’ CAA​CTT​CAT​CCA​CGT​TCA​CC-3’ with a target sequence size of 110 bp. All beta globin positive samples underwent further investigation. Amplification of the β-globin was performed on a Roche LightCycler® 480 system (Roche Life Science) using SYBR Green for fluorescence. Melting curves were generated to verify the specificity of the amplification reaction. The presence of a single fusion peak indicates the amplification of a single nucleotide sequence which is verified by gel migration to confirm its size (110 pb) (Figure 1).
[image: Figure 1]FIGURE 1 | Profile of the melting peaks generated by the amplification β-Globin gene by Q-PCR with: The curves in dark blue are the samples positive for β-Globin gene and the curves in light blue are the samples negative for β-Globin gene.
Cytomegalovirus Detection
Amplification of UL55 and UL138 genes was performed by nested PCR using the primers of Jing Chen and his collaborators (Chen et al., 2015). For UL55 gene a 150 bp sequence was first amplified using the stage 1 primers F-5’GAGGACAACGAAATCCTGTTGGGCA3’and R-5’GTCGACGGTGGAGATACTGCTGAGG3’. The PCR product served as a template for amplification of a 100 bp sequence using the stage 2 UL55 primers (F-5’ACCACCGCACTGAGGAATGTCAG3’ and R- 5’TCA​ATC​ATG​CGT​TTG​AAG​AGG​TA3’. For UL138 gene, a 510 bp sequence was first amplified using the UL138 stage 1 primers F-5’ATGGACGATCTGCCGCTGAA3’ and R-5’TCACGTGTATTCTTGATGAT3’. The PCR products served as a template for amplification of an 89 bp sequence using the UL138 stage 2 primers F-5’GCTTACCACTGGCACGACACCT3’ and R-5’TACTCCCCGTACAGCTCGCAAC3’. An adjustment was made to amplify the target sequence of the UL138 gene. One parameter has been optimized: hybridization temperature. All used primers are manufactured by RAN BioLinks, Tunisia. An appropriate negative control (NTC), in which template DNA was replaced by nuclease-free water was run with the samples.
Testing of HCMV-Specific Serum IgG and IgM
HCMV-specific IgG and IgM antibodies in serum samples from CRC patients and the normal control group were detected by enzyme-linked immunosorbent (ELISA) using an anti-CMV IgG and IgM test kit according to the instructions of the manufacturer (Roche, Mannheim, Germany). The relative levels of antibodies were standardized by known, characterized, positive controls. The ELISA tests were performed using a fully automated ELISA processor (Roche, Mannheim, Germany).
PCR-Based Genotyping of Allelic Variants of CCR5Δ32 Deletion
The CCR5Δ32 deletion mutation was detected by PCR based techniques as mentioned elsewhere (Mickienė et al., 2014). Tow microliters of extracted DNA was used to amplify a 132-bp-long fragment of CCR5, including the deletion with primers 5′-CAC​CTG​CAG​CTC​TCA​TTT​TCC-3′ (forward) and 5′-GTT​TTT​AGG​ATT​CCC​GAG​TAG​CA-3′ (reverse). It is noteworthy that genotypes were detected according to the final size of PCR products, the wild type and the CCR5∆32 genotypes are characterized with a 132 bp and 100 bp amplicons, cycling conditions were 95°C for 5 min, followed by 45 cycles at 95°C for 15 s, 62°C for 30 s, and 72°C for 30 s. A final extension step of 72°C for 5 min was applied. Amplified fragments for the CCR5 locus were resolved in 3.5% agarose gel electrophoresis and visualized by SYBER Safe (Thermo Ficher scientific).
Statistical Tests
Statistical analyses were performed using GraphPad Prism (Version 9.02, GraphPad software, Inc., United States). The ages among different groups were compared using one-way ANOVA, followed by an LSD test for multiple comparisons correction. Numerical data were represented as n (%). The correlation between different groups of detection of HCMV infection was compared using the chi-square test and Fisher’s exact probability. For HCMV serology data were expressed as a median ± standard error of the mean (SEM). The two groups (CRC patients and healthy controls) were compared using the Wilcoxon-Mann-Whitney test. p values indicate statistical significance as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Exact test for Hardy–Weinberg Equilibrium (HWE) that uses the mid p-value was used for rare alleles and low counts (Graffelman and Moreno, 2013) CCR5Δ32 genotyping data analysis was done using the chi-square test and Fisher’s exact probability. p < 0.05 was considered significant.
RESULTS
The demographic and clinical characteristics of both CRC cases and healthy controls are reported in Table 1. There were no statistically significant difference in age and gender between CRC and healthy controls groups. Our study comprised 100 patients with CRC (42 males, 58 females), with mean age of 58 ± 11.46 years, and 140 healthy subjects (66 males, 74 females) with a mean age of 57.3 ± 10.2 years.
TABLE 1 | Clinical characteristics of patients with CRC and control groups.
[image: Table 1]PCR Method for Human Cytomegalovirus UL55and UL138 Detection
We first amplified the UL138 and UL55 genes by nested PCR. The electrophoretic migration of PCR products revealed a single strip in agarose gel corresponding to the expected sizes of 100 bp and 89 bp respectively (Figures 2, 3). CRC frequencies of HCMV-positive samples were calculated for patients and healthy controls. Table 2 showed the prevalence of HCMV in blood samples of both studied groups. Our results revealed a significant difference between the two groups (p < 0.0001, OR = 8.85, 95% CI: 3.82-20.50); Table 2). HCMV was positive in 93% of patients and only in 60% for controls (Table 2). Frequencies of HCMV-positive samples calculated for tumor and peri-tumor tissues revealed that HCMV virus was present in its latent form in 100% of the tumor tissues and absent from a single sample of peri-tumor tissues (Table 3). Regarding UL55 gene was more represented in tumor tissues (92.5%) compared to peri-tumor tissues (82.86%) (Table 3). However, statistics do not reach significance for both genes UL55 (p = 0.29, OR = 2.55, 95% CI 0.94-1.33) and UL138 (p = 0.46, OR = 3.40, 95% IC 0.97-1.09) (Table 3).
[image: Figure 2]FIGURE 2 | electrophoretic profile of UL55 gene amplification by nested-PCR; (A): Electrophoretic profile of UL55 gene amplification using the first set of primers. A single band is corresponding to the expected size (150 bp).SM: 100 bp size marker, T −: negative control, 1–5: studied samples, T +: positive control (B): electrophoretic profile of UL55 gene amplification using the second set of primers. A single band is corresponding to the expected size of 100 bp. SM: 50 bp size marker, T −: negative control, 1–4: studied samples, 5: positive control.
[image: Figure 3]FIGURE 3 | electrophoretic profile of UL138 gene amplification by nested-PCR: A single band corresponding to the expected size of 89 bp for stage 2.SM :100 bp size marker, NTC: Negative control; 1: positive sample; 2–4: studied samples.
TABLE 2 | Prevalence of HCMV in blood samples collected from CRC patients and controls.
[image: Table 2]TABLE 3 | Prevalence of HCMV in both types of tissue.
[image: Table 3]Human Cytomegalovirus Serology in the Colorectal Cancer Population
To study the impact of the HCMV infection on the CRC, sera from 80 patients with CRC and from 100 control patients were analyzed for the presence of IgG and IgM anti-CMV antibodies. 78 (97.5%) samples from the patient’s group and 56 (56%) samples from the healthy group were positive for anti-CMV IgG. At the same time, there also was no significant difference in the prevalence of IgM anti-CMV antibodies between CRC patients 1 (2.5%) and control patients 2 (2%) (p = 0.89). However, the levels of IgG and IgM antiCMV antibodies in the CRC patients were significantly higher than the control patients (p = 0.0001 and p = 0.0001) (Figure 4).
[image: Figure 4]FIGURE 4 | Detection of IgG and IgM antihuman cytomegalovirus (HCMV) in sera from colorectal cancer (CRC) and control patients. Sera were detected by enzyme-linked immunosorbent assay (ELISA) using anti-CMV IgG and IgM test kit. The median of IgG titers to HCMV in CRC patients and control patients were 1.96 versus 0.6710, while the IgM titers to HCMV were 0.019 versus 0.049. ***p = 0.0001, ***p = 0.0001.
Correlation Between HCMV Antibodies and Presence of Viral Genome
According to 93 PCR HCMV positive cases , (75%) samples were positive for their anti-CMV IgG which was statistically significant (p = 0.01). We also, observed no significant result between anti-CMV IgM positivity and genome presence of HCMV in corresponding sample.
Distribution of CCR5 Allelic Variants
The target sequence of 132 bp was successfully amplified by nested PCR (Figure 5). Exact test for HWE uses the midP-value was performed. This test gives a p-value of 0.503 for cases, and 0.515 for controls, showing that equilibrium cannot be rejected for two groups (Table 4). The frequency of CCR5Δ32 mutations in CRC patients and controls is shown in Table 4. One hundred (98%) CRC patients and 140 (97%) healthy controls had CCR5 Wt/Wt homozygosity. Two (2%) of 100 patients had heterozygous and 0 (0%) had homozygous Δ32 mutations; overall 02 (02%) of the HCMV patients had Δ32 mutant alleles (Table 4). On the other hand, none of the healthy controls had a homozygous Δ32mt/Δ32 mt pattern. Five (03%) healthy controls exhibited heterozygosity (Table 4). The association study of CCR5 Δ32 deletion with CRC was assessed under genetic models: Wild type dominant and co-dominant form (Laird and Lange, 2011, chapiter 2). The difference between patients and controls was comparable but not significant (p = 0.7) (Table 5). The difference was also not significant with when we compared the allele frequency between studied groups; p = 0.47.
[image: Figure 5]FIGURE 5 | Electrophoretic profile of CCR5 gene containing the CCR5Δ32 deletion using PCR. A single band of 132 bp is corresponding to the size of the target sequence forthe studied samples.SM: 100 bp size, T−: negative control, 1–13: studied samples.
TABLE 4 | Hardy–Weinberg Equilibrium (HWE ) test for case and control groups.
[image: Table 4]TABLE 5 | study association of CCR5 Δ32 deletion with CRC: a case control study.
[image: Table 5]DISCUSSION
Human Cytomegalovirus and Colorectal Cancer
The presence of HCMV antigens and nucleic acids in CRC have been determined by molecular and virologic techniques since 1978 and then in 1981 establishing a direct relationship between HCMV virus and cancer initiation (Huang et al., 1978). According the study of Dimberg et al. carried out on Swedish and Vietnamese patients, HCMV’s DNA prevalence significantly differed between cancerous tissues and matched normal tissues suggesting the implication of HCMV in CRC development (Dimberg et al., 2013). However, in other studies, no evidence of a direct association between colorectal cancer and HCMV infection has been found (Akintola-Ogunremi et al., 2005). Our results confirmed the lack of differences between HCMV-positive expression in tumor tissue compared to healthy adjacent tissues (p = 0.29, OR = 2.55, 95% CI 0.94-1.33). Indeed, HCMV-positive expression was of 92.5% for tumor tissues and of 82.86% in the peri-tumor tissues. Our results are consistent with the work of Mehrabani-Khasraghi and others in which, out of 15 CRC patients, 8 (53.3%) presented detectable HCMV DNA in their tumor samples, while the normal tissue surrounding the tumor was positive for HCMV DNA in 10 cases (66.7%). In 5 patients with CRC (33.3%), HCMV DNA was found in tumor tissue and matched normal tissue. Therefore, statistical analysis revealed that there was no significant association between the HCMV infection and the CRC (Mehrabani-Khasraghi et al., 2016).
On the other hand, by comparing the prevalence of HCMV in blood samples of CRCpatients and healthy controls, we found a significant association with a value of (p < 0.0001, OR = 8.85, 95% CI: 3.82-20.50) since 93% of patients present the HCMV against 60% of healthy controls. To confirm the association between HCMV infection and CRC, HCMV-specific IgG and IgM antibodies in the serum were detected in 80 CRC patients and 100 normal healthy subjects. The detection of the IgG antibodies suggested the presence of HCMV infection, while an increase in IgM antibody levels suggests a primary or reactivation of infection. Our data showed that the frequency of positivity for IgG and IgM antiCMV antibodies was not significantly different between CRC patients and healthy controls, whereas the levels of IgG and IgM anti-CMV antibodies in the CRC patients were significantly higher than those in normal healthy subjects.
These results are consistent with those reported by the meta-analysis carried out in 2016 by Bai and his collaborators (Bai et al., 2016). Human cytomegalovirus (HCMV) has been implicated as a factor that may be associated with the progression of colorectal cancer. According to a 2016 meta-analysis., Data from 4 studies were therefore pooled to provide more reliable evidence. A significant difference was observed in the prevalence of HCMV DNA between cancerous and non-cancerous tissues (OR = 6.59, 95% CI = 4.48–9.69). This observation corroborated the association of HCMV with the formation of colorectal tumors (Bai et al., 2016).
Cancer predisposing risk factors are known to cause cellular injury, which in turn activates normal inflammatory response. HCMV can be reactivated as the latently infected monocytes differentiate into macrophages during migration as a part of this inflammatory response. The classically activated macrophages (M1) carrying a re-activated virus infection, can then infect other cell types, such as fibroblasts, endothelial and epithelial cells, which are more permissive to lytic HCMV infections. HCMV infected cells promote inflammatory and angiogenic secretome, that paracrinally, by intercellular signaling through secretion of cytokines, such as IL-6, TGFβ, GM-CSF and cmvIL-10, induce haemangiogenesis, lymphangiogenesis, cell proliferation as well as immune evasion/immunosupression. HCMV infection in the epithelial cells is evidenced to cause transformation to tumor cells (Kumar et al., 2018). Furthermore It is reported that the HCMV infection contributes to disarm the natural killer cells (NK) and adaptive immune responses. NK cells activation of the cytotoxic T-cell responses displays a crucial function in the cell-mediated first-line host responses against viral infections and cancer initiation (Jost and Altfeld, 2013; Rehermann, 2013; Cerwenka and Lanier, 2016).
The previously recognized human onco-viruses are able to fulfill the first definitions of the hallmarks of cancer, such as essential alterations in the cell physiology, that are required for the cellular transformation. HCMV´s role in tumors has traditionally been depicted as oncomodulatory, i.e. with an ability to affect tumor cells to become more aggressive by enhancing cellular proliferation, survival, immunosuppression, angiogenesis, invasion and by creating a pro-inflammatory environment. This latter role is indeed highly relevant since functions of the tumor micro-environment have recently become recognized as key elements in tumor progression and metastasis in addition to the transforming ability of the virus.
CCR5 and Colorectal Cancer
CCL5 chemokine as well as its receptor CCR5 have been linked to the promotion of the angiogenesis during tumor cells evasion through the recruitment of inflammatory cells. CCR5 plays a role in regulating inflammation with a great expression on T cells, monocytes, macrophages and dendritic cells. It seems that CCR5 leads to the migration of immune cells to inflamed sites.
The high levels of CCR5 expression have been detected in cancer tissues (Lee and Song, 2015), pushed us to evaluate the implication of the CCR5Δ32 polymorphism in CRC as done for other cancer types including prostate cancer (Balistreri et al., 2009; Kucukgergin et al., 2012a), bladder cancer (Kucukgergin et al., 2012b), gallbladder cancer (Srivastava et al., 2008) and breast cancer (Lee and Song, 2015). In this study, we do not reveal substantial association between the CCR5Δ32 deletion and the CRC. However, given the importance of the CCR5 in inflammation and in CRC progression, it is possible that the CCR5 could be a candidate gene for CRC through other polymorphisms.
Human Cytomegalovirus CCR5 and Colorectal Cancer
On the other hand we found that patients positive for HCMV in its Lytic form have the CCR5 deletion. a result which needs to be confirmed on a significant size cohort. According to a study by (Corrales et al., 2015), suboptimal expression of CCR5 on HCMV-specific T cells likely results in reduced trafficking of these cells to mucosal and parenchymal tissues, thereby facilitating replication local viral infection and dissemination into the systemic compartment, despite treatment with antivirals. Alternatively, increased expression of CCR5 would promote local inflammatory responses. In turn, inflammation trigger HCMV reactivation and promote HCMV replication (Cook et al., 2006).
CONCLUSION
In Conclusion, our result showed significant presence of HCMV genome and anti-CMV IgG in colocrectal cancer patients. Our study introduces last exposure to HCMV as a probable factor that proceeds the development of CRC. The CRC cells may be infected more favorably by HCMV. The data may suggest importance of combination of molecular Prevalence of HCMV in CRC and serologic assessments as a useful tool for better understanding of HCMV contribution in disease.
Finally, in addition to the defined cellular oncogenic changes, the modern, wider concept of hallmarks of cancer brings in the complexity of tumor microenvironment and presence of cancer-causing inflammation, as essential onco-modulatory mechanisms, which relates tumor initiation directly to infections by oncogenic viruses. More research in the field is warranted to substantiate additional links. Molecular factors or mechanisms linking HCMV infection and cancer development need still to be investigated, especially, host chronic inflammatory response, which is a widely recognized basic mechanism for the development of most of infection-related tumors.
The two study populations (Cases and controls) for CCR5Δ32 were in Hardy-Weinberg equilibrium explaining the lack of association of CCR5Δ32 and the occurrence of CRC in Tunisians. It is possible that the CCR5 gene could be a candidate gene for CRC via other polymorphisms, hence growing the interest in continuing the analysis of the association of CCR5 genetic polymorphisms and CRC risk.
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Target

