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Editorial on the Research Topic 
Characterizing the uncharacterized human proteins


As of the first week of April 2023, according to the data from the UniProt Knowledgebase (https://www.uniprot.org) (UniProt Consortium, 2023), the human proteome has a record of 20,422 canonical as well as 21,998 non-canonical protein isoforms. These figures are noteworthy because the number of non-canonical isoforms is almost equal to the number of canonical ones, suggesting that “non-canonical” isoforms may be equally important as their canonical counterparts. Despite the fact that scientists have studied canonical isoforms in greater detail over the years, there are still hundreds to thousands of uncharacterized canonical and non-canonical isoforms as their biological functions are yet to be revealed. Besides, the discovery of protein encoding ncRNAs (Jackson et al., 2018) has added another layer of complexity to the situation, and as such, the current reported total number of human proteoforms (Smith and Kelleher, 2018) is likely to be underestimated. The Research Topic titled “Characterizing the uncharacterized human proteins” showcases the latest discoveries in the field of unstudied or under-studied proteins/isoforms. It consists of 9 published manuscripts, including 6 research and 3 review articles, with 66 different contributors. This Research Topic covers a wide range of studies, from individual uncharacterized proteins to high-throughput analyses of novel peptides/protein variants in both normal and pathological conditions.
Among the research works covered in this Research Topic, Tan et al. unveiled the potential relationships between essential micronutrients and uncharacterized human proteins C9orf85 and CXorf38, where their expressions could be selectively induced by manganese and selenium. Dong et al. demonstrated that Max interacting protein 1–0 (Mxi1-0), a functional isoform of Mxi1, potentiates hypoxic pulmonary hypertension through MEK/ERK/c-Myc-mediated proliferation of pulmonary arterial smooth muscle cells. Tian et al. reported on a human case carrying two rare variants of ARHGAP31 [c.2623G>A (p.Glu875Lys)] and FBLN1 [c.1649G>A (p.Arg550His)], where the synergistic effects of these two protein mutants may potentiate the terminal transverse limb defects (TTLD), expanding the clinical complexity of mutant gene product interactions in genetic disorders. Zhang et al. studied arrestin domain containing 2 (ARRDC2), a protein in the α-arrestin family, in ovarian cancer (OC). They found that high ARRDC2 expression level is associated with malignant biological behavior and poor overall survival of OC, suggesting that ARRDC2 can be used as a potential indicator to evaluate the prognosis of OC. Chen et al. used an untargeted proteomic approach with LC-MS/MS to screen and functionally analyze peptides from the placenta of healthy subjects versus patients with preeclampsia (PE). They identified a differentially-expressed peptide named placenta-derived peptide (PDP, with the sequence AASAKKKNKKGKTISL), derived from the precursor protein eukaryotic translation initiation factor 4B, which could bind to TGF-β1 and impact the Smad signaling pathway, demonstrating that placental bioactive peptides may regulate placental function during the progression of PE. Wu et al. used translatome sequencing to investigate alternative splicing (AS) isoforms in human hepatocellular carcinoma MHCC97H cell line. They identified 50 novel protein isoforms in mass spectrometry datasets, demonstrating the potential of translatome sequencing in investigating the proteome of AS isoforms.
Furthermore, this Research Topic includes excellent literature reviews. Li and Kalev-Zylinska provided a comprehensive and up-to-date summary of molecular alterations in myeloid leukemia associated with Down syndrome, including the aberrant expression of proteins on chromosome 21 (such as C21orf66) and GATA1 mutations, which drive expression of a truncated GATA1 protein. Chiang et al. focused on reviewing a lysine methytransferase named SETD7 (also known as KIAA1717). Besides its well-known epigenetic regulatory role as a histone lysine methyltransferase, SETD7 can also methylate other nonhistone proteins (over 30 substrates, including transcriptional-related proteins and enzymes). Thus, manipulating SETD7 and subsequently its substrate methylation levels might be possible strategies for cancer intervention. Lastly, Yang et al. discussed the YT521-B homology domain family proteins [YTHDFs, including YTHDF1 (also known as C20orf21), YTHDF2 and YTHDF3], in which more and more studies have supported these N6-methyladenosine readers could play a key role in tumor transcription, translation, protein synthesis, tumor stemness, epithelial−mesenchymal transition, immune escape, and chemotherapy resistance.
Although much more collaborative efforts are required to unveil the mysteries of the cellular functions of uncharacterized human proteins, the works in this Research Topic would certainly arouse the attention of scientists in the urgent need to fill in the knowledge gaps in this frontier in the years to come. With this goal being set, as time goes on, sooner or later all uncharacterized human proteins would ideally be characterized and have their names rewritten in history (Figure 1).
[image: Figure 1]FIGURE 1 | The exploration of the uncharted territories of the human proteome. As time goes on, all uncharacterized human proteins will gradually be characterized and merged to the existing protein network.
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Background: Hypoxic pulmonary hypertension (HPH) is a challenging lung arterial disorder with remarkably high incidence and mortality, and so far patients have failed to benefit from therapeutics clinically available. Max interacting protein 1–0 (Mxi1-0) is one of the functional isoforms of Mxi1. Although it also binds to Max, Mxi1-0, unlike other Mxi1 isoforms, cannot antagonize the oncoprotein c-Myc because of its unique proline rich domain (PRD). While Mxi1-0 was reported to promote cell proliferation via largely uncharacterized mechanisms, it is unknown whether and how it plays a role in the pathogenesis of HPH.
Methods: GEO database was used to screen for genes involved in HPH development, and the candidate players were validated through examination of gene expression in clinical HPH specimens. The effect of candidate gene knockdown or overexpression on cultured pulmonary arterial cells, e.g., pulmonary arterial smooth muscle cells (PASMCs), was then investigated. The signal pathway(s) underlying the regulatory role of the candidate gene in HPH pathogenesis was probed, and the outcome of targeting the aforementioned signaling was evaluated using an HPH rat model.
Results: Mxi1 was significantly upregulated in the PASMCs of HPH patients. As the main effector isoform responding to hypoxia, Mxi1-0 functions in HPH to promote PASMCs proliferation. Mechanistically, Mxi1-0 improved the expression of the proto-oncogene c-Myc via activation of the MEK/ERK pathway. Consistently, both a MEK inhibitor, PD98059, and a c-Myc inhibitor, 10058F4, could counteract Mxi1-0-induced PASMCs proliferation. In addition, targeting the MEK/ERK signaling significantly suppressed the development of HPH in rats.
Conclusion: Mxi1-0 potentiates HPH pathogenesis through MEK/ERK/c-Myc-mediated proliferation of PASMCs, suggesting its applicability in targeted treatment and prognostic assessment of clinical HPH.
Keywords: hypoxic pulmonary hypertension (HPH), max interacting protein 1–0 (Mxi1-0), pulmonary arterial smooth muscle cells (PASMCs), cell proliferation, MEK/ERK, c-Myc
INTRODUCTION
Hypoxic pulmonary hypertension (HPH) due to lung diseases and/or chronic hypoxia is among the most common groups of pulmonary hypertension with high mortality (Badesch et al., 2010; Galiè et al., 2015). Although the two key pathological processes, vasoconstriction and pulmonary vascular remodeling, have been adequately investigated (Dunham-Snary et al., 2017; Woo et al., 2019; Young et al., 2019), the 3 years survival rate of HPH is significantly worse than of other categories of HPH (Hurdman et al., 2012). In advanced lung disease, regional hypoxic vasoconstriction improves the matching of perfusion and alveolar ventilation, but subsequently leads to the increase in pulmonary circulation pressure (Naeije and Dedobbeleer, 2013; Li et al., 2018), underlining the difficulty of HPH treatment despite the availability of novel drugs (Prins et al., 2017; Cassady and Reed, 2019). Therefore, there is an urgent need to develop novel therapeutics based on the identification of key players in the pathogenesis of HPH. In particular, although hypoxia-induced cell proliferation of vascular endothelial and smooth muscle cells is a hallmark of HPH, the underlying mechanisms remain largely elusive.
Max interacting protein 1–0 (Mxi1-0) is an alternative transcript of Mxi1 involved in the Myc-Max-Mad network (Zervos et al., 1993; Dugast-Darzacq et al., 2004). Mxi1-0 shares exons 2 to 6 with the originally cloned Mxi1 (here-in-after referred to as Mxi1-1). The common basic region helix-loop-helix/leucine zipper (bHLH/LZ) enables Mxi1-0 to bind to Max and regulate cell behavior (Hurlin and Huang, 2006). Compared with Mxi1-1, Mxi1-0 has an alternative first exon (exon 0), encoding a different SIN3 interaction domain (SID) (Engstrom et al., 2004), and is reported to promote proliferation of various types of cells, such as endothelial cells and neuroblastoma cells (Armstrong et al., 2013; Wu et al., 2017). However, it is uncharacterized whether and how Mxi1-0 plays a regulatory role in HPH-related over-proliferation of pulmonary arterial endothelial cells (PAECs) or pulmonary arterial smooth muscle cells (PASMCs).
In this study, we found in clinical specimens that Mxi1-0 was crucially involved in the development of HPH. Mxi1-0 but not Mxi1-1 improved the mitosis of PASMCs. Mechanistically, Mxi1-0 was transcriptionally activated by hypoxia and upregulates the proto-oncogene c-Myc via MEK/ERK signaling.
MATERIALS AND METHODS
Sample Collection and Ethics Statement
6 chronic lung disease (CLD) samples with or without hypertension were obtained during lung transplantation, and three samples of donor lung tissues were taken from the lungs that were not transplanted. All experiments related to human samples were conducted in accordance with the Declaration of Helsinki and were approved by the ethics committee. All subjects provided written informed consent prior to participation in the study.
Hematoxylin and Eosin Staining
The fixed lungs were sliced in the mid-sagittal plane, embedded in paraffin, and cut into 5 μm thick sections with a microtome. Then, the sections were placed on glass slides, stained with hematoxylin and eosin (HE) staining for morphological analysis, and visualized under an Olympus BX41 microscope (Tokyo, Japan).
Immunohistochemistry and Immunofluorescence Staining
Paraffin-embedded lung tissue sections were deparaffinized in xylene and rehydrated in a graded ethanol series to PBS. Antigen retrieval was performed by pressure cooking in citrate buffer for 10 min. The sections were permeabilized by incubation with 0.3% Triton X-100 and blocked with 5% donkey serum albumin in a humidified chamber for 1h, and were immunostained with primary antibodies to Mxi1 (1:200, ab28740, Abcam Ltd., Cambridge, United Kingdom) or α-smooth muscle actin (α-SMA) (1:200, 48938, CST, Boston, United States). After overnight incubation, sections were washed and incubated with the respective secondary antibodies, donkey anti-rabbit IgG (1:1,000, Jackson Immuno, PA, United States), alexa 594 donkey anti-rabbit IgG (1:1,000, Jackson Immuno, PA, United States), or oralexa 488 donkey anti-mouse IgG (1:1,000, Jackson Immuno, PA, United States) for 1 h. For immunohistochemistry, sections were counterstained with hematoxylin and detected by incubation with the DAB substrate. For immunofluorescence staining, sections were counterstained with nuclear DAPI (1:1,000) and mounted with fluorescent mounting medium.