Sphingosine 1-phosphate receptor Edg-8
Sphingosine 1-phosphate receptor Edg-6
Sphingosine 1-phosphate receptor Edg-3
Sphingosine 1-phosphate receptor Edg-1
Sphingosine 1-phosphate receptor Edg-5
Lysophosphatidc acid receptor Edg-7
Famesy diphosphate synthase
Sphingosine kinase 2

Sphingosine kinase 1

Lysophosphatidc acid receptor Edg-2
Squalene synthetase (by homology)
Endothein-converting enzyrme 1

Toll ke receptor (TLR7/TLRS)
Glutathione S-ranserase Mu 1
Gitattione S-ransferase AT

Giyoxalase |

2'-deoxynucieoside 5'-phosphate N-hydroiase 1
ysteinyl leukotriene receptor 1
Leukotrene A4 hycroiase

GABA transporter 1 (by homology)
Serine/freonine-protein kinase PIM1
Serine/hveonine-protein kinase PIM2
Serine/fveonine-protein kinase PIM3
Tyrosine:protein kinase SRC
Folypoly-gamma-gutamate synihetase
DNA (cytosine-5}-methytransterase 3B
Cholestery ester transfe protein
Dipepticyl peptidase |

Tyrosine-protein kinase ZAP-70
Histone-lysine N-methyransferase, H3 lysing-79 specifc
Giathione S-ransferase Pi
Lysine-specifc demethylase 4A

Acy! cosnzyme Acholesterol acytransferase 1
Diacyighycerol O-acyransterase 1
Cathepsin K

Glutamate receptor onotropic kainate 2
Lysine-specifc damethylase SA
Dinydrofolate recuctase

Nitic-oside synthase, brain

Receplor protein-tyrosine kinase erbB-2
Adenosine A2a receptor

Prostancid EP1 receptor

Prostancid FP receptor

Tryptophan 5-hycioxyase 1

Protein amesyfransterase

Gitamate receptor ionolropic kainate 1
Muscarinic acetyichoine receptor M4
Ghucocorticold receptor

Muscarinic acetyicholne receptor M5
Muscariic acetyichoine receptor M1
Histarine H receptor

Muscaric acetyicholne raceptor M3
Serine/thveonine-protein kinase AKT
Geranyigerany pyrophosphate synthetase
Lysophosphaicic acid receptor 6
Lysophosphaicic aci receptor Edg-4
Lysophosphaicic acid eceptor 5
Lysophosphaicic aci receptor 4
Autotaxin

Vaniloid receptor

Putatve P2Y purinoceptor 10

Probable G-protein coupled receptor 34
Probable G-protein coupled receptor 174
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S1PRS.
S1PR4
S1PRS
S1PRY
StPR2
LPARS
FDPS
SPHK2
SPHKY
LPARI
FDFT1
ECE1
LAY
GsTMI
GSTAY
Lot
DNPH1
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LTASH
SLCBA1
PM1
P2
PM3
sRC
FPGS
ONMT3B.
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cTse
P70
ooTIL
asP
KDMAA
SOAT1
DGAT?
CTSK
GRIK2
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DHFR
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ADORAZA
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PIGFR
TPHI
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NRCT
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HRH1
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AKT
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LPAR2
LPARS
LPARA
ENPP2
TRPVI
P2AY10
GPR3S
GPRIT4
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043598
Qever
09960
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Transcript

MDR1 (ABCB1)

GAPDH

Sequence (5'-3')

TGACAGCTACAGCACGGAAG
TCTTCACCTCCAGGCTCAGT
GAAGGTGAAGGTCGGAGTCA
GACAAGCTTCCCGTTCTCAG

ENST number

00000265724

00000229239

Product size

131 bp

199 bp
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Locus Gene SNP

9032 TNFSF15  rs6478109
rs7848647
rs2953153
rs3749172

2q37 GPR35

Position (hg19)

117,568,766
117,569,046
241,666,012
241,670,249

Risk

[ONGINO)

>

Non-risk

> 4 >

(@)

Credible set posterior
probability?

0.50
0.50
0.51
0.45

CLPP?

0.23
0.23
0.20
0.17

CD GWAS® Whole blood -cis eQTL
RAF RAF P value OR P value? Slope® Distance
Cases Controls (BP)f
0.706 0.521 319x107% 210 359x107'0 075 360
0.644 0.513 329x107% 210 859x10°'0 075 640
0.362 0.297 138 x 10=7 134 440 x 10  —0.61 21,164
0.361 0.295 6.65x 1078 134 440x10°%  —0.61 25,401

BR, base pair; CD; Crohn’s disease; CLPR, colocalization posterior probability; eQTL, expression quantitative trait loci; GWAS, genome-wide association study; OR, odds ratio; RAF, risk allele frequency, SNR, single
nucleotide polymorphism. @Posterior probability of each causal variant within the credible set (threshold >0.95). bColocalization posterior probability indicates the level of colocalization (threshold >0.01). ©Frequentist
association test of 899 CD and 3,805 controls using SNPTEST. %eQTL P value calculated using FastQTL. ®Effect size of gene expression levels of risk versus non-risk alleles. 'Distance from the SNP position to the

transcription start site of the gene.
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CHR Cis-eQTLs GWAS SNPs eSNPs eGenes

Genotyped Genotyped Imputed Total 1 eQTL 2 eQTLs >3 eQTLs Total Proportion (%)? Genes eGenes Proportion (%)°
1 11,420 43,125 460,009 503,134 8,178 926 378 9,482 1.9 2,280 360 15.8
2 12,314 42,445 492,868 535,313 7,395 947 1,006 9,348 1.7 1,580 287 18.2
3 7,487 35,633 434,092 469,725 4,931 1,161 78 6,170 1.3 1,296 210 16.2
4 6,768 30,082 448,317 478,399 4,218 341 456 5,015 1.0 854 174 20.4
5 6,341 31,540 383,596 415,136 3,777 811 310 4,898 1.2 1,043 192 18.4
6 15,859 35,863 427,405 463,268 9,345 2,644 4083 12,392 ouf 1,066 224 21.0
7 7,180 28,274 355,223 383,497 4,331 1,145 156 5,632 1.5 1,083 216 19.9
8 3,781 27,460 327,106 354,566 2,968 345 40 3,353 0.9 806 158 19.6
9 3,376 24,614 259,305 283,919 2,290 366 98 2,754 1.0 916 141 15.4
10 8,172 28,916 308,710 337,626 5,568 1,126 86 6,780 2.0 842 157 18.6
11 6,204 27,091 294,143 321,234 4,382 803 72 5,267 1.6 1,220 196 16.1
12 11,754 26,471 287,778 314,249 4,257 977 1,184 6,418 2.0 1,194 255 214
13 1,633 20,487 217,333 237,820 1,182 218 5 1,405 0.6 392 66 16.8
14 3,997 17,482 194,929 212,411 2,756 481 93 3,330 1.6 817 1338 16.3
18 4,507 16,715 165,539 182,254 2,657 641 222 3,420 1.9 769 136 17.7
16 4,254 16,922 171,964 188,886 2,262 578 184 3,024 1.6 1,054 168 15.9
il 6,265 14,941 143,621 158,562 3,929 724 245 4,898 3.1 1,329 211 15.9
18 1,846 16,131 164,466 180,597 1,274 112 116 1,602 0.8 350 68 19.4
19 5,366 10,993 119,710 130,703 4,050 266 219 4,535 35 1,438 222 15.4
20 2,183 13,804 122,336 136,140 1,881 151 0 2,032 1.5 556 80 14.4
21 1,381 7,919 78,373 86,292 754 180 81 1,015 12 256 59 23.0
22 3,076 727 69,655 77,382 1,563 565 112 2,240 2.9 577 103 17.9
Total 135,164 524,635 5,926,478 6,451,113 83,848 15,508 5,544 104,900 1.6 21,718 3,816 17.6

CHR, chromosome; eQTL, expression quantitative trait loci; GWAS, genome-wide association study; SN, single nucleotide polymorphism. @ Proportion of the eSNPs per chromosome GWA-SNPs. © Proportion of
eGenes in total number of genes used for eQTL analysis per chromosome.
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Genotyping results of DNA sequencing of ovarian tumor samples

Gene Exon Wild Type Heterozygous Homozygous Significance Total

MDR1 12 CC (23) 44.2% CT (20) 38.5% TT (9) 17.33% P =0.08"P =0.06* 52
21 GG (35) 67.3% GT (9) 17.3% GA (1) 1.9% TT (7) 13.5% P=0.26*P=02" 52
26 CC (11) 21.2% CT (35) 67.3% TT (6) 11.5% P =0.003"P=0.6" 52

Genotyping results of DNA sequencing of control samples

Gene Exon Wild Type Heterozygous Homozygous Total

MDR1 12 CC (14) 73.7% CT (1) 5.3% TT (4) 21.0% 19
21 GG (10) 52.6% GT (8) 42.1% TT (1) 5.3% 19
26 CC (11) 57.9% CT (6) 31.6% TT (2) 10.5% 19

Number of samples is mentioned in parenthesis. Significance value was calculated at P < 0.05. *, significance value of total mutations (heterozygous and homozygous)
in ovarian tumor samples was calculated against healthy control women samples. #, significance value of homozygous and heterozygous mutations in ovarian tumor
samples was calculated against healthy control women samples.
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Genes Sequence (5'-3') Exon

MDR1 (ABCB1) F- GTTCCTATATCCTGTGTCTGT 12
F- GCAATTGTACCCATCATTGCAA 21
F- CATCCTGTTTGACTGCAGCAT 26
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Parameter

Total number of patients enrolled
Mean age at first diagnosis (years)
Tumor stage

Tumor grade

1

2

3

Histological type
Papillary Serous
Non-Serous

First treatment
Carbo/Tax
Carboplatin
FEMARA
Fluorouracil (5FU)
Treatment refused
Ist recurrence (Out of 52)
Second treatment
Carbo/Tax
GEMZAR

Total resistant (1st and 2nd recurrence)

Carbo/Tax Resistant
Carboplatin resistant
Fluorouracil (5FU)
GEMZAR

Dead as a result of disease/progressive disease

Number

52
55.5

35

14

31

27
25

40

20

N

T

Clinicopathological characteristics of the EOC cases.
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No. of Cases Chemotherapeutic Sensitive Resistant Sensitivity rate

agents
40 Carbo/Tax 33 7 82.5% (33/40)
3 Carboplatin 2 1 66.7% (2/3)
3 Fluorouracil (5FU) 1 2 33.3% (1/3)
2 GEMZAR 1 1 50% (1/2)

Out of 47 patients, 37 were sensitive and 10 patients were resistant. One patient was reported to be second line of resistant with GEMZAR.
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Stage Sample Age Genotype (Exon) MDR Relative Chemotherapeutic
mRNA expression resistant pattern
12 21 26 level
1] ™ 61 C/m GG¥ cc¥ 15.0 CB/TX + GEMZAR
T6 61 C/m GG¥ C/m 24.3 CB/TX
T27 61 C/m GG¥ C/m 107.4 CB/TX
T31 34 cex T/T* cc¥ 271.1 CB/TX
T36 33 c/m T/T* C/m 248.6 CB/TX
T37 74 ce* GG¥ C/m 1565.3 Carbopltin
v T7 &7 TIT* G/TH T/T* 27f5 5FU
T32 43 T/T* T/T* /T 653.0 CB/TX
T43 64 /T GG¥ C/Tw 97.8 CB/TX
T47 80 c/m GG¥ c/Tw 493.0 5FU

¥, Wild Type; w, Heterozygous mutation; *, Homozygous mutation; #, New SNP; CB, Carboplatin; TX, Paclitaxel; 5FU, Fluorouracil.
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Genes Sequence (5'-3') Exon Amplicon
size (bp)
MDR1 (ABCB1) GTTCCTATATCCTGTGTCTGT 12 169
TCATAGAGCCTCTGCATCAGCT
GCAATTGTACCCATCATTGCAA 21 156
ACACTGATTAGAATACTTTACT
CATCCTGTTTGACTGCAGCAT 26 161

TCCCAGGCTGTTTATTTGAAG
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CNVs Deletion/duplication Pathogenicity Phenotype References
Chr16: 29,634,212— Deleti Pathogenic Unilateral renal agenesis This study
301,54,740
Chr16: 29,673,954— Deleti Pathogenic partial  Duodenal stenosis, hydronephrosis Decipher ID:
30,198,600 301482
Unilateral renal agenesis
Chr16: 29,656,684— Deleti Pathogenic Global developmental delay, renal dysplasia, Decipher ID:
30,190,568 racheomalacia, unilateral renal agenesis 370503
Chr16: 28,733,550— Deleti N/A Patient 1: left renal agenesis, grade-IV vesicoureteral reflux, Sampson et al.
28,950,951 Hirschsprung disease. (2010)
Chr16: 28,396,413— Deleti N/A Patient 2: left renal agenesis, chronic kidney disease, Sampson et al.
30,085,308 chronic constipation, seizures, developmental delay. (2010)
Chr16: 29,528,190 Deleti N/A Congenital diaphragmatic hernia, chordae, cleft palate, Shinawi et al.
30,107,184 polydactyly, congenital heart defect, multicystic dysplastic (2010)
kidney, fusion of lower ribs, and pyloric stenosis.
Chr16: 29,652,360- Deleti Likely pathogenic ~ Abnormality of coordination, abnormality of the kidney, Decipher ID:
30,190,593 autistic behavior 331267
Chr16: 29,656,012— Duplication Pathogenic Anemia, menorrhagia, abnormality of the kidney, Decipher ID:
30,143,015 onychogryphosis of toe nails, autism, depression, 327119
intellectual disability, mild, obsessive-compulsive behavior
Chr16: 29,500,000— Deletion N/A Unilateral multiple renal cysts OMIM ID: 611913
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CNV

4p16.1

7036.2
8p23.2
9p24.1p23
10p12.31
16p11.2

22g11.21

22q11.22

Start End
8,212,173 8,437,267
153,529,677 153,763,852
2,350,511 2,734,916
8,959,747 9,058,856
20,760,000 21,000,000
29,634,212 30,154,740
18,923,623 19,008,108
22,314,463 22,550,078

Genes

ACOX3

HTRA3

SH3TCH
DPP6

PTPRD
MIR-4675
SPN
QPRT
C16orf54
ZG16
KIF22
MAZ
PRRT2
PAGR1
MVP
CDIPT
SEZ6L2
ASPHD1
KCTD13
TMEM219
TAOK2
HIRIP3
INO80OE
DOC2A
C160rf92
FAM57B
ALDOA
PPP4AC
TBX6
YPEL3
GDPD3
MAPK3
DGCR5
DGCR9
PRODH
TOP3B

The bold font indicates ncRNAs. No genes in 8p23.2 locus.
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P4’ 46, XX, arr 16p11.2 Chri6: 29, Chritb 29, 634, 30, 154, Deletion 020028 283293 Chr16: 29, Deletion 46XY  000.16 Pathogenic De novo Hydronephrosis Failure to thrive; 16p11.2

16p11.2(29, 634, 212-30, 212 740 622, 757-30, kb constitutive abnormality of the deletion
634, 212-30, 154, 740 177,916 thumb, hypoplasia of syndrome
154, 740) x 1 the radius, lower limb  (Phenotype:
hypertonia, radial club abnormality of
hand; hypertonia; the face;
broad-based gait, feeding
global developmental  difficulties in
delay; decreased fetal infancy;
movement intellectual
disability;
pointed chin)
P45 46, XX, arr 22q11.21 Chr22: 18, Chr22 18,923, 19,008, Duplication 84485 304917 Chr22: 17,  Duplication =~ 46XX 20.93 Pathogenic Unknown  Axial malrotation Patent ductus 22q11.2
22g11.21(18, 923, 623-19, 623 108 029, 055-37, Mb of the kidney  arteriosus after birth at ~ duplication
923, 623-19, 008, 108 959, 706 term; iris coloboma, syndrome
008, 108) x 3 posterior capsular (Phenotype:

cataract; high palate, intellectual or
prominent nasal bridge,  learning

short nose, small disability,
anterior fontanelle, developmental
smooth philtrum; delay, slow
hypoplastic toenails; growth
polyhydramnios leading to
short stature,
and
hypotonia)
P46 46, XX, arr 22q11.22 Chr22: 22, Chr22 22,314, 22,550, Duplication 235615 304917 Chr22: 17,  Duplication  46XX 20.93 Pathogenic Unknown  Axial malrotation Patent ductus 22q11.2
22q11.22(22, 314, 463-22, 463 078 029, 055- Mb of the kidney  arteriosus after birth at ~ duplication
314, 463-22, 550, 078 37,959,706 term; iris coloboma, syndrome
550, 078) x 3 posterior capsular (Phenotype:

cataract; high palate, intellectual or
prominent nasal bridge,  learning

short nose, small disability,
anterior fontanelle, developmental
smooth philtrum; delay, slow
hypoplastic toenails; growth
polyhydramnios leading to
short stature,
and
hypotonia)

CNV, copy number variation; NA, not available.
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P16 46, XY, arr 8p23.2 Chr8: 2, 350, Chrd 2,350, 2,734, Duplication 384405 278296 Chr8: 1, 765, Duplication 46XX  5.17 Pathogenic De novo Ectopic kidney Aplasia/hypoplasia of NA

8p23.2(2, 511-2, 734, 511 916 533-6, 939, Mb constitutive the nipples;
350, 511-2, 916 296 hypertension;
734,916) x 3 hypothyroidism;

abnormal facial shape,
reduced number of
teeth; delayed speech
and language
development, global
developmental delay,
poor motor
coordination; joint laxity,
spinal canal stenosis

P10 46, XX, 10p12.31 Chr10: 20, Chr10 20, 760, 21,000, Duplication 240000 354979  Chr10: 1, 48, Duplication  46XY 24.64 Pathogenic full De novo Abnormality of Heart murmur; long NA
dup(10p12.31, 760, 000-21, 000 000 325-24, 786, Mb constitutive  the ureter, renal eyelashes, prominent
20.76-21.00, 000, 000 291

hypoplasia  forehead; global
242K) developmental delay
P47 46, XX, arr 16p11.2 Chr16: 29, Chr16 29, 634, 30, 154, Deletion 520528 301482 Chr16: 29, Deletion 46XY 524.65  Pathogenic partial Unknown  Hydronephrosis, Duodenal stenosis 16p11.2
16p11.2(29, 634, 212-30, 212 740 673, 954-30, kb unilateral renal deletion
634, 212-30, 164, 740 198, 600

agenesis syndrome
154, 740) x 1

(Phenotype:
abnormality of
the face;
feeding
difficulties in
infancy;
intellectual
disability;
pointed chin)

P47 46, XX, arr 16p11.2 Chr16: 29, Chr16 29, 634, 30, 154, Deletion 520528 370503 Chr16: 29, Deletion 46XY 533.88 Pathogenic Unknown  Renal dysplasia, Global developmental 16p11.2
16p11.2(29, 634, 212-30, 212 740 656, 684-30, kb unilateral renal delay; tracheomalacia deletion
634, 212-30, 154, 740 190, 568 agenesis syndrome
154, 740) x 1 (Phenotype:
abnormality of
the face;
feeding
difficulties in
infancy;
intellectual
disability;
pointed chin)
P47 46, XX, arr 16p11.2 Chr16: 29, Chr16 29, 634, 30, 154, Deletion 520528 331267 Chr16: 29, Deletion 46XY 538.23 Likely pathogenic De novo Abnormality of Abnormality of 16p11.2
16p11.2(29, 634, 212-30, 212 740 652, 360-30, kb constitutive the kidney  coordination, autistic deletion
634, 212-30, 164, 740 190, 593 behavior syndrome
154, 740) x 1 (Phenotype:
abnormality of
the face;
feeding
difficulties in
infancy;
intellectual
disability;
pointed chin)
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Fetus ID CNV-CMA

P77 46, XX,
arrfhg19]
4p16.1(8,

212,173-8,

437,
267) x 1
48, XX,
arrfhg19]
4p16.1(8,

212,173-8,

437,
267) x 1

P77

P77 46, XX,
arrlhg19]
4p16.1(8,

212,173-8,

437,
267) x 1
46, XX,
arrfhg19]
7936.2
(153, 529,
677-153,
763,
852) x 3
46, XX,
arrfhg19]
9p24.1p23
(8,959,

747-9, 058,
856) x 1
46, XY, arr
8p23.2(2,

350, 511-2,

734,
916) x 3

P82

P82

P16

Band

4p16.1

4p16.1

4p16.1

7036.2

Chromosome Chromosome

coordinate

Chr4: 8, 212,
173-8, 437,
267

Chr4: 8, 212,
173-8, 437,
267

Chr4: 8, 212,
173-8, 437,
267

Chr7: 153,
529, 677-153,
763, 852

9p24.1p23  Chro: 8, 959,

8p23.2

747-9, 058,
856

Chr8: 2, 350,
511-2, 734,
916

Chra

Chr4

Chr4

Chr7

Chr9

Chrg

Start End
8,212, 8,437,
173 267
8,212, 8,437,
173 267
8,212, 8,437,
173 267

158, 529,158, 763,

677 852
8,959, 9,058,
747 856
2,350, 2,734,
511 916

Duplication/
deletion

Deletion

Deletion

Deletion

Duplication

Deletion

Duplication

CNV size
(bp)

225094

225094

225094

234175

99109

384405

Decipher ID

287892

307768

326600

368657

253970

253970

46XX

46XY

46XX

46XX

46XY

46XY

Variant  Duplication/ Sex
deletion
Chré: 71, Deletion
553-8, 732,
736
Chr4: 71, Deletion
562-18, 839,
648
Chr4: 72, Deletion
447-11,175,
2565
Chr7: 162,  Duplication
306, 254-159,
118, 566
Chr9: 2,146,  Deletion
330-9, 663,
533
Chr8: 487,  Duplication
644-18, 600,
102

Size Pathogenicity/
contribution
8.66 Pathogenic
Mb
18.77 Pathogenic full
Mb
11.10 Pathogenic full
Mb
6.81 Pathogenic
Mb
7.62 Pathogenic
Mb
18.11 Pathogenic
Mb

Inheritance

De novo
constitutive

De novo
constitutive

De novo
constitutive

De novo
constitutive

De novo
constitutive

De novo
constitutive

Phenotype(s)- Phenotype(s)
renal/ -other
kidney/neph/
glom
Renal cyst  Ventricular septal

Abnormality of
the renal pelvis,
penile
hypospadias

Chronic kidney
disease

Renal dysplasia

Abnormality of
the kidney,

Abnormality of
the kidney,

defect; intrauterine
growth retardation;
choroid plexus cyst

Umbilical hernia;
external ear
malformation; cataract,
hypertelorism, iris
coloboma; abnormal
eyelid morphology,
depressed nasal
bridge, epicanthus,
micrognathia,
preauricular skin tag,
short philtrum, up
slanted palpebral
fissure; fifth finger distal
phalanx clinodactyly;
aplasia/hypoplasia of
the corpus callosum,
hypoplasia of the
corpus callosum;
prominent protruding
CocCyx

Severe intrauterine
growth retardation

Ventricular septal

defect; intrauterine
growth retardation;
spinal dysraphism

Intellectual disability

horseshoe kidney

Intellectual disability

horseshoe kidney

CNV
syndromes

NA

NA

NA

NA

NA

NA
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Pediatric patients with a severe and/or progressive disease
who met with the enrollment criteria were detected by
rapid CES for a trio analysis as a first-tier test (n=40)

Twenty-six patients were analyzed by mtDNA sequencing

using a LR-PCR followed by NGS concurrently (n=26):

.| * suspected mitochondrial disease according to the MDC

i (Morava et al., 2006) (score 22, n=17)

* necessary for the differential diagnosis of other diseases
(score 1, n=9)

A 4

Variants detected in patients:
* Pathogenic/likely pathogenic variants: n=13
*  VOUS: n=8

Combined with clinical symptoms and signs, routine
laboratory tests, mass spectrometric analysis, MRI, EEG, etc.

A

A 4

Totally 18 patients diagnosed (45.0%, 18/40):
* nuclear DNA mutations: n=17
e  mtDNA mutation: n=1

A 4

Of the genetic diagnosed patients, 13 patients with
management changed: n=13
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Site Target (mismatches in red) PAM (NNGRRT) Gene Site position Indel%
Untreated Treated

On-target GGAGACCCGAAGTACCACAAA ATGAGT F8 Intronic 0.09 3.14
Off-target 1 GGAGACCTTAAGTCACACAAA TGGAAT Bc017158 Intergenic 0.15 0.15
Off-target 2 AGATACCAGAAGTACCACACA CTGAGT Gm25798 Intergenic 0.07 0.09
Off-target 3 GGTGACCCTAAATACCACAAG GGGAGT Abcb4 Exonic 0.17 0.16
Off-target 4 GCTGTCCTGAAATACCACAAA ATGAGT Gm25693 Intergenic 0.16 0.13
Off-target 5 CTAGAGCAGAAGTAACACAAA GAGGGT Dsg3 Intergenic 0.14 0.13

On-target at the F8 locus and 5 potential off-target sites with up to 5 mismatches were evaluated. Treated means mice received AAV vectors (n = 3).
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Clinical Parameters

Age (Years)

Disease Duration (Years)
Serum IgE (IU/L)

WBC Count (109/L)
Eosinophils (percentage)
FEV1(Liter)

Healthy (n = 12)

34 (23 - 48)
NA
22 (14 - 65)
6.75 (5.2 -7.3)
0.14 (0.11-0.19)
NA

Asthma (n =12)

33 (22 - 45)
8.5(5-10)
365 (79 - 621)
71 (5.7 -8.1)
5.5(3-10)
2.3(1.9-2.9

NA, either data not available or not applicable. The table shows data as medians
with the range indicated in the parentheses.
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Upstream regulator Molecule type p-value of overlap Target molecules in dataset

HGF Growth factor 0.000000328 AKT1, CA9, CTSK, MAPK14, MMP2, MMPS8, ST14

IL13 Cytokine 0.0000174 C3AR1, CASP1, CTSC, CYSLTR1, ENPP2, LTA4H, ST14
IFNG Cytokine 0.000145 ACE, CASP1, CASP3, ERAP2, IDO1, MMP2, PIM1, SOAT1
IFNB1 Cytokine 0.000528 CASP1, CASPS, IDO1

VEGFA Growth factor 0.000775 KDR, MMP12, MMP2

TNF Cytokine 0.00118 CTSC, GSTA1, IDO1, MMP12, MMP2, MMP8, NR3C1, SOAT1
L4 Cytokine 0.00132 CYSLTR1, IDO1, PIM1, ST14

VEGFB Growth factor 0.0044 MMP12

CSF1 Growth factor 0.00767 CTSK, MMP12

LIF Cytokine 0.0131 ERAP1

CSF2 Growth factor 0.0133 CASPS, CTSC, PIM1

CRH Cytokine 0.0175 TPHA1

FGF16 Growth factor 0.0175 MMP2

VEGFD Growth factor 0.0175 MMP12

TGFB1 Growth factor 0.0195 KDR, MAPK1, MMP12, MMP2, SPHK1

IL5 Cytokine 0.0197 CTSC, PIM1

IL1B Cytokine 0.0236 GSTA1, KDR, MMP12, MMP8

IL21 Cytokine 0.0296 IDO1, MMP2

TIMP1 Cytokine 0.0389 MME

IGF2 Growth factor 0.0389 MMP12
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Disease full name Relevance Number of Therapeutic area Highest associated targets (max 10)
(p-value) associated targets
Lung disease 6.00E-42 82 Respiratory system disease KDR TYMS CHRM3 MMP8 NR3C1
CHRM1 AKT1 CA4 ACE MMP2...
Respiratory system disease 2.00E-39 84 Respiratory system disease KDR TYMS CHRM3 MMP8 HRH1
NR3C1 CHRM1 AKT1 CA4 MMP2...
Respiratory system neoplasm 2.00E-38 77 Neoplasm, respiratory system KDR TYMS NR3C1 AKT1 MMP2 DHFR
disease FDPS GRB2 MMP8 MMP12...
Bronchial disease 2.00E-38 58 Respiratory system disease NR3C1 CYSLTR1 HRH1 CHRM1
CHRM3 DHFR GSTM1 MAPK14
CASP1 S1PR2...
Lung carcinoma 5.00E-38 78 Neoplasm, respiratory system KDR TYMS NR3C1 AKT1 MMP2 DHFR
disease FDPS GRB2 MMP12 IDO1...
Asthma 1.00E-35 55 Respiratory system disease NR3C1 CYSLTR1 HRH1 CHRM3
CHRM1 DHFR GSTM1 MAPK14
CASP1 S1PR2...
Interstitial lung disease 3.00E-32 43 Respiratory system disease NR3C1 KDR MMP8 CTSK EZH2
SOAT1 CYSLTR1 SIRT1 CASP3
MMP12...
Chronic obstructive puimonary disease 8.00E-32 48 Respiratory system disease CHRM3 MMP8 ACE NR3C1 CA1
CHRM1 CA12 CA4 CA2 MMP12...
Rare genetic respiratory disease 3.00E-31 44 Genetic disorder, respiratory MMP8 FDPS NR3C1 CHRMS3 SIRT1
system disease PRSS1 EZH2 CTSK HRH1 KISS1R...
Idiopathic pulmonary fibrosis 2.00E-29 39 Neoplasm, respiratory system NR3C1 KDR MMP8 CTSK EZH2
disease SOAT1 CASP3 MMP2 ANPEP TYMS...
Pulmonary fibrosis 7.00E-29 37 Neoplasm, respiratory system NR3C1 KDR MMP8 CTSK EZH2
disease SOAT1 CASP3 MMP12 ANPEP
MMP2...
Acute lung injury 9.00E-28 32 Respiratory system disease MAPK14 MMP8 MMP2 GSK3B IDO1
S1PR1 SIRT1 CASP1 CASP3 SOATT ...
Pneumonia 2.00E-27 37 Infectious disease, respiratory MMP8 NR3C1 CHRM3 CHRM1
system disease MMP12 ACE DHFR SOAT1 F2 MMP2...
Whooping cough 3.00E-27 32 Infectious disease, respiratory CASP1 CASP3 AKT1 CA1 S1PR4
system disease S1PR1 MAPK1 HRH1 MMP2 TRPV1...
Non-small cell lung adenocarcinoma 3.00E-26 42 Neoplasm, respiratory system SIRT1 EZH2 CASR GSK3B TYMS

disease

MMP2 IDO1 KDR CASP3 CAQ...
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Gene symbol

GPR174
LPAR1
LPAR2
LPARS3
LPAR4
S1PR1
S1PR2
S1PR3
S1PR4
S1PR5
SPHK1
SPHK2

Gene Name

G protein-coupled receptor 174
Lysophosphatidic acid receptor 1
Lysophosphatidic acid receptor 2
Lysophosphatidic acid receptor 3
Lysophosphatidic acid receptor 4
Sphingosine-1-phosphate receptor 1
Sphingosine-1-phosphate receptor 2
Sphingosine-1-phosphate receptor 3
Sphingosine-1-phosphate receptor 4
Sphingosine-1-phosphate receptor 5
Sphingosine kinase 1

sphingosine kinase 2

Entrez Gene ID

84636
1902
9170

23566
2846
1901
9294
1903
8698

53637
8877

56848
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Transcription factors

SNPs

g.233250693T > C
(rs185213911)

g.233250946G > A
(rs568956599)

g.233251133C > G
(rs1301744254)

Change mode

Create

Weaken
Abolish
Create

Enhance

Weaken
Abolish
Create

Weaken
Abolish

NF-kappaB, GKLF

ETSH
RBP-Jkappa, TCF-1
PPARgamma, PPARalpha, VDR

T3R-beta
AP-2alpha,CP2
Elk-1, Fli-1,ETS1

ZIC3,Zbtb44,SREBP-1/2

c-MAF
meis1,HDAC1,ATF-4,CTCF

NF-kappaB, Nuclear Factor-kappaB; GKLF, gut-enriched Kruppel-like factor; Ets1,
E26 transformation specific-1; RBP-jkappa, Recombination Signal Binding Protein-
jkappa;, TCF-1, T cell factor-1; PPARalpha, peroxisome proliferator-activated
receptor alpha; PPARgamma, Peroxisome proliferator-activated receptor gamma;
VDR, Vitamin D receptor; T3R, thyroid hormone receptor; AP-2alpha, activa-
tor protein Z2alpha; SREBR sterol regulatory element-binding protein; CREB1,
CcAMP responsive element binding protein 1; c-MAF, Serum-derived Macrophage
Activating Factor; HDAC1, histone deacetylase 1 gene; ATF-4, Activated transcrip-
tion factor 4; CTCF, CCCTC binding factor.
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Chi2

Fisher’s P

Control (freq) "

SNP1 SNP2 SNP3 SNP4 SNP5 SNP6 SNP7 SNP8 SNP9 AMI (freq)
C T G G C C T C T 0.00 (0.000)
C T G G C T T C T 19.92 (0.030)
G T A G C C A C T 0.10 (0.000)
G T A G T T A C G 0.00 (0.000)
G T A G T T A C T 5.90 (0.009)
G T G G C C A C G 0.00 (0.000)
G T G G C C A C T 52.90 (0.080)
G T G G C T A C G 239.92 (0.365)
G T G G C T A C T 35.25 (0.054)
G T T T A C G 3.18 (0.005)
G T G G T T A C T 294.74 (0.448)
C T G G C T T C G 1.08 (0.002)
G C G G C T A C G 2.00 (0.003)
G T G A C T A C G 0.82 (0.001)
G T G A T T A C T 0.18 (0.000)
G T G G T T A G G 1.00 (0.002)
G T G G T T A G T 1.00 (0.002)

1.07 (0.001)
10.93 (0.015)

1.64 (0.002)
2.06 (0.003)
2.30 (0.003)
1.06 (0.001)
51.23 (0.074)

264.23 (0.368)
40.85 (0.057)

9.65 (0.013)
332.99 (0.464)

0.00 (0.000)
0.00 (0.000)
0.00 (0.000)
0.00 (0.000)
0.00 (0.000)
0.00 (0.000)

3.536

0.392

0.024

0.076

0.388

0.060070

0.531055

0.877675

0.782678

0.5633203

OR (95%Cl)

2.018
[0.957~4.253]

1.136
[0.7762~1.695]

0.983
[0.788~1.226]

0.937
[0.589~1.490]

0.934
[0.7564~1.158]

SNP (1-9): rs75824126, rs185213911, rs146693112, rs568956599, rs1816753, rs12476635, rs74599577, rs1301744254, rs2289477.