Cell Culture and Transfection
Primary human PASMCs were purchased from ScienCell, Inc (#3110) and cultured in smooth muscle cell medium (SMCM, ScienCell). Primary human PAECs were purchased from ScienCell, Inc (#3100) and cultured in endothelial cell medium (ECM, ScienCell). Cells were used at passages 4–7. In the cell-growth assay, PASMCs were exposed to normoxia, hypoxia, and hypoxia plus various antagonists as indicated. Cells in the normoxia group were maintained at 37°C in 21% O2, 74% N2, and 5% CO2 (Forma 370, Thermo, United States). Cells in the hypoxia groups were separately cultured at 1% O2, 94% N2, and 5% CO2 (Forma 3131, Thermo, United States). When cells reached 80% confluence, they were transfected with different siRNAs using Lipofectamine 3000 Transfection Reagent (Invitrogen). 6 h after transfection, cells were cultured in serum containing medium for a resting period of 24 h, followed by hypoxia exposure for different times. Mxi1-1 siRNA (target sequence: 5′-CGUCGCACAUGUUCC GGAACG-3′) and Mxi1-0 siRNA (target sequence: 5′-CAGCGAGAACUCGAUGGAGAATT-3′) were synthesized by GenePharma (Shanghai Gene Pharma Co.,). As a control, commercially available non-targeting siRNA (si-Control) was used.
Immunocytofluorescence Assay
Human PASMCs grown on chamber slides were fixed with 4% paraformaldehyde, permeabilized by incubation with 0.3% Triton X-100 and blocked with 5% donkey serum albumin for 2 h. Then, slides were immunostained overnight with primary antibodies to Mxi1 (1:100, ab28740, Abcam Ltd., Cambridge, United Kingdom), followed by 1 h incubation with a secondary antibody, alexa 594 donkey anti-rabbit IgG (1:200, Jackson Immuno, PA, United States). After incubation, slides were counterstained with nuclear DAPI (1:1,000) and mounted with fluorescent mounting medium. Fluorescent images were taken with fluorescence microscope (Olympus, Japan).
Lentiviral Infection
The recombinant lentiviruses expressing Flag-tagged Mxi1-1 and HA-tagged Mxi1-0 were purchased from Genscript (Jiangsu, China). To prepare Mxi1-1 or Mxi1-0 overexpression viral particles, HEK293T cells were co-transfected with each viral vector and the packaging vectors (pMD2.0G and psPAX) using JetPEI purchased from Qbiogene (Montreal, Canada) following the manufacturer’s protocol. The medium was replaced 4 h after transfection, and cells were cultured for a further 36 h. Viral particles were harvested, filtered using a 0.45 µm syringe filter, and combined with 10 μg/ml polybrene (Sigma, MO, United States). PASMCs at 60% confluency were treated with these particles overnight. The culture medium was then replaced with fresh complete growth medium, and cells were cultured for a further 24 h and selected with puromycin (1 μg/ml). The selected cells were used in further experiments.
Quantitative Real-Time PCR
The mRNA level was determined by qRT-PCR. Total RNA was extracted from cells or tissues using Trizol reagent (Invitrogen, CA, United States) according to the manufacturer’s protocol. RNA was subsequently reverse transcribed into cDNA using ReverTra Ace qPCR RT Kit (TOYOBO, Japan). cDNA was amplified and detected using Hieff qPCR SYBR Green Master Mix (Yeasen, Shanghai, China). The PCR primers were as follows: 5′-GGA​CCT​GAC​TGA​CTA​CCT​CAT-3′ and 5′-CGT​AGC​ACA​GCT​TCT​CCT​TAA​T-3′ for β-actin, 5′-GAG​GCT​GCC​GAG​TTT​TTG​G-3′ and 5′-TCGGCATGGACGGGAAT-3′ for Mxi1-1, and 5′-GAG​ACC​GAC​ACA​CAC​TCC​CAT​A-3′ and 5′-CGAAAAGCCGGCCTGACT-3′ for Mxi1-0. Fold change of RNA species was analyzed with the formula (2−ΔΔCt), and was normalized to β-actin expression.
Western Blotting
Total lysates of cells or tissues were homogenized in RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with a protease inhibitor, phenylmethyl sulfonyl fluoride (1 mM). Equivalent amounts of protein were separated by SDS- polyacrylamide gels and transferred to 0.22 μM nitrocellulose membranes (Millipore, MA, United States). After blocking, the membranes were probed with one of the following primary antibodies overnight at 4°C: anti-Mxi1 (1:1,000, sc-130627, Santa Cruz, TX, United States), anti-MEK (1:1,000, 4,694, CST, Boston, United States), anti-phospho-MEK (1:1,000, 9,154, CST, Boston, United States), anti-ERK (1:1,000, 4,695, CST, Boston, United States), anti-phospho-ERK (1:1,000, 4,370, CST, Boston, United States) and anti-c-Myc (1:1,000, 13987, CST, Boston, United States). Then, membranes were incubated with secondary antibodies for 1 h at room temperature. Bound antibodies were detected using a Super ECL Detection Reagent (Yeasen, Shanghai, China) and imaged on a Tanon Western blotting detection system (Tanon, Shanghai, China).
Cell Viability Assay
Cells were seeded into 96-well plates at a density of 2000/well and incubated with either vehicles or inhibitors. After exposure to nomorxia or hypoxia, a total of 110 μL of DMEM containing the CCK-8 solution (Beyotime, Shanghai, China) [CCK8:DMEM (v/v) = 1:10] was added to each well, and cells were incubated for 4 h. Finally, cell viability was determined by measuring the absorbance at 450 nm using a multi-well spectrophotometer (Bio-RAD, CA, United States).
Cell Proliferation Assay
Proliferation of cells was detected with a BeyoClickEdU Cell Proliferation Kit with Alexa Fluor 647 (Beyotime, Shanghai, China) following the manufacturer’s protocol. Briefly, cells were seeded into 12-well plates at a density of 10000/well and incubated with siRNA or vehicle. After exposure to nomorxia or hypoxia for 48h, cells were treated with EdU (20 µm) for 3 h and subjected to fixing and permeabilization. Then, cells were exposed in click additive solution for 30 min followed by Hoechst staining for 10min, and finally observed with fluorescence microscope (Olympus, Japan).
Animal Models
Adult male Sprague-Dawley rats weighing 150–200 g were purchased from the Slake Company (Shanghai, China). All protocols and surgical procedures were approved by the Fudan University Veterinary Medicine Animal Care and Use Committee. Animals were randomly divided into five groups (n = 5/group): 1) normoxia (Nor), 2) chronic hypoxia (Hyp), 3) chronic hypoxia and treatment with DMSO (DMSO), 4) chronic hypoxia and treatment with 0.15 mg/kg/tiw PD98059 (PD0.15), and 5) chronic hypoxia and treatment with 0.3 mg/kg/tiw PD98059 (PD0.3). PD98059 was administered via intraperitoneal injection. Rats in the normoxia group were housed at ambient barometric pressure for 28 days (-718 mmHg, PO2 maintained in 150.6 mmHg). Rats in the hypoxia groups were housed in a hypobaric hypoxia chamber depressurized to 380 mmHg (PO2 in 79.6 mmHg) for 8 h/day for 28 days as previously described (Li et al., 2019). All animals were raised under a 12 h:12 h light-dark cycle and were freely supplied food and water. The room temperature was maintained at 25°C, and the bedding was changed once per week.
Echocardiography and Hemodynamic Analysis
After 28 days, rats were fasted overnight and initially anesthetized with isoflurane inhalation. Echocardiography was performed with Visual Sonics Vevo 2100 ultrasoundmachine and 12S rodent probe (GE Healthcare, CT, United States) to determine pulmonary artery acceleration time (PAAT) and tricuspid annulusplain systolic excursion (TAPSE). Data were analyzed with EchoPAC software (GE Healthcare, CT, United States). Then, haemodynamic analysis was performed as previously described (Xia et al., 2018). Briefly, anesthesia was given to rats with 20% ethylurethanm via injecting intraperitoneally (4 ml/kg). After intubation, right ventricular systolic pressure (RVSP) was recorded. To investigate right ventricular hypertrophy (RVH), the right ventricle (RV), the left ventricle plus septum (LV + S) and the body weight (BW) were weighed, and the RV/(LV + S) ratio and RV/BW ratio were determined.
Statistical Analysis
ImageJ software was used to scan the gray level of Western blotting images, and spss24.0 software was used for data statistical analysis. Statistical significance was assessed by comparing mean (±SD) values with Student’s t-test for independent groups. p < 0.05 was considered as statistically significant. The data were plotted with graphpad prism 8.0 software.
RESULTS
Mxi1 Is Involved in the Clinical Development of Hypoxic Pulmonary Hypertension
To identify candidate players in HPH pathogenesis, we first screened for genes differentially expressed between normal and hypoxic PASMCs using the GEO database (Figure 1A, dataset: GSM1857126-1857131). As a result, we obtained 602 genes, of which 200 were up-regulated and 402 were down-regulated in hypoxia samples. GO and KEGG enrichment analyses were performed using DAVID 6.8 database. The GO results indicated that genes were significantly enriched in cell proliferation, aging and response to organic cyclic compound, mainly concentrated in biological processes related to proliferation (Figure 1B), whereas KEGG analysis demonstrated that genes were mainly enriched in growth and differentiation related pathways, such as Ras signaling pathway, PI3K-Akt signaling pathway, MAPK signaling pathway, FOXO signaling pathway, cell cycle and AMPK signaling pathway (Figure 1C).
[image: Figure 1]FIGURE 1 | Screening for hypoxic pulmonary hypertension (HPH)-related genes. (A) Heatmap of genes differentially expressed in normal and hypoxic pulmonary arterial smooth muscle cells (PASMCs) in GEO database (dataset: GSM1857126∼1857131). (B,C) GO (B) and KEGG (C) enrichment analyses for differentially expressed genes described in (A).
Among the most significantly changed genes in HPH is Mxi1, which is remarkably upregulated in HPH and established to participate in the regulation of cell division (Armstrong et al., 2013; Wu et al., 2017). We next investigated the expression of Mxi1 in clinical HPH samples. Specimens of nine patients, including 3 with CLD but not hypertension, 3 with HPH and three donors of normal lungs, were collected and examined (Figures 2A,B). Western blotting analysis indicated that Mxi1 was significantly higher in pulmonary of HPH tissues than in those of CLD patients or donors, suggesting a correlation between Mxi1 expression and HPH occurrence (Figure 2C). Immunohistochemical staining of the lung tissues of HPH patients demonstrated specific upregulation of Mxi1 in the medial layer, consisting mainly of PASMCs (Figure 2D). Consistently, immunofluorescent staining showed that Mxi1 co-localized with α-SMA (Figure 2E). Thus, Mxi1 expression is induced in PASMCs during the development of HPH.
[image: Figure 2]FIGURE 2 | Mxi1 is upregulated in PASMCs of HPH patients. Lung samples of three donors, three chronic lung disease (CLD) patients and three hypoxic pulmonary hypertension (HPH) patients were collected and sectioned. (A) Hemodynamic analysis of patients before collection of samples. (B) Hematoxylin and eosin staining of paraffin-fixed lung sections was used for morphological analysis of pulmonary arteries. (C) The expression of Mxi1 was examined via Western blotting analysis, followed by quantification of the blots through densitometry and normalization to β-actin. (D) Representative paraffin lung tissue sections from donors, CLD, and HPH patients were subjected to immunohistochemical staining of Mxi1. (E) Representative sections in all groups were also subjected to immunofluorescence staining of Mxi1 and α-SMA with nuclei counterstained by DAPI (blue), and the image of HPH merge was zoomed. Scale bar, 20 μm. Data are shown as means ± SDs. For statistical significance, ***represents p < 0.001 compared with HPH patients.