OPS/images/fgene-12-591954/fgene-12-591954-t006.jpg
SNP ID Model Genotype Control AMI OR (95%Cl) P-value AlIC BIC
rs1816753 Codominant C/C 99 (27.6%) 88 (26.8%) 1.00 0.043 643.5 666.1
T/C 171 (47.8%) 176 (53.7%) 1.24 (0.79-1.95)
/T 88 (24.6%) 64 (19.5%) 0.66 (0.38-1.14)
Dominant C/C 99 (27.6%) 88 (26.8%) 1.00 0.93 647.8 665.9
T/C-T/T 259 (72.3%) 240 (73.2%) 1.02 (0.67-1.56)
Recessive C/C-T/C 270 (75.4%) 264 (80.5%) 1.00 0.02 642.3 660.4
T 88 (24.6%) 64 (19.5%) 0.57 (0.36-0.92)
Overdominant C/C-T/T 187 (52.2%) 152 (46.3%) 1.00 0.043 643.7 661.8
T/C 171 (47.8%) 176 (53.7%) 1.49 (1.01-2.19)
Log-additive - - - 0.83 (0.63-1.09) 0.19 646 664.2
rs12476635 Codominant /T 307 (85.8%) 276 (84.2%) 1.00 0.26 (0.02-3.84) 643.8 666.4
T/C 47 (13.1%) 51 (15.6%) 1.85 (1.06-3.24)
C/C 4(1.1%) 1(0.3%) 0.26 (0.02-3.84)
Dominant T/T 307 (85.8%) 276 (84.2%) 1.00 0.058 644.2 662.3
T/C-C/C 51 (14.2%) 52 (15.8%) 1.69 (0.98-2.91)
Recessive T/T-T/C 354 (98.9%) 327 (99.7%) 1.00 0.26 646.5 664.6
C/C 0.24 (0.02-3.50)
Overdominant T/T-C/C 311 (86.9%) 277 (84.5%) 1.00 0.027 642.9 661
T/C 47 (13.1%) 51 (15.6%) 1.87 (1.07-3.27)
Log-additive — — - 1.47 (0.89-2.42) 0.13 645.5 663.6
rs2289477 Codominant T/T 131 (36.6%) 128 (39%) 1.00 0.91 649.6 672.2
T/G 179 (50%) 152 (46.3%) 0.92 (0.61-1.40)
G/G 48 (13.4%) 48 (14.6%) 0.91 (0.50-1.67)
Dominant T/T 131 (36.6%) 128 (39%) 1.00 0.67 647.6 665.7
T/G-G/G 227 (63.4%) 200 (61%) 0.92 (0.62-1.37)
Recessive T/T-T/G 310 (86.6%) 280 (85.4%) 1.00 0.88 647.7 665.9
G/G 48 (13.4%) 48 (14.6%) 0.96 (0.55-1.67)
Overdominant T/T-G/G 179 (60%) 176 (563.7%) 1.00 0.76 647.7 665.8
T/G 179 (50%) 152 (46.3%) 0.94 (0.64-1.38)
Log-additive - - - 0.95 (0.71-1.26) 0.7 647.6 665.7

OR, odds ratio; 95% CI, confidence intervals; AIC, Akaike’s information criterion; BIC, Bayes’s information criterion.
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SNPs

rs75824126
rs185213911
rs146693112
rs568956599
rs1816753
rs12476635
rs74599577
rs1301744254
rs2289477

Position

233,250,522
233,250,693
233,250,873
233,250,946
233,250,963
233,251,039
233,251,112
233,251,133
233,251,699

Alleles(A/B)

G/C
T/C
G/A
G/A
T/C
T/C

C/G
T/G

Controls (n = 359) HWE AMI (n = 329) HWE MAF

AA AB BB P-value AA AB BB P-value Controls AMI

347 12 0 0.747 308 21 0 0.550 0.017 0.032
359 0 0 1.000 327 2 0 0.959 0.000 0.003
3563 6 0 0.873 323 6 0 0.867 0.008 0.009
359 0 0 1.000 328 1 0 0.978 0.000 0.002
88 171 100 0.380 64 177 88 0.138 0.517 0.536
308 47 4 0.158 277 51 1 0.398 0.081 0.081
347 12 0 0.747 308 21 0 0.550 0.017 0.032
359 0 0 1.000 327 2 0 0.956 0.000 0.003
131 179 49 0.324 129 152 48 0.767 0.386 0.377

OR (95%Cl)

0.507 [0.245~1.048]
0.915 [0.292~2.866]

0.929 [0.750~1.149]
0.948[0.642~1.400]
0.507 [0.245~1.048]

1.039 [0.834~1.295]

P-value

0.067
0.879

0.496
0.787
0.067

0.732
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DSVs

9.233250693T > C
(rs185213911)
0.233250946G > A
(rs568956599)

g.233251133C > G
(rs1301744254)

Oligonucleotide

5'-TTCAGTGGGACACTC(T/C)
TCCCAACGCACCCT-3
5'-GGAAAGTCTCTGGCC(G/A)
GAGGGGAGGCTATC-3'
5'-CAATGCTCCTGCTGT(C/G)
AGGGTAGGCCTTGG-3

Locations

233250678~
233250707
233250931~
233250961
233251118~
233251147
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Polymorphisms Genotypes Location Controls (n = 359) AMI (n = 329) P-value

0.2332505622 G > C (rs75824126) GC —1049 bp 12 21 0.062
g.233250693 T > C (rs185213911) TC —878 bp 0 2 -
g.233250873 G > A (rs146693112) GA —698 bp 6 6 0.879
9.233250946 G > A (rs568956599) GA —625 bp 0 1 -
9.233250963 T > C (rs1816753) T —608 bp 88 64 0.187
TC 171 177
CC 100 88
9.233251039 T > C (rs12476635) T —532 bp 308 277 0.345
TC 47 51
CC 4 1
g.233251112 A > T (rs74599577) AT —460 bp 12 21 0.062
g.233251133 C > G (rs1301744254) CG —438 bp 0 2 -
9.233251186 G > C GC —385 bp 1 0 —
g.233251624 A > G AG —47 bp 1 0 -
g.233251563 C > T (rs77820970) CT —8 bp 1 0 —
g.233251699 T > G (rs2289477) T 129 bp 131 129 0.631
TG 179 162
GG 49 48

DSVs were located upstream to the transcription start site of ATG16L1 gene at 233251571 of NC_000002.12.
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Parameters AMI cases (n = 329) Controls (n =359)  P-value
Male/female (n) 237/92 229/130 0.021
Age (years) 63.80 + 12.27 4576 £12.77 0.000
Smoking [ (%)] 172 (52.4) 59 (16.4) 0.000
Hypertension [n (%)) 149 (45.3) 87 (24.2) 0.000
Diabetes [n (%)] 74 (22.5) 28 (7.8) 0.000
BMI (kg/m2) 24.78 + 3.76 26.49 =+ 3.61 0.011
SBP (mmHg) 125.98 + 23.04 128.18 £ 17.42 0.155
DBP (mmHg) 78.64 + 15.36 78.36 + 11.96 0.791
HDL-C (mmol/L) 1.07 £0.42 1.32 £0.30 0.000
LDL-C (mmol/L) 2.49 £ 0.80 2.81 £0.73 0.000
TG (mmol/L) 1.49 £ 0.96 1.44 £1.08 0.561
TC (mmol/L) 4,28 +£1.08 495 +1.43 0.000

SBP, systolic blood pressure; DBPR, diastolic blood pressure; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triacyiglyc-
erol; TC, total cholesterol, (P < 0.05) was statistically significant.
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Primers

Sequencing
ATG16L1-F1
ATG16L1-R1
ATG16L1-F2
ATG16L1-R2
Functioning
ATG16L1-F
ATG16L1-R

Sequences

5'-TTCATCTCCCCCTTTCAACA-3'

5'-GCTTGGTACAGGGGAAACCT-3
5'-ATGCTCCTGCTGTCAGGGTA-3
5'-GAGCTCACCTCCACACACTG-3'

5'-(Kpnl)-CCCAAACAAACCACAAAACC-3'
5'-(Hindlll)-GGAGCTCACCTCCACACACT-3'

Location Products (bp)

233250476 719 bp
233251194

233251120 602 bp
233251721

233250648 1,075 bp
233251722

PCR primers were designed based on the genomic DNA sequence of the ATG16L1 gene (NC_000002.12)

(+1).

. The transcription start site (TSS) is at position 233251571
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Age-related
degenerative
diseases
associated with
inflammation

Diseases

Alzheimer’s Disease
(25 molecules)
Dementia

(26 molecules)
Basal Ganglia
Disorders

(18 molecules)
Progressive
neurological
diseases (18
molecules)

Osteoarthritis

(10 molecules)
Rheumatoid
arthritis

(23 molecules)
Joint inflammation
(27 molecules)
Connective tissue
disorders (21
molecules)

Interacting molecules

Apoptosis regulators: (BAX, BCL2,
BCL2L1, CASP1, CASP3, CASPS,
CASP9, TP53, and XIAP)

Cell cycle regulators: (CD14, CDK2,
CDK4, and CDKN1A)

Cytokines, chemokines, growth
factors: (CXCR4, IL6, IL10, TNF, and
VEGF)

Cell signaling: (NFkB, STAT3, JNK,
Akt, and MAPK1)

Others: (AR, COL1A1, COL3A1, E2F1,
HDL-cholesterol, HMOX1, MPO, PKM,
TLR4)

Apoptosis regulators: (AX, BCL2,
BCL2L1, BIK, BIRC5, CASP1, CASP3,
CASP8, CASP9, FASLG, TNFSF10,
TP53, and XIAP)

Cell cycle regulators: (CDKN1A)
Cytokines, chemokines, growth
factors: (CXCR4, IL6, IL10, TNF, and
VEGF)

Cell signaling: (Akt, ERK, JNK, and
STAT3)

Others: (AR, BMP2, COL3A1, E2F1,
HMOX1, LDL-cholesterol, MPO, NBN,
and TLR4)
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Genes Primer sequence

GAPDH F: 5GCACCGTCAAGGCTGAGAAC 3’
R: 5" GGATCTCGCTCCTGGAAGATG 3
IFN-y F: 5'-CCCTCACACTCAGATCATCTTCT-3
R: 5'-GCGTTGGACATTCAAGTCAG-3
TNF-a F: 5" GGTGCTTGTTCCTCAGCCTC &
R: 5" CAGGCAGAAGAGCGTGGTG 3’
COX-2 F: 5 TTCAAATGAGATTGTGGGAAAATTGCT 3
R: 5" AGATCATCTCTGCCTGAGTATCCTT 3’
IL-6 F: 5 CCACTCACCTCTTCAGAA 3’
R: 5'GCGCAAAATGAGATGAGT &
IL-8 F: &-AGACAGCAGAGCACACAAGC-3
R: 5’-ATGGTTCCTTCCGGTGGT-3
IL-16 F: 5-TAGTCCTTCCTACCCAATTTCC-3'
R: 5'-TTGGTCCTTAGCCACTCCTTC-3'
IL-12A F: 5'-CACTCCCAAAACCTGCTGAG-3
R: 5-TCTCTTCAGAAGTGCAAGGGTA-3
IL-4 F: 5'-TGGATCTGGGAGCATCAAGGT-3
R: 5'-TGGAAGTGCGGATGTAGTCAG-3'
IL-10 F: 5-GCTCTTACTGACTGGCATGAG-3
R: 5'-CGCAGCTCTAGGAGCATGTG-3
BAX F: 5'GGCTGGGATGCCTTTGTG 3
R: 5" CAGCCAGGAGAAATCAAACAGA &'
BCL-2 F: 5 TGGAGCTGCAGAGGATGATTG &
R: 5" GCTGCCACTCGGAAAAAGAC 3
SURVIVIN F: 5-ACCAGGTGAGAAGTGAGGGA-3
R: 5’-AACAGTAGAGGAGCCAGGGA-3

F, forward primer; R, reverse primer.
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Pregnant woman Detected gene Sanger sequencing results Inheritance The final decision of the patient

Proband (GSD0768) COL2A1 p.Gly204Val (NM_001844.4), het AD Terminal pregnancy
Proband’s (GSD2034) mother COMP No variant AD Pregnancy
Proband’s (GSD2953) mother GALNS p.Pro169Leu(NM_000512), het AR Pregnancy
Proband (GSD2861) SLC34A3 p.Pro401Arg(NM_001177316), het AR Pregnancy

Fetal DNA was obtained from amniotic fluid, approved by the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. het, heterozygous; AD,
autosomal dominant inheritance; AR, autosomal recessive inheritance.
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Group ID

Probands  GSD2378

series 1
GSD1023
GSDO0001
GSD0526
GSD2416
GSD0373
GSD1270
GSD1563
GSD2750
GSD2201
GSD2778

Probands  GSD0412

series 2
GSD0962

GSD2503

GSD0153

GSD0441

GSD1185

GSD1556

GSD0842

Clinical diagnosis

Multiple epiphyseal dysplasia
Hypophosphatemic rickets
Hypophosphatemic rickets
Progressive pseudorheumatoid
dysplasia

Progressive pseudorheumatoid
dysplasia

Fibrodysplasia ossificans
progressiva

Hajdu-Cheney syndrome
Progressive pseudorheumatoid
dysplasia

Osteogenesis imperfecta
Paget’s disease
Spondyloepiphyseal dysplasia

Spondyloepiphyseal dysplasia

Spondyloepiphyseal dysplasia

Spondylometaphyseal dysplasia

Mucopolysaccharidosis

Mucopolysaccharidosis

Mucopolysaccharidosis

Spondyloepiphyseal dysplasia

Spondylometaphyseal dysplasia

Molecular diagnosis

Hypochondroplasia
Metaphyseal chondrodysplasia,

Schmid type
Metaphyseal chondrodysplasia,

Schmid type
Pseudoachondroplasia
Mucopolysaccharidosis IVA
Osteogenesis imperfecta V
Osteogenesis imperfecta |
Spondyloepiphyseal dysplasia
Camurati-Engelmann disease

Loeys-Dietz syndrome 4

Stickler syndrome

Brachytelephalangic chondrodysplasia

punctata
Mucopolysaccharidosis IVA

Mucopolysaccharidosis IVA

Progressive pseudorheumatoid
dysplasia

Hypochondroplasia

Kniest dysplasia

Pseudoachondroplasia

Mucopolysaccharidosis IVA

Gene Genomic variant(s)

FGFR3
p.N540K(het)

COL10A1 NM_000493, ¢.1783G>C,

p.G595R(het)

COL10A1 NM_000493, c.1767dupT,
p.T590fs(het)

COMP NM_000095, c.1424A>G,
p.D475G(het)

GALNS  NM_000512, c.911G>A,
p.G304D(hom)

IFITM5 NM_001025295, UTR5,
c.-14C>T(het)

COL1A1  NM_000088, ¢.3595A>G,
p.S1199G(het)

COL2A1 NM_001844, c.620G>A,
p.G207E(het)

TGFB-1  NM_000660, ¢.652C>T,
p.R218C(het)

TGFB-2  NM_001135599,
¢.220A>C, p.T74P(het)

COL2A1  NM_001844,
¢.8704+-5G>A(het)

ARSE NM_000047, c.217G>A,
p.G73S(xl)

GALNS  NM_000512, ¢.1156C>T,
p.R386C; ¢.1288C>G,
p.H430D(com-het)

GALNS  NM_000512,
€.1279_1286del, p.V427fs;
c.776C > T,
p.R259W(com-het)

WISP3 NM_198239, ¢.670dupA,
p.W223fs(hom)

FGFR3 NM_000142, c.1612A>G,
p.1538V(het)

COL2A1  NM_001844,
€.654+1G>C(het)

COMP NM_000095, c.2038A>T,
p.K680X(het)

GALNS  NM_000512, ¢.1498G>T,

p.G500C; ¢.1429_1455del,

p.477_485del(com-het)

het, heterozygous; hom, homozygous; com-het, compound heterozygous; xl, X-linked; del, deletion; dup, duplication.