Hypoxia Induces Expression of Mxi1-0 but Not Mxi1-1 in Pulmonary Arterial Smooth Muscle Cells
We next explored the expression of Mxi1 isoforms in pulmonary arterial cells when exposed to hypoxia. Western blotting analysis showed that Mxi1 was induced by hypoxia in a time-dependent manner and peaked when exposed to hypoxic conditions for 12 h (Figure 3A). Hypoxia significantly upregulated Mxi1 in PASMCs but not PAECs (Figure 3B). Consistent with the assays using clinical pulmonary specimens (Figure 2C), we detected a 45 kD protein using the pan-Mxi1 antibody (Figure 3B). In addition, to determine the major isoforms induced by hypoxia, we generated vectors for tagged Mxi1-0 and Mxi1-1, and ectopically overexpressed these proteins in PASMCs. Western blotting analyses using antibodies recognizing the tag sequence detected 2 proteins with distinct molecular weights (Figures 3C,D), suggesting that Mxi1-0 was the predominant isoform upregulated by hypoxia (Figure 3A). Unlike Mxi1-1 that was reported to exhibit a predominant nuclear localization (Engstrom et al., 2004; Erichsen et al., 2015), Mxi1-0 resided both in the cytoplasma and the nucleus (Figure 3E). These findings strongly suggest that Mxi1-0 is remarkably upregulated in PASMCs when exposed to hypoxic conditions.
[image: Figure 3]FIGURE 3 | Hypoxia induces expression of Mxi1-0 but not Mxi1-1 in PASMCs. (A) PASMCs were exposed to hypoxia (1% O2) for indicated periods of time. Cell lysates were prepared and subjected to Western blotting assay. (B) Pulmonary arterial endothelial cells (PAECs) and PASMCs were exposed to normoxia (21% O2) or hypoxia for 12 h, and were subjected to Western blottinganalyses. (C,D) PASMCs were transfected with constructs for HA-tagged Mxi1-0 (C) or Flag-tagged Mxi1-1 (D), and were subjected to Western blotting analyses. (E) PASMCs were exposed to normoxia or hypoxia for 12 h, and were subjected to immunostaining with a Mxi1 antibody and counterstaining of the nuclei with DAPI. Scale bar, 20 μm. Data from three independent experiments are shown as means ± SDs. For statistical significance, ***represents p < 0.001 compared to normoxia or the mock-transfected group.
Mxi1-0 but Not Mxi1-1 Mediates Hypoxia-Induced Pulmonary Arterial Smooth Muscle Cells Proliferation
Accumulating evidence has indicated that hypoxemia in the pulmonary vessels leads to increased PASMCs proliferation (Shah, 2012). To test whether Mxi1-0 plays a pathogenic role in the induction of this phenotype, we designed siRNAs that could specifically knockdown Mxi1-0 (siMxi1-0) or Mxi1-1 (siMxi1-1) (Figure 4A). While hypoxic treatment significantly promoted the growth of PASMCs, this was ablated by knockdown of Mxi1-0 but not that of Mxi1-1 (Figure4B). Conversely, overexpression of Mxi1-0 but not Mxi1-1 improved the growth rates of PASMCs exposed either to normoxia or hypoxia (Figure 4C). In line with these observations, we found that Mxi1-0 silencing in hypoxia-treated PASMCs reduced the ratios of EdU-positive cells, whereas Mxi1-0 overexpression enhanced these ratios in both normoxia- and hypoxia-exposed cells (Figure 4D), suggesting an essential role of Mxi1-0 in hypoxia-elicited mitosis of PASMCs. Collectively, these data indicate that Mxi1-0 but not Mxi1-1 drives the hyper-proliferative response in hypoxia-exposed PASMCs.
[image: Figure 4]FIGURE 4 | Mxi1-0 but not Mxi1-1 promotes PASMCs growth under hypoxic conditions. (A) PASMCs were transfected with siRNAs targeting either Mxi1-0 or Mxi1-1, and were subjected to Western blotting analyses. (B) PASMCs cultured in normoxic or hypoxic conditions were transfected with siRNAs targeting either Mxi1-0 or Mxi1-1, and CCK-8 assays were performed on indicated times. (C) PASMCs cultured in normoxic or hypoxic conditions were infected with recombinant lentiviruses to overexpress Mxi1-0 or Mxi1-1, and CCK-8 assays were performed on indicated times. (D) PASMCs were transfected with Mxi1-0-targeted siRNAs or infected with recombinant lentiviruses to overexpress Mxi1-0, and were cultured in normoxic or hypoxic conditions for 48 h. Cells were then subjected to immunofluorescence staining for EdU, followed by microscopy and calculation of the ratios of EdU-positive cells in three random fields. Scale bar, 100 μm. Data from three independent experiments are shown as means ± SDs. For statistical significance, *represents p < 0.05 compared to siControl, **represents p < 0.01 compared to siControl, ***represents p < 0.001 compared to siControl, ## represents p < 0.01 compared to Hypoxia-siControl, ### represents p < 0.001 compared to Hypoxia-siControl, $represents p < 0.05 compared to Hypoxia-OEmock, ¥represents p < 0.05 compared to Normoxia-OEmock.
Mxi1-0 Potentiates Pulmonary Arterial Smooth Muscle Cells Proliferation Via Upregulation of c-Myc
C-Myc is a proto-oncogene, which plays a key role in the regulation of cell growth and proliferation (Nesbit et al., 1999; Baluapuri et al., 2020). Previous studies have demonstrated that hypoxia leads to the high expression of c-Myc in the occurrence of pulmonary vascular diseases, and that Mxi1 is involved in the regulation of the transcription factor, c-Myc (Zervos et al., 1993; Voelkel et al., 2013). To mechanistically understand how Mxi1-0 might promote proliferation, we assessed the expression of c-Myc in hypoxic PASMCs further subjected to Mxi1-0 silencing or overexpression. As a result, hypoxic exposure increased c-Myc levels, which was further augmented by overexpression and counteracted by knockdown of Mxi1-0 (Figures 5A,B). By constrast, Mxi1-1 overexpression or knockdown failed to affect the expression of c-Myc in PASMCs cultured in normoxic or hypoxic conditions (Figures 5C,D), consistent with previous findings that Mxi1 forms a complex with Max to repress the transactivity rather than directly reduce the expression of c-Myc (Huang et al., 2018). We next probed whether Mxi1-0 promotes PASMCs growth via upregulation of c-Myc in hypoxic conditions. While hypoxia-induced proliferation of PASMCs was significantly impaired by a c-Myc inhibitor, 10058F4, this cannot be rescued by overexpression of Mxi1-0 (Figures 5E,F). These observations indicate that the pro-proliferative effect of Mxi1-0 is mediated by upregulation of c-Myc in hypoxic PASMCs.
[image: Figure 5]FIGURE 5 | Mxi1-0 upregulates c-Myc production in hypoxic PASMCs. (A) PASMCs were infected with recombinant lentiviruses to overexpress Mxi1-0, and were cultured under normoxic or hypoxic conditions for 48 h. Cells were then subjected to Western blotting analysis. (B) PASMCs were transfected with Mxi1-0-targeted siRNAs, and were cultured under normoxic or hypoxic conditions for 48 h. Cells were then subjected to Western blotting analysis. (C) PASMCs were infected with recombinant lentiviruses to overexpress Mxi1-1, and were cultured under normoxic or hypoxic conditions for 48 h. Cells were then subjected to Western blotting analysis. (D) PASMCs were transfected with Mxi1-1-targeted siRNAs, and were cultured under normoxic or hypoxic conditions for 48 h. Cells were then subjected to Western blotting analysis. (E) PASMCs were cultured under normoxic or hypoxic conditions for 48 h and treated with indicated doses of 10058F4. Cells were then subjected to Western blotting analysis. (F) PASMCs were cultured under normoxic or hypoxic conditions, treated with 10058F4, and infected with control or Mxi1-0-overexpressing lentiviruses. Cells were then subjected to CCK-8 assays on indicated times. Data from three independent experiments are shown as means ± SDs. For statistical significance, *represents p < 0.05 compared between two groups, **represents p < 0.01 between two groups, ***represents p < 0.001 compared between Hypoxia and Normoxia, ### represents p < 0.001 compared between Hypoxia and Hypoxia + 10058F4 (40 μM).
Mxi1-0 Upregulates c-Myc Through MEK/ERK Signaling in Hypoxia-Exposed Pulmonary Arterial Smooth Muscle Cells
Previous studies suggested that the pathobiology of HPH was associated with the activation of MEK/ERK signaling, which was documented to promote c-Myc expression (Dang et al., 2006). In addition, bioinformatic analysis in the early stage of this study showed that the function of Mxi1-0 was enriched in Ras/MAPK signaling pathway. Hence, we examine whether Mxi1-0 upregulates c-Myc via MEK/ERK signaling in hypoxia-treated PASMCs. Indeed, hypoxia induced phosphorylation of MEK and ERK, which was inhibited by knockdown of Mxi1-0 but not Mxi1-1 (Figures 6A,B). Hypoxia-induced upregulation of c-Myc was counteracted by PD98059, a classical MEK antagonist, in a dose-dependent manner (Figure 6C). Similar to the inhibition of c-Myc, antagonizing MEK/ERK signaling abrogated hypoxia-induced hypoxia-elicited overgrowth of PASMCs, which was not rescured by overexpression of Mxi1-0 (Figure 6D). These data suggest that Mxi1-0 enhanced the proliferation of PASMCs through MEK/ERK-mediated upregulation of c-Myc.
[image: Figure 6]FIGURE 6 | Mxi1-0 upregulates c-Myc through MEK/ERK signaling in hypoxic PASMCs. (A,B) PASMCs tranfected with siRNAs targeting Mxi1-0 (A) or Mxi1-1 (B) were cultured under normoxic or hypoxic conditions for 48 h. Western blotting assay was performed with the indicated antibodies. All the phospho-protein levels were measured by densitometry and normalized to that of β-actin. (C) PASMCs were cultured under normoxic or hypoxic conditions for 48 h and treated with different doses of PD98059, and the levels of indicated proteins were determined by Western blotting analysis and quantified by densitometry. (D) PASMCs were cultured under normoxic or hypoxic conditions, treated with PD98059 or 10058F4, and infected with control or Mxi1-0-overexpressing lentiviruses. Cells were then subjected to CCK-8 assays on indicated times. Data from three independent experiments are shown as means ± SDs. For statistical significance, *represents p < 0.05 compared between two groups or to Normoxia (D), **represents p < 0.01 compared between two groups or to Normoxia (D), ¥represents p < 0.05 compared between Hypoxia and Hypoxia + PD98059 (40 μM), ¥¥represents p < 0.01 compared between Hypoxia and Hypoxia + PD98059 (40 μM),¥¥¥represents p < 0.001 compared between Hypoxia and Hypoxia + PD98059 (40 μM), ## represents p < 0.01 compared between Hypoxia and Hypoxia+10058F4 (40 μM), ###represents p < 0.001 compared between Hypoxia and Hypoxia + 10058F4 (40 μM).
We further explore the function of MEK/ERK signaling in HPH pathogenesis using rat models (Figure 7A). Sustained exposure of animals to hypoxia is sufficient to induce pulmonary hypertension as determined by hemodynamic (echocardiography and right heart catheter) and morphological analysis, e.g., decreased PAAT and TAPSE (Figure 7B). Treatment of rats with PD98059 significantly relieved hypertension as revealed by restored PAAT and TAPSE (Figure 7B). In addition, PD98059 treatment dramatically decreased RVSP and ameliorated RVH indices [including RV/BW ratio and RV/(LV + S) ratio], both of which are major characters of HPH (Figure 7C). HE staining revealed that PD98059 significantly improved hypoxia-induced pulmonary artery remodeling by reducing the population of PASMCs (Figure 7D). These data demonstrated that inhibition of MEK/ERK signaling protects rats against chronic hypoxia-induced HPH.
[image: Figure 7]FIGURE 7 | Inhibition of MEK/ERK signaling protects rats against HPH. (A) A rat model of hypoxic pulmonary hypertension (HPH) was generated (n = 5 animals per group). Rats exposed to chronic hypoxia were treated with vehicle (DMSO) or 0.15 mg/kg or 0.3 mg/kg PD98059. (B) Rats in all groups were subjected to echocardiography and measurement of PAATand TAPSE. (C) After intubation for rats described in (A), RVSP was recorded, and the right ventricular hypertrophy ratio of RV/BW and RV/LV + S were calculated. (D) Hematoxylin and eosin staining of paraffin-fixed lung sections prepared from rats described in (A) was performed for morphological analysis of the pulmonary arteries. (E) A diagram showing that hypoxia-induced Mxi1-0 promotes PASMCs proliferation via MEK/ERK/c-Myc signaling in the context of HPH. Scale bar, 20 μm. Data are shown as means ± SDs. For statistical significance, ***represents p < 0.001 compared to hypoxia. PAAT, pulmonary artery acceleration time; TAPSE, tricuspid annulusplain systolic excursion; RVSP, right ventricular systolic pressure; RV, right ventricle; BW, body weight; LV + S, left ventricle plus septum.
DISCUSSION
HPH is a serious pulmonary disorder with systemic complications that aggravate its clinical consequences. To date, no effective treatment for this life-threatening disease has advanced, which is at least partially ascribed to the lack of appropriate biomarkers (Maron et al., 2016; Thompson and Lawrie, 2017). In the present study, we found that Mxi1 was overexpressed in the pulmonary arteries of HPH patients. Immunohistochemical staining showed that Mxi1 was expressed abundantly in the medial layer mainly composed of PASMCs, which was further validated by immunofluorescence indicating that Mxi1 overlapped with α-SMA, a specific biomarker of smooth muscle cells. Although Mxi1 has been extensively studied in the context of carcinogenesis and well documented as a tumor suppressor (Zervos et al., 1993; Huang et al., 2018), this is probably the first study to determine that it is also an important player in HPH, reminiscent of multiple shared pathomechanisms between pulmonary hypertension and cancer (Negi et al., 2021).
Protein isoforms are generated from the same gene due to transcription from different promoter, alternative splicing or varied translation initiation sites (Yap and Makeyev, 2016). Although these isoforms are structurally and functionally similar, it is also common that they play distinct roles or are competitively involved in a physiological or pathological process (Li et al., 2016). The Mxi1 gene is located on chromosome 10q24-q25 (Wechsler et al., 1994), and encodes proteins of three different isoforms, Mxi1-0, Mxi1-1 and Mxi1 WR, of which Mxi1 WR is considered to have no biological function due to lack of SID. Although it is highly homologous with Mxi1-1, Mxi1-0 has an additional N-terminal sequence consisting of 92 amino acids (Engstrom et al., 2004). This novel sequence has a proline rich domain (PRD), which is responsible for the cytoplasmic localization of Mxi1-0 (Armstrong et al., 2013). In the study, we established that Mxi1-0, but not Mxi1-1, was highly expressed in PASMCs of HPH patients. Mxi1-0, but not Mxi1-1, was induced by hypoxia and plays an essential role in the proliferation of PASMCs. These observations were in contrast to Mxi1-1, which was reported to suppress cell growth through binding to Max and impairing the transcriptional activity of c-Myc (Wechsler et al., 1997; Manni et al., 2002). The unique PRD in Mxi1-0 recruits specific protein chaperones may explain why Mxi1-0 has different cellular functions from Mxi1-1 (Dugast-Darzacq et al., 2004; Hurlin and Huang, 2006). A recent study showed that the deletion of PRD converts Mxi1-0 into a potent suppressor of c-Myc, which is considered to be a key mediator of HPASMCs proliferation (Dugast-Darzacq et al., 2007; Zhang et al., 2019). Other studies suggested that although Mxi1-0 could bind to Max protein, it failed to inhibit c-Myc-dependent transcription but might promote the transcription of the proto-oncogene c-Myc (Engstrom et al., 2004; Boult et al., 2008). Nonetheless, the detailed mechanisms underlying the role of Mxi1-0 in the division of PASMCs remain to be further dissected, e.g., whether Mxi1-0 and Mxi1-1 play opposite roles in the regulation of Max-Myc interaction or whether Mxi1-0 participates in the cellular machineries responsible for degradation of c-Myc.
MAPK signaling pathway is involved in the regulation of various biological functions of cells (Uehling and Harris, 2015). The activation of this pathway licenses the expression of a large cohort of genes regulating cell proliferation, differentiation and vascular development (Lei et al., 2015). MEK/ERK signaling is a classical MAPK signal transduction pathway and serves an important regulator of pulmonary hypertension (Preston et al., 2006). Consistently, we found here that HPH-related genes were significantly enriched in MAPK signaling pathway and ERK related biological processes. Mxi1-0, as a novel regulator of HPH, potentiates PASMC proliferation through MEK/ERK-dependent upregulation of c-Myc (Figure 7E). These findings are in agreement with previous studies showing that Mxi1-0 activates MEK/ERK signaling and improved the proliferation of human umbilical vein endothelial cells (HUVECs), and that Mxi1-0 underlies hypoxia-induced vascular endothelial growth factor production by hepatic carcinoma cells (Hu et al., 2017; Wu et al., 2017). Although it is still unknown how Mxi1-0 activates MEK/ERK signaling in PASMCs, we found that inhibition of this canonical pathway significantly repressed the development of pulmonary hypertension in rats exposed to chronic hypoxia.
Collectively, we report a hitherto unrecognized crucial role of Mxi1-0 in HPH, thereby providing rationale for the applicability of Mxi1-0 and downstream signaling as candidate targets for clinical treatment and potential biomarkers for prognostic assessment of HPH.
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Background: The abnormal expression of α-arrestin protein family plays a key regulatory role in the occurrence and development of many cancers, including colorectal cancer and cervical cancer, and is inseparable from changes in the tumor immune microenvironment. However, the role of ARRDC2, an important member of this family, in the malignant biological process of ovarian cancer (OC) has not been reported, and its role in the change of the immune microenvironment is also unknown.
Methods: In this study, HPA, TCGA, GEO and other databases were used to explore the role of ARRDC2 in the prognosis assessment of ovarian cancer. Then, GO, KEGG analysis and GSEA analysis of the biological processes and cell signaling pathways that ARRDC2 may be involved in activated or inhibited. In addition, the TIMER and TISIDB database were used to conduct in-depth research on the role of ARRDC2 in the change of the immune microenvironment of ovarian cancer. The CMap database explored and screened drugs that may be used for treatment. Through cell transfection, CCK-8, Ki-67 immunofluorescence, wound healing, transwell and clone formation assay, the effect of ARRDC2 knockdown on the malignant biological behavior of OC cells were explored.
Results: There were significant differences between OC and ARRDC2 mRNA and protein levels. High ARRDC2 expression level is associated with poor overall survival and can be used as an independent prognostic factor. Interestingly, ARRDC2 expression is positively correlated with B cells, Neutrophils, Dendritic cells and CD8+ T cells, signifying that ARRDC2 may be related to infiltration of immune cells. ARRDC2 and its co-expressed genes are enriched in cell signaling pathways related to the immune system. We explored two possible drugs for the treatment of ovarian cancer. Finally, the results of in vitro experiments indicated that knockdown of ARRDC2 may inhibit malignant phenotypes such as proliferation and migration of OC cells.
Conclusion: The differentially expressed ARRDC2 may be a potential prognostic indicator and can be used as a novel biomarker for exploring the immune microenvironment of ovarian cancer.
Keywords: arrestin domain containing 2, biomarker, immunity, prognosis, ovarian cancer
IMPACT STATEMENT
Ovarian cancer is one of the most common malignant tumors in female reproductive system. Recently, ARRDC gene family is shown in many studies to play a critical role in tumor growth and invasion, which may shed light on study on OV. ARRDC2 is a member of the ARRDC gene family and has been suggested to be involved in various cellular processes of tumorigenesis and progression, such as invasion, migration, proliferation, transformation, and survival. However, little is known about the significance of ARRDC2 in ovarian cancer. Our research may provide new ideas and directions for the diagnosis and treatment of ovarian cancer. ARRDC2 may provide a new development direction for gene targeted therapy and immunotherapy of gynecological tumors. The discovery of a new and effective specific biomarker is of great significance not only for the medical research field of gynecological tumors, but also for the entire medical research field.
INTRODUCTION
In 2018, there were approximately 295,000 new cases of OV (ovarian cancer) and 185,000 deaths in the world. As this tumor is asymptomatic during initial progression and there are no clear early screening methods, it is usually diagnosed at the advanced stage, resulting in an overall 5-years survival rate of less than 40% (Whiteman and Wilson, 2016). The rapid development of high-throughput sequencing technology and transcription research is expected to increase the early diagnosis rate. Although a large number of new proto-oncogenes and tumor suppressor genes that can be used for diagnosis have been discovered, the survival results of ovarian cancer have not been greatly improved. And in terms of treatment, immunotherapy has evolved rapidly over the past 20 years, giving patients with ovarian cancer, known as “immunogenic tumors,” more access to treatment (Santoiemma et al., 2016). However, the response rate of ovarian cancer patients to existing immunotherapy is not satisfactory. Obviously, the understanding of the tumor immune microenvironment of ovarian cancer is still insufficient, and more in-depth research on it and finding specific genes that potentially affect the tumor immune microenvironment and can be used as immunotherapy targets can help improve this situation. In short, it is of great significance to find biomarkers that may be used in early diagnosis and immunotherapy and try to explore their mechanisms.
The mammalian α-arrestin family consists of five structural domain-containing arrestin proteins (ARRDC1-5) and TXNIP. Arrestin domain containing 2 (ARRDC2) is an enigmatic member of the arrestin protein family that plays an important role in the regulation of G protein-coupled receptors (GPCRs) (Dores et al., 2015; Tian et al., 2016). Numerous recent studies have established a link between α-arrestin family and cancer. ARRDC3 and TXNIP were considered to be tumor suppressor genes that regulate a variety of cellular processes. For instance, ARRDC3 was decreased in prostate cancer, breast cancer and colorectal cancer (Huang et al., 2012; Rafiq et al., 2013). However, tumor relevance studies of ARRDC2 have not been reported. Given that members of the arrestin protein family play a momentous role in the biology of tumors, the function of ARRDC2 in tumors, especially in ovarian cancer, has attracted great interest to us.