NM_000142, ¢.1620C>G,

Segregation

De novo

Maternal

De novo

De novo

De novo

De novo

Unknown (mother died)

De novo

De novo

Unknown (father died)

De novo

De novo

One site paternal; one
site de novo

One site maternal; one

site de novo

One site paternal; one
site de novo

De novo

De novo

De novo

One site maternal; one
site paternal
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Group of disorders

FGFRS chondrodysplasia group
Type 2 collagen group

Sulfation disorders group
Perlecan group

Aggrecan group

Filarnin group and related disorders
TRPV4 group

Glliopathies with major skeletal involverent

Multiple epiphyseal dysplasia and
pseudoachondroplasia group

Metaphyseal dysplasias

Dysplasias with multiple joint dislocations
Chondrodysplasia punctata (CDP) group
Osteopetrosis and related disorders

Other sclerosing bone disorders

Osteogenesis imperfecta and decreased bone
density group

Abriormal mineralization group

Lysosomal storage diseases with skeletal
involvement (dysostosis multiplex group)

Osteolysis group

Disorganized development of skeletal
components group

Overgrowth (tall stature) syndromes with
skeletal involvement
Cleidocranial dysplasia and related disorders

Genetic inflammatory/theumatoid-like
osteoarthropathies

Brachydactylies (without extraskeletal
manifestations)

Polydactyly-syndactyly-triphalangism group
Not classified
Not classified

Name of disorder

Hypochondroplasia

Spondyloepiphyseal dysplasia
Spondyloepiphyseal dysplasia congenita
Hypochondrogenesis

Stickler syndrome

Kniest dysplasia

Achondrogenesis type 18

Schwartz-Jampel syndrome, type 1
Spondyloepiphyseal dysplasia, Kimberley type
Larsen syndrome

Spondyloepimetaphyseal dysplasia, Maroteaux type
Spondylometaphyseal dysplasia, Kozlowski type
Ellis-van Creveld syndrome

Multiple epiphyseal dysplasia

Multiple epiphyseal dysplasia
Pseudoachondroplasia

Metaphyseal chondrodysplasia, Schmid type
Metaphyseal anadysplasia type 1
Spondyloepimetaphyseal dysplasia with joint laxity
CDP, X-linked recessive, brachytelephalangic type
Osteopetrosis, autosomal dominant type 2
Pycnodysostosis

Osteopetrosis, autosomal recessive
Osteopoikilosis

Osteopetrosis, autosomal dominant |

Hypertrophic osteoarthropathy
Gamurati-Engelmann disease

Osteogenesis imperfecta |

Osteogenesis imperfecta |

Osteogenesis imperfecta IV

Osteogenesis imperfecta V.

Osteogenesis imperfecta Vil

Osteogenesis imperfecta XI

Osteogenesis imperfecta Xl

Osteogenesis imperfecta XIV
Osteoporosis-pseudoglioma syndrome
Cole-Carpenter syndrome 1

Osteoporosis, X-linked

Cole-Carpenter syndrome 2
Hypophosphaternic rickets, X-linked
Hypophosphaternic rickets, autosomal recessive, type 1
Hypophosphatasia

Hypophosphatemic rickets with hypercalciuria
Dent disease

Mucopolysaccharidosis Va

Mucalipidosis I
Mannosidosis, alpha

Hajdu-Cheney syndrome
Fibrodysplasia ossificans progressiva

Loeys-Dietz syndrome 4

Cleidocranial dysplasia
Progressive pseudorheumatoid dysplasia

Brachydactyly type A2

Brachydactyly type D
Preaxial polydactyly type 4

Short stature with non-specific skeletal abnormalities
Hereditary motor neuropathy

Inheritance

AD
AD
AD
AD
AD

AD
AR
AR
AD
AD
AD
AD

AR
AD

AD
AD
AD
AD
AD
XLR
AD
AR
AR
AD
AD
AR
AD
AD

AD
AD

AD
AR
AR
AR

AD
XLD

AD
AD

AD

AD
AD

AD

Gene

FGFR3
COL2A1
COL2A1
COL2A1
COL2A1
COL2A1

SLC26A2

HSPG2

ACAN

FLNB
TRPV4
TRPV4
EVC2
COL9A3

COMP
COMP
COL10A1
MMP13
KIF22
ARSE
CLCN7
CTsK
TCIRG1
LEMD3
LRPS
SLCO2A1
TGFB1
COL1A1

COL1A2
COL1A2
IFITMS
CRTAP
FKBP10
TMEM38B
BMP1
LRPS
P4HB
PLS3
SEC24D
PHEX
DMP1
ALPL
SLC34A3
CLCNS
GALNS

GNPTAB

MAN2B1

NOTCH2
ACVR1

TGFB2

RUNX2
WISP3

GDF5

HOXD13
GLIB
NPR2
TRPV4

AD, autosomal dominant inheritance: AR, autosomal recessive inheritance; XLD, X-linked dominant inheritance; XLR, X-linked recessive inheritance.

Number

6
8
3
1
1
1
1
1
2
2
2
1
1
1
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Clinical diagnoses of probands

Osteogenesis imperfecta
Spondyloepiphyseal dysplasia
Hypophosphatemic rickets

Hypertrophic osteoarthropathy
Mucolipidosis

Brachydactyly, polydactyly
Osteosclerosis

Spondylometaphyseal dysplasia
Epiphyseal dysplasia

Metaphyseal dysplasia

Cleidocranial dysplasia

Progressive pseudorheumatoid dysplasia
Bone diseases with atypical clinical phenotypes
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Methods Sepsis SSTI UTl Pneumonia GUI in pregnancy
OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P
VW 0.99999 0.91647 0.99986 0.23336 0.99973 0.22371 0.99997 0.68562 1.00002 0.76559
(0.99982, (0.99962, (0.99929, (0.99982, (0.99989,
1.00016) 1.00009) 1.00017) 1.00012) 1.00014)
MR-Egger 1.00023 0.24594 1.00021 0.44507 0.99924 0.14683 1.00002 0.88231 0.99990 0.50136
(0.99985, (0.99967, (0.99823, (0.99968, (0.99963,
1.00061) 1.00076) 1.00026) 1.00037) 1.00018)
SM 0.99994 0.85391 0.99934 0.20001 0.99975 0.75606 1.00023 0.38341 0.99983 0.44773
(0.99928, (0.99833, (0.99819, (0.99972, (0.99938,
1.00060) 1.00035) 1.00138) 1.00074) 1.00027)
Weighted 1.00006 0.71720 0.99965 0.09744 0.99942 0.11114 0.99996 0.75989 1.00006 0.57957
median (0.99974, (0.99923, (0.99871, (0.99968, (0.99984,
1.00039) 1.00006) 1.00013) 1.00024) 1.00028)
Weighted mode 1.00004 0.84494 0.99975 0.37131 0.99922 0.08985 1.00004 0.78805 0.99996 0.75146
(0.99968, (0.99919, (0.99833, (0.99974, (0.99973,
1.00039) 1.00030) 1.00011) 1.00034) 1.00020)

T2DM, type 2 diabetes mellitus; SSTI, skin and soft tissue infections; UTI, urinary tract infection; GUI, genito-urinary infection; VWV, the inverse variance-weighted method;
MR-Egger, the Mendelian randomization-Egger method; SM, simple mode; OR, odds ratio; CI, confidence interval; p, p-value; SE, standard error.
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Num.

1

Gene ID

9585

10592

10733

54908

556215
55320

79682
81930

259266

Gene symbol

KIF20B

SMC2

PLK4

SPDL1

FANCI
MIS18BP1

CENPU
KIF18A

ASPM

Gene name

Kinesin Family Member 20B

Structural maintenance Of chromosomes 2

Polo like kinase 4

Spindle apparatus coiled-coil protein 1

Fanconi anemia complementation group |
MIS18 binding protein 1

Centromere protein U
Kinesin Family Member 18A

Abnormal Spindle microtubule assembly

Inference network

Copper sulfate, epigallocatechin gallate, oxygen, quercetin,
valproic acid

4,4'-diaminodiphenylmethane, epigallocatechin gallate,
quercetin, resveratrol, valproic acid

(+)-JQ1 compound, oxygen, paclitaxel, paraquat,
resveratrol, silicon dioxide, valproic acid, vorinostat

Copper sulfate, methamphetamine, paraquat, resveratrol,
smoke, valproic acid

Cobaltous chloride

Copper sulfate, quercetin, resveratrol, valproic acid,
vorinostat

Indomethacin

Amphetamine, copper Sulfate, epigallocatechin gallate,
(+)-JQ1 compound, quercetin, resveratrol, silicon dioxide,
valproic acid

Cobaltous chloride

Inference score

12.78

12.74

22.45

3.85

3.83
156.25

3.84
24.22

3.61
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P14%and  F/6m Severe infection, electrolyte  CD19 16:28943883;  ¢.305C > Vous; No; Compound  AR; ‘Common variable

Pis’ disturbance, severe (107265  16:28047515  (pP102R) vous No Het Inherted  immunodeficiency
(wins) metabolic alkalosis c.988A > G fromboth  (MIM: 613493)
(p.T330A) parents.
INM_001178098)
Cardiovascular P18 msy Malignant arrhythrmia: SCNSA  3:38502071  c.4892G > A w Yes Het AD;De  Famill atial fibrilation
diseases: n =2 ventricular tachycardia,  (600163) ($.G16310) novo (MIM: 614022)
ventricuar fibrilation, atrial [NM_001099404)
tachycardia, atria iillation
P2t Fldm Poor appetite, enlarged left  MYH7 1423002427 211G > w No Het AD; Cardiomyopathy diated
ventrcle, reduced systolic  (160760) EV7IM) Inherited  type 1S
‘and diastolic function INM_000257) from (MIM: 613426)
mother
Neuromuscular P23 Mom Motor retardation, AMPDT  1:116223070; 676G > A vous;  No; Compound  AR; Myoadenylate deaminase
diseases: n = hypotonia and weakness of (102770)  1:115220125  (o.D226N); vous No Het Inherited  doficiency myopathy
the whole body .1334C > T fromboth  (MIM: 615511)
(p.AdSY) parents
INM_000036)
Pas* M2m Seizures, head CT showed  SLCIA6  X:135080641  G.604A> G vous No Hem X Christianson syndrome
biateral symmetrical (@00231) (©-R2020) Inherited  (MIM: 300243)
low-density images in [NM_001042537) from
parietallobe mother
Multi-system  P16* w2m Smal for gestational age ~ NAATO  X:153199841  ¢.109T > G w Yes Hem XU Ogden syndrome.
diseases: infant, cyanoderma, (300013) ©.S37P) Inherted ~ (MIM: 300855)
hyoxernia, INM_003491) from
hyperbilirubinemia, special mother
foce
P39 M23d  Lowresponse, wr1 11:32413665  ¢.1385G > A w Yes Het AD;De  Denys-Drash syndrome
hypospadias, short penis, ~ (607102) (PRI620) novo (MiM: 194080)
systemic piting edema INM_024426)
Hematological ~ P20" Fi6d Respiratory distress, W 12:6132811;  ¢.3965C > T P Yes; Compound  AR; Von Willbrand disease
thrombocytopenia, (613160) 126103783 (p.Ti122M); w Yes Het Inherited  type 3
coagulation abnormalties C6104G > A fromboth  (MIM: 277480)
9.G20350) parents
[NM_000852]
p22* M11d  Smal head cicumference,  LHX3 9:139090825;  C550T > C w; No: Compound  AR; ‘Combined pituitary
hypoglycemia, (600577)  9:139090762  (p.S184P); w No Het Inherited  hormone deficiency type 3
hypothyroidism, left 6136 > C fromboth  (MIM: 221750)
cryptorchidism, deafess (pV205L) parents
INM_014564)

“, CES and mtDNA sequencing; M, male; F; female; d, day; m, month; y, year; LR, Likely pathogenic; VOUS, various of unknown significance; Hom, homozygote; Het, heterozygote; Hem, hemizygote; miDNA,
mitochandrial ONA: AR, autosomal recessive: AD, autosomal dominant: XL Xfinked.
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diseases:n =6

Immunodefi-
ciency
diseases:n =4

Patient ID

P8

P1a"

P24

P2g*

Pas’

Pagt

P1

P5

Sex/Age
at testing

M3m

W18m

W7d

M11m

F/6m

Fim

F/10m

Clinical features

Mass spectrometry showed
multiple metaboite
abnomaities,
hyperactacidernia
Psychomotor retardation,
developmental regression
at 10 months old,
strabismus, nystagmus,
bucking, feeding difculties,
hypotonia

Respiratory distross
syndrome, mass.
spectrometry showed
elevated B-UP and f-UIB
Fetal macrosomia,
hypoglycernia

‘Sudden initabilty and
dysprea,
hyperactacidernia,
respiratory and circulatory
faitre

Obrubiation, hypotoria,
infantile encephalopathy,
brain MRI showed
abnormal signals in biateral
basal ganglia and white
matter, and atrophy of the
temporal lobes

Diarthea, perianal abscess,
pyrexia, skin eczema

Diarthea, pyrexia,
splenomegaly,rash,
hyperbiliubinemia

Gene/
OMIM ID

sLcazas
(602671)

MTND6

uPBY
(606673)

ABCCS
(600509)

HSD17810
(300256)

GCDH
(608801)

1L10RA
(146939)

KRAS
(190070)

Ref. Seq
(hg19)

11:118898518

M:14430

22:04919647

1147428474

X:53458838

19:13004345;
19:13007744

11:117860269

12:25378647

Variants/
Transcript_ID

446G > A
.G1496)
[NM_001164278)

m14430A > G
(pWB2R)
[NC_012920]

c977G> A
(©RI260)
INM_016327]

©.3250_8252
dolins13
(p.T10420fs * 75)
INM_000352)
c503A> G
(PY165C)
[NM_004493)

383G > A
R1280)
©.87306iC
(p.N291Kis * 41)
[NM_000159]

<301C> T

(PRI01W)
[NM_001558)

G351A> C
PKIT7N)
[NM_033360)

Variant
classifi-
cation

w

vous

Clinically
reported
(Yes/No)

Yes

Yes

Yes

No

No

Yes;
No

Yes

No

2Zygosity

mIDNA

mutation

load of

91.3%

Het

Hem

Compound
Het

Hom

Het

Inheri-
tance
pattern

AR;
Inherited
from both
parents
Maternal
inheritance
(7.9%)

AR;
Inherited
from both
parents.
AD/AR;
Inherited
from father

X
Inherited
from
mother
AR;
Inherited
from both
parents

AR
Inherited
from both
parents
AD; De
novo

Disease

Giycogen storage disease
typele
(MIM: 232240)

Leigh syndrome
(MIM: 256000)

Beta-ureicopropionase
deficiency
(MIM: 613161)

Famillal hyperinsulinemic
hypoglycemia
(MIM: 256450)

HSD10 mitochondial
disease
(MIM: 300438)

Glutaricaciduria type
(MM: 231670)

Early-onset inflammatory
bowel disease
(MIM: 613148)

RAS-associated
autoimmune
leukoprolfrative disorder
(MIM: 614470)
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Characteristic

Sex

Male

Female

Age at genetic testing (1 d~15y)
Neonates: Age < 28 d

Infants: 28d < Age < 1y
Children: Age > 1y

Patients from departments
Neonatal intensive care unit (NICU)
Pediatric intensive care unit (PICU)
Other pediatric wards

Classification based on clinical phenotypes at genetic testing

Neuromuscular diseases
Digestive diseases
Cardiovascular diseases
Endocrine diseases
Metabolic-related diseases
Immunodeficiency diseases
Multi-system diseases

CES, clinical exome sequencing; mtDNA, mitochondrial DNA; d, day; y, year.