We are the first study to investigate the important role of the ARRDC2 of the arrestin protein family in the occurrence, development and poor prognosis of ovarian cancer. Here, we performed a deep dive into the TCGA database and the GEO database to determine the impact of ARRDC2 on the progression and poor prognosis of ovarian cancer. The interrelationships between ARRDC2 and immune cell infiltration, immune checkpoints and chemokines were also explored by the Timer database and TISIDBD database. Subsequently, these data were correlated with the clinical regression and prognosis of OV patients. The results showed that high expression in OV and affected the clinical prognosis of patients. Excitingly, a close correlation was found between ARRDC2 expression and the tumor immune microenvironment of the tumor including infiltration of immune cells, immune checkpoint and chemokines. We sought to explore the cellular signaling pathways associated with ARRDC2 and potential small molecule drugs. Finally, the effect of ARRDC2 on the malignant phenotype of OC was confirmed by knockdown of ARRDC2 in OC cell lines. Overall, the results of multiple high-throughput data and a series of rigorous in vitro experiments confirmed that ARRDC2 might drive the malignant biological behavior of OC cells. In conclusion, this study attempts to explore potential as a new immune-related prognostic biomarker for OV patients, which may open up a new approach for the combination of immunotherapy and gene therapy for OV patients.
MATERIALS AND METHODS
Data Collection
The Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/geo/) is a world-recognized data-rich public platform, and the public sequencing data in this database have contributed significantly to oncology research. After searching and screening, three data sets (GSE29450, GSE10971, and GSE19829) containing gene expression data were selected. Among them, GSE19829 additionally includes prognostic information such as overall survival time. Microarray data from the GSE29450 (OV = 10, Normal = 10) and GSE10971 (OV = 13, Normal = 24) datasets from GEO were used to study ARRDC2 gene in OV and in normal control. The GSE19829 (OV = 28) data set containing survival information was used in a survival meta-analysis related to the expression level of ARRDC2 by combining with the survival information of TCGA (OV = 372). The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database has a large amount of transcriptomic data such as gene expression data and DNA methylation data. Such a powerful database of massive information has largely improved molecular research of tumor. Therefore, transcriptome data, methylation data and corresponding clinical data of 372 OV patients were collected from the TCGA database. These data were then used to explore the expression level of ARRDC2 and its relationship with specific clinical features and prognosis. At the same time, the relationship between ARRDC2 and changes in methylation sites was also explored.
Cell Culture and Cell Transfection
Ovarian cancer cell lines (SKOV3 and A2780) and corresponding normal cell lines (IOSE80) were provided by Shanghai Sun Ran HAKATA Cell Bank (http://www.xrshbio.com/). The cells were cultured at 37°C in a 5% CO2 incubator using DMEM medium containing 10% fetal bovine serum (FBS. Gibco), 100 U/mL penicillin and 0.1 g/L streptomycin in DMEM medium. When the cells proliferated to about 80%–90% of the bottom of the culture vessel, the cells were passaged and isolated by digestion with 0.25% trypsin. Cells were seeded in 6-well medium plates and 100 pmol siRNA was transfected into each plate using siRNA-Mate (GenePharma, Shanghai,China) following the product instructions standard procedure, and detected the transfection efficiency by real-time quantitative polymerase chain reaction (RT-qPCR) at 24 h after transfection and Western blot at 48 h after transfection. GAPDH was set as an internal reference and its primer sequences were as follows: (GAPDH-F:5′-CAAGGTCATCCATGACAACTTTG-3′, GAPDH-R:5′-GTCCACCACCCTGTTGCTGTAG-3′). The primer sequences of ARRDC2 were as follows: (ARRDC2-516-F:5′-GUGUCCGCUACUGUAUCAATT-3′, ARRDC2-516-R:3′-UUGAUACAGUAGCGGACACTT-5′, ARRDC2-149-F:5′-GACAAGGGUGAAAGCGUUCUTT-3′, ARRDC2-149-R:3 ′-AGA​ACG​CUU​UCA​CCU​UGU​CTT-5′). An empty sequence was constructed as a control (si-NC). 24 h after transfection, the complete medium was replaced according to the instructions, and the knockdown efficiency experiment verified that the ARRDC2-516 sequence was effective and was used for subsequent experiments.
RT-qPCR
Expression of ARRDC2 in human ovarian cancer cells was detected using RT-qPCR. Total RNA was extracted from the cells using Total RNA Kit I kit (Omega Biotek). RNA reverse transcription was performed under the guidance of NovoScript Plus All-in-one 1st Strand cDNA Synthesis SuperMix (Novoprotein) was performed. The relative expression levels of ARRDC2 were determined by RT-qPCR using NovoStart SYBR qPCR SuperMix Plus (Novoprotein) kit, and GAPDH was used as an internal reference control for ARRDC2 using the 2−ΔΔCt method. The primer sequences of GAPDH and ARRDC2 were as follows: (GAPDH-F: 5′-CAA​GGT​CAT​CCA​TGA​CAA​CTT​TG-3′, GAPDH-R: 5′-GTC​CAC​CAC​CCT​GTT​GCT​GTA​G-3′, ARRDC2-F: 5′- CCC​GAT​CCT​GGT​ACT​GTA​ACC-3′, ARRDC2-R: 5′- CGT​TGT​CGA​TCT​CGG​CAA​AGA-3′). The thermal cycling conditions were as follows: Initial denaturation at 95°C for 10 min, denaturation at 95°C for 10 s, annealing and extension at 60°C for 30 s, for a total of 40 cycles.
Survival Meta-Analysis
A systematic search in large authoritative databases (such as PubMed and Web of Science) did not reveal any previous studies on the carcinogenicity and poor prognosis of ARRDC2. Therefore, this study combined data from two datasets (GSE19829 and TCGA RNA sequences) in a survival meta-analysis to reveal the prognostic significance of ARRDC2 on OV for the first time. The heterogeneity between studies was assessed by Q test (I2 statistics). The fixed effects model is applicable when there is no heterogeneity or I2 < 50%. Otherwise, a random-effects model was applied. The random effects model was applied to this study according to the specific situation.
ARRDC2 Related Gene Enrichment Analysis
Go (gene ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis is carried out using David’s online tool. In short, the list of genes that are positively and negatively related to ARRDC2 obtained through Pearson analysis based on TCGA data was uploaded to the DAVID database for Go and KEGG pathway enrichment analysis. In addition, we applied the “cluster Profiler” R package for GO enrichment analysis. We used Spearman correlation analysis to describe the correlation between quantitative variables without normal distribution. p-values less than 0.05 were considered statistically significant. Gene Set Enrichment Analysis (GSEA) is an analytical tool for analyzing cellular signaling pathways developed jointly by MIT and Harvard University. The RNA sequencing data from TCGA is batch-corrected and normalized, and then divided into “H group” (ARRDC2 high expression group) or “L group” (ARRDC2 low expression group). Enrichment analysis was performed using GSEA software (version 4.0.3). The number of changes was set to 1,000 and the genomic database was set to Kyoto Encyclopedia of Genes and Genomes (KEGG) cell signaling pathway (p < 0.05 was considered as significantly enriched).
Immune Databases (TIMER and TISIDB)
The Tumor Immunology Estimation Resource (TIMER; https://cistrome.shinyapps.io/timer) is a rich tumor immunology and genetics database available for automated analysis and visualization of data from the TCGA database of 10,897 pan-cancer samples. Firstly, we analyzed the correlation of ARRDC2 expression with the abundance of six immune cell types (neutrophils, CD4+ T cells, B cells, dendritic cells, CD8+ T cells and macrophages) in OV using the TIMER algorithm. Secondly, we also explored the prognostic value of ARRDC2 in OV patients with different immune cell abundance. In addition, we examined the impact of ARRDC2 gene copy number alterations on immune infiltration. Finally, we explored the co-expression relationship of ARRDC2 with common immune checkpoint-encoding genes including PD-1 (PDCD1), PDL1 (CD274) and PDL2 (PDCD1LG2) in tumor purity-corrected state. Then, TISIDB (http://cis.hku.hk/TISIDB/index.php) were used for verification and analysis the relationship between ARRDC2 and immune infiltrating cells and immune checkpoint. To further explore the relationship between ARRDC2 and immune checkpoints, TISIDB database was mined and validated.
Immune-Related Kaplan-Meier Survival Analysis
The prognostic value of different expression levels of ARRDC2 is analyzed through this database. Using this database, overall survival (OS) of OV patients were analyzed at different immune cell infiltrations. Patient samples were divided into high and low expression groups according to ARRDC2 gene expression levels and evaluated using Kaplan-Meier survival plots (p value < 0.05, false positive rate < 0.05). Hazard ratio (HR) had 95% confidence intervals and log-rank p values.
Co-Expression Analysis and Cmap Analysis
Co-expression analysis was performed by Pearson method, and 10 genes positively and negatively correlated with ARRDC2 were obtained based on correlation coefficients and p-values for constructing the correlation between genes and genes. Subsequently, the obtained co-expressed genes were used for the screening and prediction of small molecule drugs by the Connectivity Map (CMap, https://portals.broadinstitute.org/cmap/) database constructed by Prof. Lamb et al. Finally, 2D and 3D structural maps and chemical formulas of the drugs were obtained in the PubChem database.
Western Blotting
Western blot was used to determine the expression level of ARRDC2 and the efficiency of knockdown. Cell lysis was performed using a lysis solution containing 1% protease inhibitor. After complete lysis on ice for 5 min, the cells were centrifuged for 15 min using a 4°C centrifuge at 12,000 g and the supernatant was immediately collected. The corresponding protein concentrations were quantified using the BCA method (Thermo Fisher Scientific, Waltham, United States). Protein electrophoresis separation was performed using 10% SDS-PAGE gels. The proteins in the gels were then transferred to methanol-treated PVDF membranes. 5% skim milk was used to seal the gels for 1 h. ARRDC2 and GAPDH primary antibodies were mixed with PVDF membranes and incubated overnight in a refrigerator at 4°C. PVDF membranes were washed three times and mixed with horseradish peroxidase-conjugated rabbit secondary antibodies and incubated at room temperature for 1 h. After that, the proteins were washed again with TBST. After that, the membranes were washed again 3 times with TBST. Finally, the membrane was developed with ECL developer and imaged using a charge-coupled camera LAS4000 (Fujifilm, Tokyo, Japan). The grayscale values of the strips were measured by ImageJ software (version v.1.52).
CCK8 Assay
The cell proliferation ability after transfection was studied by CCK8 (Cell Counting Kit-8). The cell suspension was evenly plated in a 96-well plate in a volume of 100 μl per well. After the cells adhered, 10 μl of CCK-8 reagent (Yeasen, Shanghai, China) was added to the culture medium, and the microplate reader was performed after incubation for 2 h. Set the detection time as 0, 12, 24, and 48 h respectively. OD (optical density) was measured at a wavelength of 450 nm using a microplate reader (Thermo Fisher Scientific, Waltham, United States).
Clone Formation Assay
Plate the transfected cell suspension evenly in a 6-well plate at 200 cells/well. Cells in 6-well plates were then grown in complete medium. On the 4th day, the medium could be replaced with fresh medium, and cell colony formation was observed after 10 days. Fix cell colonies with 4% paraformaldehyde for 30 min. Cell colonies were stained with 1% crystal violet for 5 min. Formed cell colonies were observed and imaged under a microscope. The number of colonies formed was measured and counted by ImageJ (version 1.52).
Ki-67 Cell Immunofluorescence
Cells were added evenly in 24-well plates, and when the cell density reached 50–60%, 4% paraformaldehyde was used to fix the cells. Cell permeabilization was performed with 0.5% Triton X-100 for 20 min. After washing with PBS, block with 10% goat serum for 1.5 h at 37°C. Primary antibody (Ki-67, 1:200) was added to each well and incubated overnight at 4°C in the dark. Add secondary antibody and incubate at 37°C for 1 h in the dark. Finally, nuclei were stained with DAPI and incubated in the dark for 10 min. The images were observed under a fluorescence microscope and randomly collected from five fields of view. The numbers of viable and proliferating cells were measured and recorded using ImageJ software (version 1.52).
Wound-Healing Assay
Transfected ovarian cancer cells were seeded in 6-well plates at the appropriate density. A 200 μl sterile pipette tip was used to make a straight scratch on each well, followed by three washes with 1 × PBS to remove detached cells. Change complete medium to fresh serum-free medium. Scratches at the same site were photographed with a microscope at 0 and 24 h, respectively. Statistical analysis of wound healing rates was performed using ImageJ (version 1.52).
Transwell Assay
100 μl of the transfected ovarian cancer cell suspension was seeded into the upper chamber of a transwell plate (Corning Costar, Shanghai, China). Add 600 µl of minimal essential medium and 20% FBS to the lower chamber of the transwell plate. Transwell plates were incubated for 24 h at 37°C and 5% CO2. Cells that crossed the membrane into the lower compartment were then fixed in 95% ethanol for 15 min. Stain with 0.1% crystal violet for 15 min. Then use a cotton swab to wipe the upper chamber without passing through the cells. Use a microscope to observe the cells and take pictures. Measure and record the number of migrating cells using ImageJ (version 1.52).
Statistical Analysis
Statistical data analysis was performed using R software (version 3.6.1). Survival and clinicopathological characteristics data were obtained from the TCGA database and the GEO database. Then, the overall survival of ARRDC2 was determined by Kaplan-Meier method. Univariate COX and multivariate COX analyses were used to analyze the factors affecting the prognosis of patients with OV. Student’s t-test, Kruskal Wallis test, and Wilcoxon signed-rank test was widely used to compare statistical indicators (p < 0.05 was considered to be statistically significant).
RESULTS
Correlation Between ARRDC2 Expression and Clinical Characteristics of OV
ARRDC2 has abnormally high expression in a variety of human malignant tumors (Figure 1A). The analysis of a total of 34 normal ovarian tissues and 23 ovarian cancer tissues from two GEO datasets (GSE29450 and GSE10971), revealed that the ARRDC2 expression was high and statistically significant in tumor tissues (Figures 1B,C). RT-qPCR was performed to verify the results of the above analysis. In addition, the relationship between ARRDC2 expression and clinical characteristics in 361 tumor samples from TCGA in the UALCAN database was explored. Correlation analysis showed that the expression of ARRDC2 was mainly positively correlated with FIGO stage and race (Figures 1D,E). It can be seen that ARRDC2 expression was higher in patients with advanced FIGO stages (III and IV) than early FIGO stages (I and II), detailed clinical features are shown in Supplementary Table S1. In addition, we also explored the differences in ARRDC2 mRNA levels expression between different race groups, and ARRDC2 expression was significantly higher in Asian race than in African American race. In conclusion, our study explored up that ARRDC2 was extremely high expressed in ovarian cancer tumor in TCGA and GEO databases and was closely related to important clinical factors such as FIGO stage. Therefore, further studies on ARRDC2 are needed to explore its value in OV.
[image: Figure 1]FIGURE 1 | The expression of ARRDC2 (mRNA, gene microarray and gene sequencing) in OVs. (A) Expression of ARRDC2 in pan-cancer. (B) Box plot based on the expression level of ARRDC2 in the GSE29450 (OV = 10, Normal = 10). (C) Box plot based on the expression level of ARRDC2 in the GSE10971 (OV = 13, Normal = 24). (D) The expression level of ARRDC2 in OV based on individual FIGO stage. (E) The expression level of ARRDC2 in OV based on the race of patient.
The Prognostic Value of ARRDC2 in OV Patients
To further explore the prognostic value of ARRDC2 for patients, Kaplan-Meier survival analysis was used to assess the relationship between ARRDC2 expression levels and OS. The KM survival analysis of 372 samples from TCGA showed that high ARRDC2 expression was associated with shorter overall survival in OV patients, p = 0.02 (Figure 2B). The GEO data also obtained the same results (Figure 2A). Univariate Cox analysis showed that the high expression of ARRDC2 (HR = 1.036; 95% CI = 1.015–1.058; p < 0.001), age (HR = 1.389; 95% CI = 1.070–1.803; p = 0.014) and metastasis (HR = 2.803; 95% CI = 2.207–3.558; p < 0.001) were high risk factors (Figure 2D). Multivariate Cox analysis showed that the high expression of ARRDC2 (HR = 1.043; 95% CI = 1.022–1.063; p < 0.001), age (HR = 1.435; 95% CI = 1.101–1.870; p = 0.008) and person neoplasm cancer status (HR = 3.117; 95% CI = 2.410–4.032; p < 0.001) were high risk factors (Figure 2E). Overall, it is not difficult to see that ARRDC2 as an independent prognostic risk factor is abnormally high in OV patients.
[image: Figure 2]FIGURE 2 | The correlation between ARRDC2 and the poor prognosis of patients with OV. (A) The Kaplan-Meier survival curve revealed that the high expression of ARRDC2 lead to a poor prognosis in OVs (GSE19829, N = 28, p = 0.0083). (B) The Kaplan-Meier survival curve revealed that the high expression of ARRDC2 lead to a poor prognosis in OVs (TCGA, N = 372, p = 0.02). (C) Forest plot of high ARRDC2 expression with poor OS in OV patients based on survival meta-analysis of two datasets (GSE19829 and TCGA RNA-Seq, p = 0.02). (D,E) Analysis of univariate and multivariate factors affecting the prognosis of patients with OV. (D) Univariate cox analysis. (E) Multivariate cox analysis.
Survival Meta-Analysis
Although we have explored the impact of ARRDC2 on the survival outcome of OV patients, to increase the credibility and scientific validity of this study, we collected different mRNA expression data (GSE19829 and TCGA RNA-Seq) for meta-analysis from two datasets, which contained a total of 400 samples. The results showed that high expression of ARRDC2 was a risk factor in patients with OV (HR = 1.93; 95% CI = 0.45–8.24, p = 0.02) (Figure 2C). In summary, it can be seen that ARRDC2 can be used as a good biomarker for predicting the overall survival of OV patients.
Functional Annotation and Signaling Pathway Enrichment Analysis of ARRDC2
To further explore the potential molecular mechanisms of ARRDC2 in tumorigenesis of OV, we attempted to screen a series of pathways and biological functions by co-expressed genes of ARRDC2. The results of Go function annotation analysis are shown in Figure 3A. Among them, those enriched in biological processes included neutrophil degranulation and neutrophil-mediated immunity; those enriched in cellular components included ribosomal subunits, mitochondrial protein complexes, ribosomes and large ribose subunits; those enriched in cellular components included ribosomes, cadherin binding and transcription cofactor binding. The major enriched signaling pathways include B cell, T cell, Human T-cell leukemia virus 1 infection, NOD-Like receptor and Th17 cell differentiation. Importantly, we found that both ARRDC2 enriched functions and signaling pathways are closely related to immunity. In order to further verify the enrichment of ARRDC2 in the immune-related signaling pathways of ovarian cancer, GSEA was used to analyze the data of two groups of OV patients from the TCGA database (ARRDC2 high expression group and ARRDC2 low expression group). The result showed that B cell receptor signaling pathway and T cell signaling pathway were the most important enriched signaling pathways (FDR < 0.25, p < 0.05) (Figure 3B). In conclusion, ARRDC2 may affect the malignant progression and poor survival outcomes of patients with ovarian cancer through immunomodulatory effects.
[image: Figure 3]FIGURE 3 | Go (Gene ontology) functional annotation and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis of ARRDC2 in OV. (A) Go functional annotation. Biological Process, BP (neutrophil degranulation, neutrophil mediated immunity, etc.). Cellular Component, CC (ribosomal subunit, mitochondrial protein complex, ribosome, large ribosomal subunit, etc.). Molecular Function, MF (structural constituent of ribosome, cadherin binding, transcription cofactor binding, etc.). (B) KEGG pathway enrichment analysis (B cell receptor signaling pathway, T cell signaling pathway, Human T-cell leukemia virus 1 infection signaling pathway, NOD-Like receptor signaling pathway, Th17 cell differentiation, etc.). GSEA enrichment analysis results of ARRDC2 (B cell receptor signaling pathway and T cell signaling pathway).
Relationships of ARRDC2 With Tumor Immune Infiltration
In this study, eight types of infiltrating immune cells in the TIMER database were used to evaluate the relationship between ARRDC2 expression and immunity. The expression level of ARRDC2 was positively related to the infiltration of CD8+ T cells, neutrophils, B cells and dendritic cells (Figures 4A,B). However, there was no significant correlation between ARRDC2 expression and CD4+ T cells and Macrophage. In addition, the SCNA module was chosen to analyze the relationship between the somatic copy number alteration of ARRDC2 and different immune cell infiltrations. As shown in Figure 4C, the somatic copy number alteration of ARRDC2 correlated with infiltration of CD8+ T cells, neutrophils, B cells and dendritic cells. Meanwhile, numerous studies have confirmed that inhibition of the immune checkpoint pathway is an auspicious therapeutic pathway for the induction of effective anti-cancer immunity. Therefore, we analyzed the correlation between the expression levels of ARRDC2 and genes encoding immune checkpoints (Figure 4D), such as PD1 (PDCD1), PDL1 (CD274), PDL2 (PDCD1LG2) and CTLA4. The results showed that the expression levels of ARRDC2 were positively correlated with PD1, PDL1, PDL2, and CTLA4. As mentioned previously, the expression of ARRDC2 was closely correlated with the level of immune infiltration and positively correlated with immune checkpoint.
[image: Figure 4]FIGURE 4 | The relationship between the expression of ARRDC2 and proportion of immune infiltrates in TIMER database. (A,B) Infiltration of various immune cells. (A)Macrophage, Neutrophil, Dendritic Cell. (B) B Cell, CD8+ T Cell, CD4+ T Cell. (C) Association between ARRDC2 gene copy number and immune cell infiltration levels in OV cohorts (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). (D) In TIMER database, the relationship between Immune checkpoint (CTLA4, PDCD1, CD274, PDCD1LG2) and ARRDC2 gene expression was analyzed by Spearman correlation analysis (p < 0.05). Correlation coefficients (rho values) and p values were shown.
To further verify our speculation, the correlation between ARRDC2 expression and immune infiltration was explored by the TISIDB immune database, and the results were consistent with the TIMER database (Figure 5A). In addition to exploring the relationship between the ARRDC2 gene and immune cell infiltration as well as immune checkpoint using the TISIDB database, we also investigated MHC and chemokines. The results showed (Figures 5B,C) that the ARRDC2 was positively associated with MHC-related genes (B2M, HLA-DMA, HLA-DPA1, HLA-DRA, HLA-DRB1, and HLA-E) and chemokine-related genes (CCL17, CCL13, CCL5, CCL3, CCL4, and CX3CL1). Previous part of this study has shown that ARRDC2 was an independent influence on poor prognosis in OV patients. Thence, we hypothesized that ARRDC2 may affect the prognosis of OV patients partly due to immunological aspects. The Kaplan-Meier plotter database was used to verify the results of the study that the high expression of ARRDC2 during immune cell infiltration leads to a reduction in the overall survival of patients with ovarian cancer. As seen in Figures 6A–I, in the presence of different immune cell infiltration (B Cell, BASOPHILS, CD4+ T Cell, CD8+ T Cell, Eosinophils, Neutrophil, Macrophage, Mesenchymal stem cell, Natural killer T-cell and Th1cell infiltration), patients with high expression of ARRDC2 had shorter OS than those in the low expression group (p < 0.05).