Total cases (n = 40)

24 (60.0%, 24/40)
16 (40.0%, 16/40)

6(15.0%, 6/40)
25 (62.5%, 25/40)
9 (22.5%, 9/40)

18 (45.0%, 18/40)
11 (27.5%, 11/40)
11 (27.5%, 11/40)

5(12.5%, 5/40)
4 (10.0%, 4/40)
4 (10.0%, 4/40)
3 (7.5%, 3/40)
3 (7.5%, 3/40)
2 (5.0%, 2/40)
19 (47.5%, 19/40)

Diagnosed by genetic analysis (n = 18)

11(61.1%, 11/18)
7(38.9%, 7/18)

4 (22.2%, 4/18)
12 (66.7%, 12/18)
2(11.1%, 2/18)

7(36.8%, 7/18)
7(36.8%, 7/18)
4 (21.1%, 4/18)

4 (22.2%, 4/18)
0
2(11.1%, 2/18)
2(11.1%, 2/18)
3(16.7%, 3/18)
1(5.6%, 1/18)
6(33.3%, 6/18)
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S.No Mutation ~Consequence  State  Origin Reference

1 G1379T>C plewiOPro  Homozygous Arab 9
Musim
origin
2 c115941G Homozygous  Qatari 6
ST
3 c86GA  Ag29ter Homozygous 2Twkish 5,8
sbs
4 c122508A  Serd09Vatsa36Ter Homozygous s
5 c98B1GT Spice Homozygous 5
6 CMSAT  aglagiote  Homozygosty s
7 GIT5+GA p.AaGiVal Homozygous 5
8 c509+1G> Homozygous Saudi  Present

T Arabia  study
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Term

A. KEGG analysis
Metabolic pathways

Biosynthesis of antibiotics
Retinol metabolism

TNF signaling pathway

Giycine, serine, and threonine metabolism

B. GO-BP analysis
Term

Apoptotic process
Oxidation-reduction process

Xenobiotic metabolic process

Transmembrane transport

Lipid metaboiic process

Metabolic process

Steroid metaboiic process

Response to mechanical stimulus

Response to glucocorticoid

Glucose homeostasis

Insuiin secretion

Epoxygenase P450 pathway

Regulation of G-protein coupled receptor protein signaling pathway

Celular amino acid metabolic process

Extrinsic apoptotic signaling pathway

Receptor internalization

T cell activation via T cell receptor contact with antigen bound to
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network Analysis (WGCNA)

“Gene dustering and diffeential
expression analysis.

~Gene ontology and KEGG analysis.

TCGA & gene expression Omnibus
data retrieval.

~Gene set enrichment analysis.

~Weighted gene co- expression
network analysis

“Tissue culture of BM- MSCs.

“Multiplex Luminex xMAP Assay of

chemokines, pro- inflammatory and
anti- inflammatory

Cytokines, growth factors.

“Ingenity Pathway Analysis (IPA).

- Cell Metabolic Activity (MTT
assay), Flow cytometry analysis of CD
Markers, CellTiter-BlueR assay,
Adipocytic differentiation potential of
BM-MSCs, Gene expression profiling
(qRT- PCR), Bioinformatics assays:
Ingenuity Pathway Analysis (IPA) &
SwissTargetPrediction.

~Cell metabolic activity MTT assay,
Cell cycle Propidium iodide assay,
cytokine analysis using multiplex
bead-based immunoassay, cell death
Annexin V-APC & PI assay.

~qRT-PCR gene expression assay.

“Hepatic transcriptome including
RNA-seq of the overlapped

differentially expressed genes in the
FXR KO mice and MAFLD patients.

~Correlation analysi, hierarchical
clustering, gene ontology (GO) &
pathway analysis

“Whole-blood RNA- sequencing.

“Expression quantitative trait loci
(eQTL).

“Enrichment analysis on eGene Set.

-Axiom_PMRA.13 array.

~Used TOPMED multi- ancestry
sample panel as a reference

~Genome-wide association, SNP.
genotyping.

“LocusFocus analytical approach for
colocalization testing.

“ELISA.
“Exome sequencing
RT-qPCR

“Restriction fragment length
polymorphism (RFLP) analysis.

- Rapid dlinical exome sequencing
(CES) combined with miDNA
sequencing,

“Blectroencephalography.
“Whole exome sequencing (WES).
“Sanger sequencing.

PCR

~Sanger sequencing

“Targeted Exome. Sequencing (TES)
& variant analysis.

~Costeefficiency analysis.

“Whole Exome Sequencing (WES).
~Sanger sequencing,
“PCR validation.

~Computational structural analysis
of the

‘mutants.

DNA/PCR sequencing.

~Dual-luciferase reporter assay

~Nudear extracts/ electrophoretic
‘mobilty shift assay.

Literature search.
-Data extraction.
“Literature quality Evaluation.

- Tril scquential analyss (TSA).

- Published data analysis to find out
MTNRIB rs10830963 association
with endophenotypes in GDM.

~Chromosomal microarray
analysis (CMA),

-qRT-PCR.

-QPRT SiRNA
Knockdown.
“Immunohistochemistry staining.

“Target enrichment (TruSight One
Expanded).

NGS of the codingareas of interest &
sequences analysis with
SeqNext (JSI).

~Sanger sequencing and segregation
analysis for validation.

~Next-generation sequencing (NGS).
“Targeted sequencing,

“PCR-based microsatelite analysis of
the APC gene.

~Generated Hemophilia A mouse
model.

RT-qPCR
“CRISPR design & injection.

“Next Generaton Sequencing (NGS).
“Immunofluorescence stining

“Ultrasound examination.

~Chromosomal. microarray analysis.

~Conventional & Nested PCR.

HCMY specific serum 1gG and IgM
antibodies were investigated by
enzyme- linked immunosorbent

- Two-sample Mendelian
randomization (MR).

- T2DM-related single nucleotide
polymorphisms (SNPs).

igh throughput next- generation
knowledge discovery platforms
including: SwissTargetPrediction,
WebGestalt, Open Targets Platforms
& Ingenuity Pathway Analysis.

“Multiple analyte Luminex profiling
(XMAP).

- Gene set enrichment analysis
(GSEA).

~DEGs discriminated using GEO2R
and Venn diagram.
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Main Findings

“SLC20A1 gene s involved in
urinary tract and urorectal
development.

~Human SLC20AL is implicated
asa disease gene for bladder
exstrophy.-cpispadias complex.

icose deprivation during
carly embryonic development
could differentialy alter the
expression of genes i the retinal
neurovascular unit.

~Abnormal embryonic
programming during
retinogenesis might lead to severe
retinopathy in patients with
diabetes.

~Placenta-derived
Osteoprotegerin (OPG) regulated
glucose homeostasis during.
pregnancy via enhancement of -
cell proliferation.

-A novel feedback mechanism
related to the regulation of
glucose homeostasis during
pregnancy.

- Mitochondrial function at the
germinal vesicle stage may
contribute to a decline in oocyte
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-SALLA is associated with
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related to cancer progression in
GC and its function in the Wit/
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cytokines, and ant-inflammatory
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neuroinflammation, TGF-b &
interleukin signaling could be
affected.

RWISCSRWISC extracts
decreased the leukemic cell
number by inducing cell cydle
arest & apoptosis

hWISCSRWISC extracts
upregulated anti-inflammatory
cytokines & downregulated pro-
inflammatory genes & cytokines
that might lead to the inhibition
of the K562 cells.

- BHMT2 and PKLR could be
highly correlated with MAFLD.

Identifying new eQTL associated
with Crohn's Disease.

- PCSK9 levels may be modulated
by trans genetic variation outside
of the PCSK9 gene.

- Exons 12 (CI236T) & exon 26
(C3435T) polymorphism may
play a role in drug resistance by
alering the expression level of
MDRI gene.

- Rapid mitochondrial
sequencing combined with
exome sequencing in patients
diagnosed with suspected
‘mitochondrial disorders s an
eficient approach to avoid a wide
range of unnecessary clinical
investigations.

- Identified a homozygous splice
site donor alteration of possible
interest in NT5C2.

- Targeted exome sequencing
(TES) achieved a high diagnostic
rate for Genetic Skeletal
Dysplasias (GSD) which led to
better & Improved clinical
management.

- BRPF1 gene variants is
associated with an intellectual
developmental disorder with

dysmorphic facies and ptosis.

- dentified 10 SNPs, 2 DNA-
variants, & 3 ATGI6L1 gene
promoter mutations in AMI
patients. These mutations affect
the binding of transcription
factors and change the
transcriptional actvity of
ATGI6LL.

amin-D Receptor (VDR)
variants were correlated vith
urolithiasis susceptbility.

- T-allele might be the risk gene
and the protective gene in VDR
Taql variant.

MTNRIB rs10830963 risk
variant s associated with major
forms of clinical consequences
mainly early prevention failure in
high-risk pregnancy, therapy in
high-risk Gestational Diabetes
Mellitus (GDM) and a neonatal
complication-related trait

“Maternal genome wide
association studies GWAS on
neonatal birthweight may
potentially expect the reduction
of complications.

“Identified a total of 45 CNVs.
ONV 16p11.2 was the highest
record with kidney anomalics

-QPRT was distinctly localized in
renal twbules.

“Loss of QPRT affected the cell
cydle & proliferation of human
embryonic kidney cell.

~Two new missense mutations in
the TRAPPCY gene in one
individual with intelectual
disability (ID) and autism
spectrum disorder (ASD).

- APC: pW553X mutation was
detected in all Familial
Adenomatous Polyposis studied
cases suggesting a potential role
in detecting the discase

- Potential treatment of the
recurrent mutation in HA
patients using i vivo gene repair

strategy.

-PBXI could be a candidate gene
for fetal growth restrction, renal
hypoplasia and congenital heart
disease.

~Correlating the genotype-
phenotype might improve
prenatal diagnosis of fetuses with
chromosome 1q deletion.

~No association between
CCR5A32 mutation and
colorectal cancer (CRC).

“Human cytomegalovirus
(HCMV) infection is related
to.CRC.

- No strong evidence to support
the causal associations between
T2DM and several infectious
diseases including Sepsis, skin,
Pneumonia, and GUI in the
European population.

- Wdentified several upstream
regulators of Sphingosine-1-
phosphate (S1P) signaling
including various cytokines and
growth factors.

- Identified hub genes and key
pathways of pulmonary arterial
hypertension (PAH), with a total
of 110 differentially expressed
genes (DEGS) and 9 hub genes
relted to PAH.

~Upregulated DEGs were.
enriched in receptor Interaction.

~Downregulated DEG were
involved in gastric acid secretion

10 core genes exhibited.
ificantly higher expression in
STAD.

-STEAP1 expression is
upregulated in Lung
Adenocarcinoma (LUAD).

-STEAPL s associated with the
occurrence and progession of
LUAD.

-STEAPI coexpression with
other genes could regulate
homologous recombination, 33
signaling cell cycle, DNA
replication, and apoptosis.

~STEAPL s a potential
prognostic biomarker for LUAD.

7-gene signature was identificd.

ignature was closely related to
cell cycle, DNA replication, &
DNA repair

- Applying NGS 0 AML patients”
diagnoses together with protocols
for target therapy could better
improve the qualty of the
patients care.
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st 2nd 3rd Overall

(n=270) (n=270) (n=270) (n=810)

Mean(SD) 54(:016)  57(+0057)  6.0(0.14)  57(x0.26)

123(46%)  129(48%)  124(46%)  B76(46%)

Fema\e 147(64%)  141(52%)  146(54%)  434(54%)
Mean(SD) 50(27.9) 50(:8.8) 52(:7.9) 51(:8.2)
Black 38(14%) 24(9%) 34(13%) 96(12%)
Mixed 54(20%) 63(23%) 61(23%) 178(22%)
White 150(59%)  163(60%)  158(59%)  480(59%)
Asian 124%) 15(6%) 12(4%) 39(5%)
indigenous 3(1%) 2(1%) 4(1%) 9(1%)
Missing 4(1.5%) 31.1%) 1(0.4%) 8(1.0%)
Neversmoker  147(54%)  162(60%)  133(49%)  442(55%)
Former smoker  65(24%) 74(27%) 94(35%) 233(20%)
Smoker 58(21%) 34(13%) 43(16%) 135(17%)
Mean(SD) 26(24.6) 27(+4.8) 27(24.9) 27(24.8)
No 21078%)  201(74%)  197(73%)  608(75%)
60(22%) 69(26%) 73(27%) 202(25%)
Mean(SD) 11065 11063  11067)  110{6.5)
Mean(SD) 52(:046)  52(:047)  52(:046)  5.2(20.46)
Mean(SD) 5.6(+1.4) 5.7(x1.5) 5.7(+1.6) 5.6(21.5)
Mean(SD) 210(:37) 210(:38) 200(:38)  220(=38)"**
Mean(SD) 120(:65) 130(+76) 140(:88)  130(77)**
Mean(SD) 55(214) 56(x14) 56(:13) 56(214)
Mean(SD) 130(:31) 130(32) 140(:33) 130232

s*yalue of p 0.001-0.07: ***p <0.001.
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Gene Cytogenetic
location/Genomic
coordinates

Novel renal ciliopathy genes

ADAMTS9 3p14.1(chr3:
64,501,330-64,673,365)

ARL3 10624.32(chr10:
104,433,484-104,474,190)

CEPS5 10q23.33(chr10:
95,256,369-95,288,849)
DzZIP1L 3022.3(chr3:

137,780,827-137,834,451)

OFIP(KIAAO753) 17p13.1(chri7:
6,481,645-6,544,247)

TMEM260 14q22.3(chr14:
57,046,511-57,116,233)
TXNDG15 5631.19(chr5:

134,200,460-134,237,323)

Novel renal ciliopathy candidate genes
RUVBL1 3q21.3(chr3:
127,783,628-127,872,757)

Candidate renal ciliopathy modifier genes

ATMIN 16G23.2(chr16:
81,060,458-81,080,951)

GLi 12q13.3(chr12:
57,858,018-57,866,051)
NMES 16p13.3(chri6:

1,820,321-1,821,710)

Encoding Protein

A disintegrin-like and metalloproteinase
with thrombospondin Type 1 Motis 9

ADP ribosylation factor-like GTPase 3

Centrosomal protein 55 kDa

DAZ interacting protein 1-fike

'OFD1-AND-FOR20-interacting protein

Transmembrane protein 260

Thioredoxin domain-containing protein 15

RUVB E.coli homolog-like 1 (Pontin)

ATM Interactor

Glioma-assoiated oncogene homolog 1

Nucleoside diphosphate kinase 3

Novel non-ciliary genes associated with a renal ciliopathy phenotype

GANAB 11g12.3(chr11:
62,392,298-62,414,198)

DNAJB11 3q27.3(chr3:
186,288,465-186,303,589)

MAPKBP1 16q16.1(chr15:
42,066,632-42,120,053)

Alpha-Glucosidase Il

DnaJ heat shock protein famiy member
Bl

Mitogen-activated protein kinase-binding
protein 1

Novel renal ciliopathy phenotypes for known ciliopathy genes

c2008 11q18.4(chr11:
73,723,750-73,882,064)
ceoctia 19q13.33(chr19:
48,799,700-48,823,332)
CEP19 3q20(ch3:

196,433,148-196,439,165)

NPHP1 2q13(chr2:
110,880,913-110,962,639)

IFT140 16p13.3(chr16:
1,560,428-1,662,109)
IFT27 22q12.3(chr22:

37,164,246-37,172,177)

RPGRIP1L 16q12.2(chr16:
$53,633,161-63,737,850)

G2 calcium-dependent domain containing
protein 3

Coiled-coil domain containing protein 114

Centrosomal protein 19 kDa

Nephrocystin-1

Intraflagelar Transport 140

Intraflagellar Transport 27

RPGRIP1-Like

Protein function

‘A member of the zinc-dependent ADAMTS
metalloproteinases, important in the ER-Golgi
transport system and extracellular matrix
degradation. Localizes in close proximity to basal
body. In vitro studies indicate a potential role in
ciliogenesis/ciia maintenance and Hh signaling, but
exact molecular mechanisms need to be
determined.

Gila GTP-binding protein, required for release of
lipidated protein cifary cargo. Crucial for ciliogenesis
and formation of the axoneme.

CEP55 is a centriolar protein that localizes at the
midbody and is required for abscission during
cytokinesis. Potential regulator of the AKT/PI3K
pathway. Any roles in cilia
formation/maintenance/precneqafunction is yet to
be confirmed.

Gentriolar protein localizes to the mature centriole
overlapping with the transition zone, subdistal and
distal appendage markers. Potential roles in
polycystin 1/2 cilia distribution, however exact
molecular function needs to be confirmed.

Centriolar and centriolar satelite protein,
component of the FOR20-OFD1-OFIP complex
reqired for centriolar integrity, microtubule
stabilization and centriole plasma membrane
anchoring. In vitro studies indicate interactions with
CEP63, which is important in centriolar duplication.
Exact functions need to be confirmed.

A predicted transmembrane protein, with two main
isoforms. Its exact function is unknown.

Positive regulator of ciliogenesis, and predicted to
interact with multiple cilla proteins, but no clear ciia
localization. Positive regulator of Hh signaling.
Molecular function needs to be confirmed.

An ATPase from the AAA + family of ATPases that
functions in protein chaperone and co-chaperone
complexes. It has roles in DNA Damage response
pathways, mitotic spinde repair and chromatin
remodeling. In vitro proteomic screens have shown
Ruvbl1 is a cilia protein which interacts with the
NPHP complexes in cilia, but Ruvbl1 does not have
aciliary localization. lts exact cilia function is
unknown.

Transcription factor, reguiates ATM activity and
stabilty in absence of DNA damage. ATMIN is
required for Wit-mediated signaling i kicney
development. In vitro studies have demonstrated
ATMIN influences Pkhd1 mRNA levels.

Zine-finger transcription factor, regulated by Hh
signaling. Itis associated with stem cell proliferation,
tumorigenesis, and numerous signaling pathways,
including ERK and G-Beta Gamma.

A nucleoside diphosphatre kinase that facilitates
DNA-repair mechanisms and binds to NEK8,
CEP164 and ANKS6.

“This gene encodes the alpha (catalytic) subunit of
glucosidase Il, an endoplasmic reticulum enzyme.
Invitro studies indicate that GANAB effects
polycystin 1 and 2 maturation and cilia localization.
The exact pathogenesis and cilia function of
GANAB are ot known.

Soluble glycoprotein of the endoplasmic reticulum.
Interacts with BIP. Required for maturation process
of polycystin-1.

Scaffold protein for mitogen-activated protein
kinases, which is key for regulating JNK and NOD2
signaling. Non-cillry protein, but has a suggested
MAPKBP role in DNA Darmage Response pathways.

Centrosomal ciia protein, that is vital for distal
appendage formation, IFT component recruitment
and ciliogenesis regulation.

Gilla protein that is predicted to be associated with
the outer dynein docking arm complex along the
axoneme. Is also localized to the basal body in
some cell types.

Centrosomal protein that localizes to the primary
cilia basal body; it is important for IFT-B recruitment
into the primary cilium and subsequent ciliogenesis.
Gilla protein, interacts with nephrocystin-4 as well as
functioning at tight junctions with a role in epithelial
cell organization.

A component of the IFT-A complex, which is
involved in cilia intraflagellar transport

IFT27 is a g-protein that forms a component of
IFT-B complex, which is required for cilial
intraflagelar transport.

Gilial protein, localized at the basal body of the
primary cill, ciiary axoneme and cytoplasm.
Interacts with nephrocystin 4, its exact function
needs to be determined.
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Reported case Cytoband Deletionsize (M) GR PR LP GA HF BD CL CA MC MG RA
Present case 1G28.3-31.2 28,025 + NA s - - - - + - - +
Sun etal. (2019) 1G23.3 1.871 B - E . . - - . . . &
Lee et al. (2018) 1G23.3-31.1; Xp22.31  28;1.68 + NA 4 - + e+ - +
Hu et al. (2013) 1926.2-q31.3 205 B + + ] & - + - - - =
Milani et al. (2012) 1G31.1-q82.1 15.6 - + o+ - - - - - : . .
Filges et al. (2012) 1G25.2-125.3 15 - - - - - - + - R B
Burkardt et al. (2011), P1  1q24.3-q25.2 12.48 + + - + + + + - + - -
Burkardt et al. (2011), P8 1q24.1-g31.1 267 o+ o+ + - + - + - -
Burkardt et al. (2011), P6  124.3-q25.3 9.81 + + + - + - i - + + N
Burkardt et al. (2011),P7  1q24.3-G25.3 129 o+ - + + - - + - -
Burkardtetal. (2011) P9 1q24.3-G31.3 223 + .+ P . EO + + -
Prontera et al. (2011) 1G24.3-313 21 + NA - . . : = < + NA
Nishimura et al. (2010) 1G24.3-312 195 + + o+ P - + - -
Thienpont et al. (2009) 19256.1-g31.3 20.3 + + + 5 + - + - - - -
Descartes et al. (2008) 1G23.3-q25.2 14.38 + + o+ + e+ + -
Chaabouni et al. (2006) 1924.2-q25.2 10.8 + NA = - - + - - - - -
Hoglund et al. (2003) 125.3-631.3 13.1 - + . + - + - - - + -
Pallotta et al. (2001) 1G23-31.2 NA o+ o+ - + + o - + - .
Takano et al. (1997) 1024-025.3 NA + + + + o - + + - N NA
Taysi et al. (1982) (P2) 123-25 NA o+ o+ . - 4+ - -

Phenotypes of each deletion are listed n the box. Adapted from Hu et al. (2013). GR, growth retardation; PR, psychomotor reterdation; L/R, ip/palate anomalies; GA, genital abnormalites;

HYF, small hands/feet; BD, brachydactyly; CL, fifth finger clinodectyly; CA, cardiac anomelies; MC, microcephly; MG, micrognathie; RA, renal abnormalites;

NA, no available; P, patient.

+, positive; -, negative;
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Variables HR (95% confidence interval)

SALL4

Low 1

High 1.729 (1.082-2.763)
TNM stage

Stage | 1

Stage I 1,686 (0.750-3.789)
Stage lll 2.267 (0.881-5.834)
Stage IV 4830 (1.603-14.551)
Lymphatic metastasis

Positive 0.848 (0.439-1.638)
Negative 1

Distant metastasis

Positive 1.087 (0.426-2.526)
Negative 1

Age (years)

18-55 1

56-90 1,691 (1.082-2.763)

*TCGA, The Cancer Genome Atlas; HR, hazard ratio.

P-value

0.022

0.206
0.090
0.005

0.623

0.937

0.078
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Variables HR (95% confidence interval) P-value

Age (years)
18-55 1

56-90 1.793 (1.027-3.128) 0040
Sex

Male 1.333 (0.904-1.965) 0.147
Female 1

SALL4

High 1.724 (1.115-2.666) 0014
Low 1

Differentiation

Poor 1
Well or modest 0.784 (0.541-1.136) 0.199
TNM stage

Stage | 1

Stage Il 1.460 (0.725-2.940) 0290
Stage Il 1.985 (1.002-3.699) 0.049
Stage IV 3.779 (1.820-7.850) <0.001
Lymphatic metastasis

Positive 1.540 (1.002-2.366) 0049
Negative 1

Distant metastasis

Positive 2167 (1.190-3.947) 0011
Negative 1

*TCGA, The Cancer Genome Atlas; HR, hazard ratio.
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Variables HR* (95% confidence interval)

TNM stage
Stage | 1

Stage I 4.079 (1.382-12.045)
Stage Il 9.305 (3.238-26.854)
Stage IV 20,083 (3.533-113.577)
SALL4

Negative 1

Positive 2.211 (1.384-3.533)
Location

Cardia 1

Non-cardia 0560 (0.371-0.848)
Differentiation

Poor 1

Well or modest 0620 (0.415-0.924)
Vascular invasion

Positive 1

Negative 2107 (1.219-3.643)
Sex

Female 1

Male 0.614 (0.411-0.916)

*HR, hazard ratio.

P-value

0011
<0.001
0.001

0.001

0.006

0.019

0.008

0.017





OPS/images/fcell-09-600344/fcell-09-600344-t002.jpg
Variables HR* (95% confidence interval) P-value

Age (years)

18-55 1

56-90 1,236 (0.830-1.836) 0297
Sex

Male 0.644 (0.440-0.943) 0.024
Female 1

SALL4

Positive 25507 (1.605-3.918) <0.001
Negative 1

Lauren type

Diffused type 1.246 (0.957-1.621) 0.102
Intestinal type 0.674 (0.487-0.861) 0.003
Mixed type 1

Differentiation

Poor 1

Well o modest 0.499 (0.342-0.729) <0.001
Location

Cardia 1

Non-cardia 0,643 (0.431-0.958) 0.030
TNM stage

Stage | 1

Stage Il 6.027 (2.084-17.430) 0.001
Stage Il 18.151 (6.651-49.537) <0.001
Stage IV 36.798 (6.722-201.443) <0.001
Vascular invasion

Positive 4.700 (2.867-7.704) <0.001
Negative 1

Perineural invasion

Positive 2262 (1.519-3.368) <0.001
Negative 1

Lymphatic metastasis

Positive 4.998 (2.941-8.492) <0.001
Negative 1

Distant metastasis

Positive 4.036 (0.995-16.374) 0.051
Negative 1

*HR, hazard ratio.
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Variables SALL4-positive SALL4-negative P-value

(n=304) (n=1511)
Sex 0,001
Male 241 1,055

Female 63 456

Age (years) 0012
18-55 89 557

56-90 215 954

Lauren type <0001
Diffuse type 38 467

Mixed type 155 539

Intestinal type 11 505

Location 0043
Cardia 8 355

Non-cardia 216 1,156

TNM stage 0,008
Stage | 63 439

Stage Il 102 436

Stage Il 139 622

Stage IV o 14

Lymphatic metastasis 0,002
Positive 204 868

Negative 99 641

Vascular invasion™ 0.023
Positive 181 793

Negative 122 715

Perineural invasion* 0977
Positive 158 786

Negative 144 719

Distant metastasis 0092
Positive 0 14

Negative 304 1,497

EBER <0001
Negative 303 1,420

Positive 1 91

WHO classification 0.044
Conventional adenocarcinoma 304 1,491

LELC 0 20

AFP 289220 333871 0.009

“Data for Lymphatic metastasis, vascular invasion, and perineural invasion were missing
for three, four, and eight patients, respectively; EBER, Epstein-Barr virus-encoded
small RNA; LELG, lymphoepithelioma-like carcinoma; WHO, World Health Organization;
AFP (ng/L).
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Genotypes Case (N = 100) Control (N = 140) p° (IC) OR®

n % n %
Dominance A32>WT Wywt 98 98 135 97 07 18
WY A32+A32/ A32 02 02 05 03 0.37-9.25
Coodominance WT = A32 Wywt 98 98 135 97 0.4757 -
Wt/a32 02 02 05 03 = =
A32/ A32 0 0 0 0 - -

afisher's exact test was used because of lows sample.
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Case (N = 100) Control (N = 140)

n % p -value® n % p value®
- Genotypes = . = — = =
- Wi 98 % - 135 o7 -
- Wya32 2 2 - 05 03 -
COR5 WT/ A32 432/ 432 0 0 0503 0 0 0515
- allele - - - - - -
- A32 2 2 - 04 4 -
- wr 198 %8 - 196 96 -

aExact test for HWE, uses mid-p values was performed because of low counts and rare allele.
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ULs5 -
— Positive
= Negative
UL138 -

- Positive
- Negative

HCMYV: Human Cytomegalovirus: UL: unigue long gene; Cl: confidence interval: OR: odd ratio.

Tumoral tissue (N = 40)

n %
a7 925
3 75
n %
40 100
0 0

Peri-tumoral tissue (N = 35)

n %
29 82.86
6 17.14
n %
34 97.14
1 2.86

P (95% Cl)

0.29 (0.94-1.33)

0.46 (0.97-1.09)
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uLs5 Positive
Negative

uL138 Positive
Negative

HCMV: Human Cytomegalovirus; CRC: colorectal cancer: ClI: confidence interval: OR: odd ratio.

Cases (N = 100)

Control (N = 138)

n

93
07
98
02

%

93
07
98
02

n

84
54
138
00

%

60
40
98.5
00

P (95% CI)

p < 0.0001(3.82—20.50)

0.7344 (0.09—5.12)

OR

8.85

071
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Variable

Age (mean + SD)
Sexe male n (%)
Cancer site

Colon (%)

Rectum (%)

Other (%)
TNM stage

Satge |

Stage I

Stage

Stage IV
Severity

Stages ||

Stages lI-V
Metastases

Yes

No

Not available

Cases

Tumoral
tissues (N = 40)

58+ 10
18 (45)

28(70)
13 (32.5)
09 (22.5)

05 (12.5)
12 (30)
09 (22.5)
14.(35)

17 (42.5)
23(63.5)

15(37)
25(63)
0

Blood (N = 100)

58+ 11.46
42 (42)

54 (54)
35 (35)
10 (10)

09 (09)
34 (34)
47 (47)
10 (10)

47 (47)
63 (63)

20 (20)
67 (67)
13(13)

“The age among two groups was compared using one-way ANOVA. NS:not significant.

CRC: colorectal cancer: NS:not significant: SD: standard deviation; N: number.

Controls

Blood (N = 140)

573102
47 (66)

p value®

NS
NS
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VDR genetic
variations

Apal (rs7975232)

Bsml (rs1544410)

Foki (1s2228570)

Taql (rs731236)

Position

chr12:47845054
(GRCh38.p12)
chr12:47846052
(GRCh38.p12)

chr12:47879112
(GRCh38.p12)

chr12:47844974
(GRCh38.p12)

Genomic description

NG_008731.1:9.64978G>T

NG_008731.1:9.63980G>T;
NG_008731.1:9.63980G>C;
NG_008731.1:9.63980G>A
NG_008731.1:9.30920T>G;
NG_008731.1:9.30920T>C;
NG_008731.1:9.30920T>A

NG_008731.1:9.65058T>C
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Area

China
USA

China
China
China

Turkey
China
China
China
India
India
India
Japan
China
Turkey
Italy
China
India
Spain
Turkey
China
Korea
Iran
Turkey
Turkey
italy
Turkey
China
India
italy
Turkey

Ethnicity

Asians
Caucasians
Asians
Asians
Asians

Caucasians
Asians
Asians
Asians
Asians
Asians
Asians
Asians
Asians
Caucasians
Caucasians
Asians
Asians
Caucasians
Caucasians
Asians
Asians
Caucasians
Caucasians
Caucasians
Caucasians
Caucasians
Asians
Asians
Caucasians
Caucasians

Age group  Case group of

Children
NA
Adults
Adults
Adults

Adults
Adults
Mixed
Adults
Adults
Adults
Chidren
Adults
Adults
Adults
Adults
Adults
Adults
Adults
Children
Adults
Mixed
Adults
Adults
Children
Adults
Adults
Children
Adults
Adults
Children

Hypercalciuria

NA
Hypercalciuria
NA
NA
NA

NA
Hypercalciuria
NA
NA
Hypercalciuria
Hypercalciuria
NA
NA
Hypercalciuria
NA
Hypercalciuria
NA
NA
NA
Hypercalciuria
NA
NA
NA
Hypercalciuria
Hypercalciuria
Hypercalciuria
NA
NA
NA
NA
Hypercalciuria

Genotyping Methods

PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR- RFLP

PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-RFLP
PCR-8SCP
PCR-RFLP
PCR- RFLP
PCR- RFLP
PCR- RFLP
PCR- RFLP
PCR

PCR- RFLP
PCR- RFLP

130
17
124
146
50

164
150

464
150
138
50
83
186
110
27
235
125
51
80
169
102
108
98
64
159
52
74
200
110
8

224
37
90
90
50

167
80
90
450
100
166
60
83
90
150
160
231
150
21
40
166
535
109
70
90
124
51
103
200
127
60

Case/n Control/n VDR variants

Foki
Tagl
Bsml
Foki
Fokl

Taql
Apal, Fok,Tagl
Apal, Fokl

Apal, Bsmi,FoKi, Taql
Bsmi, Fokl

Fok!

Fokl

Apal, Tagl

Apal, Fok, Tagl
Apal, Bsmi, Tag!
Bsml

Fok!

Apal, Fok, Tagl
Apal, Bsml Tag!
Tagl

Fok!