[image: Figure 5]FIGURE 5 | The relationship between the expression of ARRDC2 and immune checkpoints, MHC and chemokines in the TISIDB database. (A) The relationship between immune checkpoint (CD274, HAVCR2, IDO1, PDCD1, PDCD1LG2, TGFB1) and ARRDC2 gene expression. (B) The relationship between MHC (B2M, HLA-DMA, HLA-DPA1, HLA-DRA, HLA-DRB1, HLA-E) and ARRDC2 gene expression. (C) The relationship between Chemokines (CCL17, CCL13, CCL5, CCL3, CCL4, CX3CL1) and ARRDC2 gene expression. Spearman correlation analysis was applied (p < 0.05).
[image: Figure 6]FIGURE 6 | Relationship between overall survival and immune cell infiltration and ARRDC2 gene expression in OV patients. (A) B Cell infiltration. (B) Basophils infiltration. (C) CD4+ T Cell infiltration. (D) CD8+ T Cell infiltration. (E) Eosinophils infiltration Neutrophil. (F) Macrophage infiltration. (G) Mesenchymal stem cell infiltration. (H) Natural killer T-cell infiltration. (I) Th1cell infiltration.
Co-Expression Analysis and Drug Prediction of ARRDC2
To better understand the function of ARRDC2, we used co-expression analysis to determine the association of ARRDC2 with other genes. The top five positively and negatively associated genes with ARRDC2 were calculated as shown in the circular plot (Figure 7A). The results showed that ARRDC2 was negatively associated with ZNF22, HDGFL3, H2AFY2, SPINDOC, and MSI1, while positively correlated with TRPM2, FCGR2C, FCGR1CP, MIR3671, and RGS1 (Figure 7B). Subsequently, the co-expressed gene data was used to screen potential gene therapy drugs through the CMap and Pubchem databases. We predicted two possible gene therapy drugs for ARRDC2: Mercaptopurine and Apigenin (Figures 7C,D).
[image: Figure 7]FIGURE 7 | Co-expression analysis of ARRDC2. (A) The ten most significant genes of positive and negative correlating with ARRDC2. (B) The Correlation coefficients and p values of the ten most significant genes of positive and negative correlating with ARRDC2. (C,D) Screening of gene therapy drugs for ARRDC2 based on the CMap and Pubchem database (Drug name, chemical structure, 2D structure and 3D structure). (C) Mercaptopurine. (D) Apigenin.
Expression of ARRDC2 Was Negatively Regulated by DNA Methylation
DNA methylation is one of the most intensively studied epigenetic modifications in mammals, and the importance of altered DNA methylation in tumor formation continues to be revealed. Therefore, we utilized RNA-seq data and DNA methylation data to explore the relationship between DNA CpG site methylation levels and ARRDC2 mRNA expression based on the TCGA data. As shown in Supplementary Figure S2A, ovarian cancer tissues showed low levels of ARRDC2 gene methylation. Two sites were subsequently found to be aberrantly hypermethylated (cg23548920 and cg07374145, Supplementary Figure S2B), the two methylated CpG sites were negatively correlated with ARRDC2 expression (Supplementary Figures S2C,D). In conclusion, DNA methylation of ARRDC2 may be responsible for the difference in ARRDC2 expression levels in normal and tumor tissues.
Effects of ARRDC2 Knockdown on Malignant Biological Behavior of Ovarian Cancer Cells
On the basis of big data analysis, we used PCR and Western blot experiments to verify that the expression level of ARRDC2 in normal ovarian cells (IOSE80) was significantly lower than that in ovarian cancer cells (A2780 and SKOV3) (Figures 8A,B). After verifying the knockdown efficiency of ARRDC2 (Figures 8C,D), a series of in vitro experiments were performed with si-ARRDC2-516 to investigate the effect of ARRDC2 knockdown on the malignant biological behavior of OC cells. First, the CCK8 assay results showed that the optical density of the si-NC group was higher than that of the si-ARRDC2 group at 12, 24, and 48 h in A2780 and SKOV3 cell lines (Figure 9A). Thereafter, the results of colony formation assay and Ki-67 immunofluorescence assay showed that in OC cells, the number of colonies formed (Figure 9E) and the percentage of Ki-67 fluorescence positive cells were higher in the si-NC group compared with the si-ARRDC2 group. high (Figure 9B). Therefore, these results implied that proliferation was inhibited upon ARRDC2 knockdown in OC cells. The wound healing assay results showed that among OC cells, the 24-h wound healing rate of cells in the si-NC group was significantly higher than that in the si-ARRDC2 group (Figure 9C). In addition, transwell assay results showed that in OC cells, the number of migrating cells in the si-NC group was higher than that in the si-ARRDC2 group (Figure 9D). All the above results also confirmed that migration was inhibited after ARRDC2 knockdown in OC cells. Overall, the results of the in vitro experiments strongly suggested that biological behaviors such as proliferation and migration were inhibited after ARRDC2 knockdown in OC cells.
[image: Figure 8]FIGURE 8 | Differential expression and the knockdown efficiency of ARRDC2 at the cellular level. (A) RT-qPCR experimental results showed that the expression of ARRDC2 in ovarian cancer cells is higher than that in normal ovarian cells. (B) Western blot experimental results showed that the expression of ARRDC2 in ovarian cancer cells is higher than that in normal ovarian cells. The differences in ARRDC2 gene expression levels in OC were compared at the cell levels by Wilcoxon rank sum test. (C) RT-qPCR after cell transfection. (D) Western blot image and corresponding statistics after cell transfection (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
[image: Figure 9]FIGURE 9 | Effects of ARRDC2 gene knockdown on malignant biological behavior of OC cells. (A) CCK8 experiment results of A2780 and SKOV3 cell lines after cell transfection. The OD values measured at 450 nm wavelength at 0, 12, 24, and 48 h were displayed, which represented the cell proliferation rate. (B) Ki-67 immunofluorescence staining of A2780 and SKOV3 cell lines after cell transfection. (C) Wound-healing assay results and statistics of OC cells after cell transfection. The wound-healing rate was measured at 0 and 24 h. (D) Transwell assay results and statistics of OC cells after cell transfection. The number of migrating cells was measured at 24 h, which represented the ability to migrate. (E) The results and statistics of cell clone formation assay of A2780 and SKOV3 cell lines after cell transfection (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
DISCUSSION
The survival outcome of ovarian cancer patients is not promising due to the lack of early screening markers and multiple alternative treatment options. The key role of ARRDC2, an important member of the arrestin protein family related to immunity, in OV needs to be studied urgently. In this study, we tried to use a variety of databases to explore and verify the expression level of ARRDC2, the relationship between ARRDC2 and clinical features and prognosis, potential molecular mechanisms and impact on tumor immune microenvironment. And on the basis of big data analysis, it was verified by in vitro cell experiments. The schematic diagram of the flow of this study was shown in Supplementary Figure S1.
The expression level of ARRDC2 in OV was firstly explored. As shown in Figure 1A, ARRDC2 was found to be significantly overexpressed in a variety of malignancies using the TIMER database (Figure 1A). In view of the above pan-cancer results, we tried to verify the expression level of ARRDC2 in OV by other means. Firstly, verify it in the GSE data set related to ovarian cancer. Two GEO datasets (GSE29450 and GSE10970) revealed that ARRDC2 showed significantly higher expression in OV compared to normal controls (Figures 1B,C). In parallel, we performed experimental PCR and Western blot to validate the expression level of ARRDC2 (Figures 8A,B). Secondly, our study also revealed that the abnormally high expression of ARRDC2 may be associated with abnormal hypomethylation of DNA, as shown in Supplementary Figures S2A–D. Numerous studies have confirmed that DNA methylation in epigenetics plays an important role in the malignancy, metastasis and recurrence of ovarian cancer (Papakonstantinou et al., 2020; Reid and Fridley, 2020). Epigenetic regulation, represented by DNA methylation, is essential for the regulation of oncogenes (Oliveira et al., 2021). The above results indicated that ARRDC2 was highly expressed in OV, suggesting that ARRDC2 is a potential oncogene and is affected by methylation.
After discovering that ARRDC2 was a potential oncogene, we tried to explore its impact on the prognosis of OV patients through retrospective studies based on gene expression and clinical information based on TCGA data and GSE19829. The results of the correlation analysis of clinical features showed that the expression level of ARRDC2 in OV increased with increasing FIGO stage and was highly expressed in Asian race groups (Figures 1D,E). And numerous studies have confirmed that the higher the FIGO stage, the worse the prognosis (Gąsowska-Bajger et al., 2021). In view of the above phenomena, it was of interest to us whether ARRDC2 might contribute to the poor prognosis of OV patients. Immediately after, the Kaplan-Meier survival analysis and survival meta-analysis of this study showed that the overall survival of patients in the high-expression group of ARRDC2 was shorter than that of the low-expression group (Figures 2A–C). In addition, survival meta-analysis further improved the scientific validity and rigor of Kaplan-Meier survival analysis. However, to exclude the effect of chance factors, univariate cox and multivariate cox analyses were used to confirm that ARRDC2 could serve as an independent risk factor for poor prognosis in patients with OV (Figures 2D,E). A great many studies have shown that genes in the ARRDC family contributed to the progression of various malignancies such as gastric, cervical and colorectal cancers, and were strongly associated with poor prognosis (Shen et al., 2018; Xiao et al., 2018; Takeuchi et al., 2019). For instance, ARRDC3, a member of the ARRDC family, served as a biomarker for the diagnosis and prognosis of epithelial ovarian cancer (Chen et al., 2021). From this, it can be boldly speculated that ARRDC2 may likewise act as an oncogene in ovarian cancer and lead to poor prognosis, but its possible oncogenic mechanisms need to be further explored.
To further understand the pathological mechanism of poor prognosis of OV due to ARRDC2, we performed GO annotation analysis and enrichment analysis of KEGG cell signaling pathway. As shown in Figures 4A,B, ARRDC2 may be involved in immune response regulatory signaling pathway, B cell receptor signaling pathway, T cell signaling pathway, Th17 cell differentiation and other immune-related biological pathways and processes. Meanwhile, using GSEA, we again confirmed that ARRDC2 was highly and consistently enriched in immune-related signaling pathways. Studies have shown that ARRDC3, an important member of the ARRDC family, was closely related to immunity in epithelial ovarian cancer, which supports our research (Chen et al., 2021). The above enrichment analysis suggested that ARRDC2 may play an oncogenic role in ovarian cancer by influencing immune factors in the tumor microenvironment.