Apal, FoklTagl
Fokd, Taql
Apal,Bsml, Fok,Tagl
Bsmi, Tag!
Apal,Bsml, Fokl
Bsml, oK, Tag!
Apal,Bsml

Fokl

Foki
Apal,Bsml,Taql

NOS score

® o~~~

® N O NDN®D®ONONDNADONODD®®OND DO

NOS, Newcastle-Ottawa Scale; PCR, polymerase chain reaction; RFLP, restriction fragment length variant; SSCP, single-strand conformational polymorphism; NA, not available.
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SNPs Contrast model Subgroup Number of OR (95%Cl) 3 Test for heterogeneity Analysis

studies model
P (%) P
Apal
Avs.a Overall 13 0951 (0.864, 1.047) 0.305 300 0.145 F
Aavs.aa Overal 13 0.877 (0.755,1.018) 0.084 00 0.719 F
AAvs. 2a Overal 13 0.996 (0.807,1.229) 0.970 30.1 0.144 F
AAvs. Aataa Overall 13 1.010(0.850,1.199) 0914 344 0.107 F
aavs. AdtAa Overall 13 1.120 (0.973,1.289) 0.114 0.0 0503 F
Avs.a Asian 8 0.968 (0.813,1.153) 0.715 524 0.040 R
Aavs.aa Asian 8 0.864 (0.735,1.016) 0.077 29 0.407 F
AAvs.aa Asian 8 1,034 (0.693,1541) 0.871 551 0029 R
AAvs. Aataa Asian 8 1.011(0.732,1.398) 0.946 208 0.282 R
aavs. AAtAa Asian 8 1.134/(0.974,1.320) 0.105 332 0.163 F
Avs.a Caucasian 5 1,002 (0.830,1.211) 0.980 0.0 0.730 F
Aavs. aa Caucasian 5 0.950 (0.647,1.395) 0.793 0.0 0.845 F
AAvs.aa Caucasian 5 0.986 (0.652,1.491) 0.946 0.0 0815 F
AAvs. Aataa Caucasian 5 1.029(0.76,1.364) 0.842 208 0282 F
aavs. AAtAa Caucasian 5 1.040 (0.720,1.503) 0.832 0.0 0958 F
aavs. AAtAa Hypercalciuria 5 0.994 (0.745,1.325) 0.966 0.0 0555 F
aavs. MitAa Adult 9 1127 (0.947,1.342) 0.479 282 0.194 F
Bsm!
Bys.b Overall 12 0.992 (0.876,1.123) 0.900 349 0.111 F
Bbvs. bb Overal 12 0911 (0.674,1.232) 0547 46.2 0.039 R
BB vs.bb Overall 12 0.957 (0.734,1.247) 0.745 37.2 0.094 F
BB vs. Bo+bb Overal 12 1.061(0.859,1.311) 0582 00 0510 F
bb vs. BB+Bb Overall 12 1.079 (0.805,1.447) 0610 50.1 0.024 R
Bys.b Asian 3 0.942 (0.745,1.190) 0617 0.0 0817 F
Bbvs. bb Asian 3 0.942 (0.687,1.292) 0711 00 0.857 F
BB vs.bb Asian 3 0.941 (0.544,1.628) 0.828 0.0 0.867 F
BB vs. Bo+bb Asian 3 0.943 (0.619,1.437) 0.784 0.0 0.661 F
bb vs. BB+Bb Asian 9 1.070 (0.794,1.443) 0.656 00 0.980 F
Bvs.b Caucasian 9 0.990 (0.795,1.231) 0.926 50.7 0.039 R
Bbvs. bb Caucasian 9 0855 (0.552, 1.322) 0.480 60.4 0010 R
BB vs.bb Caucasian 9 0.916 (0.557,1.506) 0.729 535 0.028 R
BB vs. Bo+bb Caucasian 9 1.104 (0.865,1.410) 0.427 1.4 0342 F
bb vs. BB+Bb Caucasian 9 1133 (0.737,1.741) 0570 63.6 0.005 R
bb vs. BB+Bb Hypercalciuria 6 1.411(0.811,2.458) 0.223 69.6 0.006 R
bb vs. BB+Bb Adult 10 1.002 (0.761,1.320) 0.988 404 0,090 R
Fokl
fys. F Overall 19 1.073(0.897,1.284) 0.440 80.2 P <0001 R
Ffvs. FF Overal 19 1.149 (0.894,1.476) 0.277 752 P <0001 R
ffvs.FF Overall 19 1.064 (0.759,1.490) 0.720 68.3 P <0001 R
ffvs. Fi+ff Overall 19 1.013 (0.753,1.361) 0.934 67.4 P <0001 R
FF vs. Fi4ff Overall 19 0.878 (0.679,1.135) 0.320 788 P <0.001 R
fys. F Asian 14 1.144(0.951,1.375) 0.153 772 P <0001 R
Ffvs. FF Asian 14 1.174(0.846,1.628) 0.337 81.9 P <0001 R
ffvs.FF Asian 14 1.200 (0.864,1.666) 0.277 57.2 0.004 R
ffvs. Fi4ff Asian 14 1.144 (0.879,1.490) 0.316 50.2 0016 R
FF vs. Fi4ff Asian 14 0.822 (0.596,1.133) 0.231 828 P <0001 R
fys. F Caucasian 5 0.877 (0.522,1.474) 0.621 86.4 P <0001 R
Ffvs. FF Caucasian 5 1,077 (0.820,1.415) 0.594 0.0 0.949 F
ffvs FF Caucasian 5 0.740 (0.263,2.084) 0.569 83.4 P <0.001 R
ffvs. Fi+ff Caucasian 5 0.709(0.256,1.974) 0510 848 P <0.001 R
FF s, Fiff Caucasian 5 1.055 (0.722,1.541) 0.782 537 0.071 R
FF vs. Fiff Hypercalciuria 6 0,932 (0.511,1.701) 0.819 85.4 P <0001 R
FF s, Fitff Adult 15 0.861(0.633, 1.171) 0.340 805 P <0.001 R
Taql
tvs. T Overall 17 1.329 (0.956,1.848) 0.091 88.7 P <0.001 R
Ttvs. TT Overall 17 1.213(0.979,1.503) 0.078 383 0.055 R
ttvsTT Overall 17 1.289(0.914,1.817) 0.148 353 0.075 R
ttvs. THTT Overall 17 1.166 (0.833,1.632) 0.370 485 0013 R
TTvs. Tt Overall 17 0.824 (0.709,0.957) 0011 216 0202 F
tvs. T Asian 6 1,648 (0.728,3.729) 0231 95.1 P <0.001 R
Ttvs. TT Asian 6 1.382 (1.055,1.683) 0016 29.0 0217 F
ttvsTT Asian 6 1.125(0.702,1.803) 0.623 00 059 F
ttvs. T TT Asian 6 0.901(0.574,1.414) 0.650 00 0.605 F
TTvs. Tttt Asian 6 0.782(0.626,0.977) 0.030 220 0.268 F
tvs. T Caucasian 1" 1.162(1.013,1.332) 0.032 347 0.121 F
Tts. TT Caucasian 11 1.138 (0.832,1.556) 0.418 431 0.063 R
ttvsTT Caucasian 1" 1.380 (1.029,1.852) 0.032 512 0025 F
ttvs. THTT Caucasian 1 1.271(0.827,1.952) 0274 608 0.004 R
TTvs. Tt Caucasian 1" 0.860 (0.702,1.063) 0.144 265 0.192 F
TTvs. Tttt Hypercalciuria 7 0.769 (0.585,1.010) 0.059 334 0.173 F
TTvs. Tttt Adult 13 0.809 (0.684,0.957) 0.013 14.1 0302 F

R, random effect model; F, fixed effect model: OR, odds ratic

Cl, confidence interval.
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Pathway ID Term Count P-value Genes FDR

Xu04512 ECM-receptor interaction 6 1.12E-09 COL6GA3, COL1A2, COL1 Al, THBS2, COL5A2, FN1 4.28E-07
xtrO4510 Focal adhesion 6 1.19E-07 COLBAS3, COL1A2, COL1 Al THBS2, COL5A2, FN1 4.53E-05
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Node gene Degree

COL1A1 24
COL1A2 21
FN1 20
COL5A2 18
BGN 16
COLBA3 16
COL12A1 15
THBS2 15
CDH11 12
SERPINH1 11
COL10A1 11
TFF2 11
ASPN 11

MUCS5AC 10
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Pathwav ID

hsa04971
hsa04512
hsa04974
hsa00830
hsa04510
hsa00982
hsa04966
hsa00980
hsa05204

Description

Gastric acid secretion

ECM-receptor interaction

Protein digestion and absorption

Retinol metabolism

Focal adhesion

Drug metabolism — cytochrome P450
Collecting duct acid secretion

Metabolism of xenobiotics by cytochrome P450
Chemical carcinogenesis

Count

AR WA N ON NN

P-value

2.00E-05

5.46E-05

5.83E-05
0.001520866
0.005227439
0.016001409
0.018727092
0.020028855
0.024566639

Genes

KCNJ16, KCNJ15, ATP4A, ATP4B, KCNE2, CA2, and SST

COLGA3, COL1A2, COL1 Al, THBS2, COL5A2, SPP1, and FN1
COLGA3, COL1A2, CPA2, COL12A1, COL1A1, COL5A2, and COL10A1
ALDH1A1, RDH12, CYP2C18, ADH7, and UGT2B15

COLGA3, COL1A2, COL1 Al, THBS2, COL5A2, SPP1, and FN1

FMO05, ADH7, UGT2B15, and ALDH3A1

ATP4A, ATP4B, and CA2

AKR7A3, ADH7, UGT2B15, and ALDH3A1

CYP2C18, ADH7.UGT2B15, and ALDH3A1
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Expression

Upregulated

Downregulated

Category

GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT

Term

GO:0007155~cell adhesion

GO:0035987~endodermal cell differentiation
GO:0030199~collagen fibril organization
G0:0071230~cellular response to amino acid stimulus
GO0:()001501-skeletal system development
GO:0005581-collagen trimer
GO:0005578~proteinaceous extracellular matrix
GO:0005615~extracellular space
GO:0070062~extrdcellular exosome
GO:0005576~extracellular region
GO:0042802~identical protein binding
GO:0005201-extracellular matrix structural constituent
GO:0005515~protein binding

GO:0005509~calcium ion binding
GO:0048407~platelet-derived growth factor binding
GO:0007586~digestion

G0:0006081~cellular aldehyde metabolic process
GO:0006805~xenobiotic metabolic process
GO:(X)55114~oxidation-reduction process
GO:0010107~potassium ion import
GO:0005615~extracellular space

G0:0016324~apical plasma membrane
GO:0070062~extracellular exosome
GO:0031225~anchored component of membrane
G0:0005764~lysosome

GO:0005242~inward rectifier potassium channel activity
GO:0018479~benzaldehyde dehydrogenase (NAD +) activity
GO:0008900~hydrogen:potassium-exchanging ATPase activity
GO:0001758~retinal dehydrogenase activity
G0:0015280~ligand-gated sodium channel activity

Count

[ I I N I A I T N A R VI S |

Ro B

NN NN WO

P-value

8.38E-07
1.68E-05
2.35E-05
0.003303913
0.004586779
1.31E-09
5.16E-08
1.21E-06
0.002224851
0.00306613
0.002087486
0.002236986
0.003812268
0.003982864
0.005716885
6.67E-09
1.07E-05
1.69E-05
2.71 E-05
2.02E-04
1.49E-06
0.006968923
0.008418185
0.011341676
0.014100077
0.002416557
0.007332264
0.010978534
0.025432302
0.029013148

FDR

0.001059856
0.021196552
0.029671995
4.09798155
5.647054851
135E-06
5.20E-05
0.001236783
2.258522618
3.100466564
1.083628784
2.124328943
3.59592875
3.75410086
5.348701785
9.09E-06
0.014571778
0.023039718
0.036936867
0.27485333
0.001568694
7.094816498
8.511744286
11.31066102
13.88022087
2.873134203
8.48537793
12.45446088
26.68434583
29.86504406
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DEGs
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Downregulated

ADAM 12
SFRP4
THBS2
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LDHD
FBP2
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PTPRZ1
ATP4A
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KIAA1324
GKN1

IGF2BP3
CDH11
NID2
EPHB2
MAL
CAPN9
PKIB
ESRRG
AKR7A3
CPA2
RAB27B
DPCR1

COL1A1
BGN
MFAP2
COL1A2
ADH7
VSIG1
CA9
GCNT2
SSI
TFF2
SCNN1B
HPGD

FNDC1
COL8A1
WISP1
COL12A1
ZBTB7C
CWH43
SCGB2A1
TMPRSS2
CXCL17
SPINK2
LYPD6GB
CNTN3

Gene names

CSTH

ASPN

Sum
SPOCK1

LIPF

PDIA2

LOC400043 ALDH3A1
ARHGEF37 FUT9

CAPN13

TCN1
HOMER2

MUC6

FN1 PRRX1
SERPINH1 FAP
RARRESH COL6A3
B4GALNT3 FM05 roc
CYP2C18 CA2
GATAS KCNE2
ATP4B SOSTDCH
RDH12 SLC26A9
C160rf89 VSTM2A
GIF SSTR1

ALDH1A1 ACER2

COL5A2
INHBA
CLDN1

TMEDG6
B3GNT6
PSAPLA1
KLKU
ENPP6
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VSIG2
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Healthy donors (n = 7) PCOS patients (n = 9) p-value

Age (years) 29.7 £ 0.6 274 +£141 0.1266
BMI (Kg/m?) 18.6+0.4 19.7 £ 0.6 0.1427
SBP (mmHg) 119.2+£ 39 116.3+4.4 0.6515
DBP (mmHg) 74+ 25 76.4 +£3.3 0.8739
AFC (antral follicle) 101+14 >24 <0.001(0.000)**
FSH (miU/ml) 6.1+ 0.5 5.7+ 0.5 0.5516
LH (miU/ml) 5.0+ 0.6 8.7 £0.6 <0.001(0.000)**
LH/FSH 3.9+0.3 6.2+04 <0.001(0.000)**
Insulin (IU) 105+1.9 127 £ 2.1 0.464
Testosterone (nmol/L) 1.1+01 1.6+£0.2 <0.05(0.0311)*
Androstenedione 22403 23+02 0.7234
Sex Hormone-Binding Globulin (SHBG, nmol/L) 38.0+25 53.7+5.4 <0.05(0.0313)*

Ovarian volume total 3809.6 x 408.0 5789.8"56565.2 <0.05(0.0165)*
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Parameter Training set Validation set

MTAB-6134 (n = 282) TCGA-PAAD (n = 124)

RO(n=234) R1(n=48) RO(M=77) Ri(n=47)

Gender

Female 104 14 37 21
Male 130 34 40 26
Histological grade

G1 90 18 12 3
G2 106 22 42 31
G3 38 8 23 12
G4 NA NA NA 1
T stage

T 11 NA 4 NA
T2 33 6 10 3
T3 190 42 62 42
T4 NA NA 1 2
N stage

NO 69 3 23 9

N1 165 45 54 38
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G0:2000147: positive regulation of cell motility G0:0005178: integrin binding
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Genes

GAPDH

IFN-y

TNF-o

IL-18

IL-6

IL-8

IL-12A

IL-4

IL-10

BAX

BCL-2

SURVIVIN

CASPASE 3

Primer sequence

F: 5’-GCACCGTCAAGGCTGAGAAC-3
R: 5'-GGATCTCGCTCCTGGAAGATG-3'
F: 5’-CCCTCACACTCAGATCATCTTCT-3
R: 5'-GCGTTGGACATTCAAGTCAG-3'

F: 5-GGTGCTTGTTCCTCAGCCTC-3

R: 5'-CAGGCAGAAGAGCGTGGTG-3

F: 5-CTGTCCTGCGTGTTGAAAGA-3'

R: &5'-TTGGGTAATTTTTGGGATCTACA-3'
F: 5’-CCACTCACCTCTTCAGAA-3

R: 5'-GCGCAAAATGAGATGAGT-3

F: 5’-AGACAGCAGAGCACACAAGC-3'
R: 5’-ATGGTTCCTTCCGGTGGT-3

F: 5"-CACTCCCAAAACCTGCTGAG-3'

R:
F
R
F
R
F
R
F
R
F
R
F
R

5'-TCTCTTCAGAAGTGCAAGGGTA-3'

: 5'-TGGATCTGGGAGCATCAAGGT-3'
: 5/-TGGAAGTGCGGATGTAGTCAG-3'

: 5'-GCTCTTACTGACTGGCATGAG-3'
: 5'-CGCAGCTCTAGGAGCATGTG-3

: 5'-GGCTGGGATGCCTTTGTG-3
: 5'-CAGCCAGGAGAAATCAAACAGA-3'

: 5’ -TGGAGCTGCAGAGGATGATTG-3
: 5'-GCTGCCACTCGGAAAAAGAC-3'

: 5-ACCAGGTGAGAAGTGAGGGA-3'
: 5'-AACAGTAGAGGAGCCAGGGA-3

: 5'-TGACTGGAAAGCCGAAACTC-3'

5'-AGCCTCCACCGGTATCTTCT-3'

F, forward primer; R, reverse primer.
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Gene Gene description Degree r
symbol

CDK1 Cyclin-dependent kinases 1 51 0.377
UBE2C Ubiquitin conjugating enzyme E2C 49 0.378
CCNA2  Cyclin A2 47 0.414
CCNBt Cyclin B1 46 0.364
CCNB2  Cyclin B2 43 0.358
MAD2L1  MAD2 mitotic arrest deficient-like 1 41 0.423
BIRC5 Baculoviral inhibitor of apoptosis repeat-containing 5 41 0.389
BUB1 Budding uninhibited by benzimidazoles 1 40 0.356
NCAPG  Non-SMC condensin | complex subunit G 38 0.362
KIF4A Kinesin family member 4A 38 0.359
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