Therefore, we further explored the relevance of ARRDC2 to immune cells and immune checkpoints in the tumor immune microenvironment of ovarian cancer using the TIMER and TISIDB databases (Ru et al., 2019). Figures 4A,B showed that the mRNA expression levels of ARRDC2 positively correlated with the infiltration of immune cells, including CD8+ T cells, B cells, neutrophils and dendritic cells. Numerous studies have confirmed that immune infiltration is considered as one of the hallmarks of cancer. Considering the importance of immune cell infiltration in tumors, TISIDB further evaluated the abundance ratio of different immune cells in ovarian cancer (Figure 5A) (Hanahan and Weinberg, 2011). In addition to this, the TISIDB database also showed a significant positive association of the ARRDC2 gene with immunomodulators, major histocompatibility complex molecules (MHC) and chemokines (Figures 5B,C). Previous studies have shown that if upregulation of the MHC-I complex is present, then NK cells can target these cells to send inhibitory signals, leading to long-term survival of tumor cells (Buller et al., 2020). It also corroborated our study that ARRDC2 was positively correlated with the MHC gene and could act as an oncogene in ovarian cancer. Interestingly, we also found a significant positive correlation between ARRDC2 expression and four immune checkpoints (Figure 4D). With advances in immunotherapy, particularly antibodies against the immune checkpoints cytotoxic, such as T lymphocyte-associated protein 4 (CTLA-4), programmed death protein 1 (PD-1) and programmed death ligand 1 (PD-L1), have shown clinical efficacy in ovarian cancer (Peyraud and Italiano, 2020; Wan et al., 2021). The degree of immune cell infiltration can be determined by gene expression profiles of immune-related genes, which may help estimate the prognosis of patients (Sui et al., 2020). In this regard, this research showed that the overall survival of patients with high ARRDC2 expression was shortened as seen by the Kaplan-Meier Plotter database under different immune cell infiltration scenarios (Figures 6A–I). In conclusion, this study fully confirmed the close correlation between ARRDC2 and important tumor immune microenvironment components such as immune cell infiltration and immune checkpoints. Moreover, the high expression of ARRDC2 could lead to poor prognosis such as reduced overall survival under different immune cell infiltration environments, which suggested that ARRDC2 may be used as a novel immunotherapy target to improve the clinical prognosis of OV patients.
After exploring the aberrant expression of ARRDC2 and its prognostic significance, the effect of ARRDC2 on the biological behavior of OC cells was assessed by a complete set of cytological experiments. The results in Figures 8C,D confirmed that the knockdown efficiency of ARRDC2 was sufficient and provided a basis for further studies. Furthermore, the experiments confirmed the inhibitory effect of ARRDC2 knockdown on the proliferation and migration of OC cells (Figure 9). Through the combination of big data analysis and cell experiment validation, ARRDC2 was preliminarily confirmed as a potential oncogene. May lead to poor prognosis by promoting the malignant biological behavior of OC cells.
The ultimate goal of the study was to benefit the clinic. Therefore, based on the above research part, the CMap small molecule drug analysis was performed using co-expressed genes positively and negatively associated with ARRDC2, and finally two small molecule compounds with potential therapeutic effects on ovarian cancer were predicted: Mercaptopurine and Apigenin (Figure 7). A large number of previous studies have evaluated the reliability of the CMap small molecule drug analysis for drug prediction (Iskar et al., 2010; Cheng et al., 2014). And encouragingly, previous studies have demonstrated the use of Mercaptopurine as an immunomodulatory agent in the treatment of patients with inflammatory bowel disease (Su et al., 2000). In addition, Mercaptopurine is effective in the treatment of immune modulation disorders and acute lymphoblastic leukemia (Marinaki and Arenas-Hernandez, 2020). For Apigenin, it has been reported that Apigenin inhibited various human cancers in vitro and in vivo as well as stimulates immune responses through multiple biological effects (Yan et al., 2017). Besides, Apigenin limited melanoma growth by inhibiting PD-L1 expression through modulation of tumor and antigen (Xu et al., 2018). Notably, previous studies are highly consistent with our study that ARRDC2 may serve as a new target for immunotherapy and may provide a new direction for subsequent immunopharmacological treatment of ovarian cancer.
The research focus of ovarian cancer treatment is precision immunotherapy or targeted therapy driven by specific biomarkers, which will bring better survival results for patients with ovarian cancer. In addition, it is important to explore new biomarkers not only for prognostic assessment, but also for the exploration of the subtle mechanisms of epigenetic and immunological changes that occur in the tumor immune microenvironment. Based on these circumstances, this study has certain strengths and limitations. The main strength of this study is the originality of the findings. This study brought the role of ARRDC2 as an immune-related prognostic biomarker in ovarian cancer to the public eye for the first time. The discovery and in-depth study of ARRDC2 would enable it to predict the effect of treatment, be used as a new potential therapeutic target and extend the overall survival of patients. However, this study still has some limitations. Although this study clarified the abnormal expression of ARRDC2 and its prognostic significance based on public data and cell experiment data. However, this study did not verify the prognostic significance of ARRDC2 in a clinical cohort. This is the limitation of this study and the direction of further research in the future.
CONCLUSION
Our study suggests that aberrantly expressed ARRDC2 may be a potential prognostic marker for OV. More importantly, it may promote the proliferation and migration of ovarian cancer cells and may be associated with the tumor immune microenvironment. Clinically significant ARRDC2 may be used to assess the clinical prognosis of patients with OV and may also be used as a target for immunotherapy or as a potential marker for checkpoint inhibitor-based immunotherapy.
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Alternative splicing (AS) isoforms create numerous proteoforms, expanding the complexity of the genome. Highly similar sequences, incomplete reference databases and the insufficient sequence coverage of mass spectrometry limit the identification of AS proteoforms. Here, we demonstrated full-length translating mRNAs (ribosome nascent-chain complex-bound mRNAs, RNC-mRNAs) sequencing (RNC-seq) strategy to sequence the entire translating mRNA using next-generation sequencing, including short-read and long-read technologies, to construct a protein database containing all translating AS isoforms. Taking the advantage of read length, short-read RNC-seq identified up to 15,289 genes and 15,906 AS isoforms in a single human cell line, much more than the Ribo-seq. The single-molecule long-read RNC-seq supplemented 4,429 annotated AS isoforms that were not identified by short-read datasets, and 4,525 novel AS isoforms that were not included in the public databases. Using such RNC-seq-guided database, we identified 6,766 annotated protein isoforms and 50 novel protein isoforms in mass spectrometry datasets. These results demonstrated the potential of full-length RNC-seq in investigating the proteome of AS isoforms.
Keywords: alternative splicing, translatome sequencing, mass spectrometry, proteome, isoform, human proteome project
INTRODUCTION
A single human gene can produce a variety of alternative splicing (AS) isoforms, which may be translated into protein isoforms with different localizations, structures and functions, which dramatically diversify the transcriptome and proteome. Proteoforms from AS can have different functional domains, such as enzymatic active sites or protein-binding sites, and participate in various important physiological and pathological processes. A lot of evidence shows that AS disorders lead to various diseases (Wang et al., 2008; Baralle and Giudice, 2017). Therefore, a major add-on challenge of Human Proteome Project (HPP) over Human Genome Project is to discover protein AS isoforms (Paik et al., 2012).
With the development of next-generation sequencing technology, more than 100,000 AS isoforms have been found in human genome (Pan et al., 2008). However, it has been shown that different AS transcripts are translated in different efficiency, some of which are not translated (Wang et al., 2013). Identifying protein products of the AS isoforms and characterizing their functions remain a huge challenge because of two main reasons: 1) Protein isoforms from AS are usually highly similar in sequences and thus may be difficult to distinguish using mass spectrometry (MS) techniques. High sequence homologies and similarity physical-chemical properties of protein isoforms make it difficult for them to be effectively separated by pre-fractionation steps, and unique peptides generated by the digestion of low-expression proteins is hard to be identified by MS. The average sequence coverage of a recent near-complete yeast proteome is only 29% when using trypsin digestion (Gao et al., 2021). The sequence coverage of human proteome is 14–25%, which hinders the discovery of unique peptides of AS isoforms (Wang et al., 2019). 2) Many public proteome reference databases tend to include only the canonical isoforms. The AS isoforms are largely missing or incomplete (Sulakhe et al., 2019). Moreover, protein isoforms sequences are largely inconsistent across all the commonly used databases. In comparison with the canonical isoforms, the sequence features in the human alternatively splicing isoforms always be lost or modified (Frankish et al., 2015).
We previously exhibited that the translatome sequencing, i.e. next-generation sequencing on the translating mRNAs, provides a powerful tool to investigate the proteins which are being synthesized (Zhong et al., 2014). Due to the high throughput of translatome sequencing techniques, it is relatively easy to achieve near-complete sequence coverage of translating mRNAs, thus provides a solid basis of the analysis on protein isoforms and single amino-acid polymorphisms. There are two major translatome sequencing techniques, RNC-seq and Ribo-seq (reviewed in (Zhao et al., 2019)). In brief, Ribo-seq use ribonuclease to digest mRNA excluded by ribosomes into ribosome protected fragments (RPFs), also known as ribosome footprints (RFPs), ∼28 nt in average in eukaryotic cells. It is proposed to identify the non-canonical translation initiation or termination, the truncation or extension of reading frame and uORF, etc. However, Ribo-seq seems to show high false positives in ORF detection in practice (Guttman et al., 2013; Lu et al., 2019). In contrast, RNC-seq sequences the entire mRNA in the ribosome nascent-chain complex. Since the mRNA is intact, the sequencing library can be of any size. Therefore, RNC-seq has some following advantages in detecting translating AS isoforms. 1) The long reads can easily exclude the small ribosome-engaged RNA fragment contaminants by the longer library length and poly(A)-enrichment strategy, minimizing the false positives. 2) The long reads have a greater chance of span across the splice junction and thus enable alignments to process reads across junctions more accurately, which means RNC-seq can theoretically detect more AS isoforms. 3) The unlimited length of insert fragment can reveal novel isoforms and guide the discovery of novel proteins isoforms by long-read sequencing. 4) The experimental process of RNC-seq without enzymic digestion is simpler. Therefore, the result of RNC-seq has the advantages of better stability and reproducibility. RNC-seq has found a “hidden proteome”, i.e. a large number of proteins encoded by “non-coding” RNAs (ncRNAs), demonstrating that RNC-seq is an effective method to guide new protein identification (Lu et al., 2019).
In this work, we systematically compared RNC-seq and Ribo-seq in the context of proteome identification, especially when identifying protein isoforms from AS. We also demonstrated that the single-molecule long read sequencing technique identified thousands of new splice variants and guided the MS identifications of new protein isoforms.
RESULTS
Translating AS Detection Efficiency of RNC-Seq and Ribo-Seq
Both RNC-seq and Ribo-seq need to extract ribosome fraction. In human cells, rRNAs account for 80–85% of the total RNA, while coding mRNAs account for only 1–5% (Zhao et al., 2018). The RNC-seq selects mRNA using poly-dT oligos, which effectively avoid sequencing rRNA. In contrast, the ribosomal footprints in Ribo-seq lacks polyA tail. The rRNA can only be removed by hybridization, which is trickier and often inadequate. For example, in MHCC97H and HeLa cells, our RNC-seq datasets contained only ∼1% rRNA reads, while Ribo-seq datasets contained 16–83% rRNA reads (Figure 1A). We analyzed 775 RNC-seq and Ribo-seq datasets in the TranslatomeDB (Liu et al., 2018). The Ribo-seq datasets contained much higher fraction of rRNA reads than RNC-seq (Figure 1B). This remarkably decreased the effective mRNA reads, which undermined the AS detection efficiency of Ribo-seq.
[image: Figure 1]FIGURE 1 | RNC-seq’s advantages over Ribo-seq in detecting splicing isoforms with higher efficiency. (A) Percentage of rRNA reads in RNC-seq and Ribo-seq datasets of MHCC97H and HeLa cells. (B) Percentage of ribosomal RNA reads in RNC-seq and Ribo-seq datasets in human, mouse, and rat. The p-values were obtained from Kolmogorov-Smirnov test. (C) Percentage of uniquely mapping reads (uni-mapped reads/non-rRNA reads) in RNC-seq and Ribo-seq. (D) Number of identified canonical junctions (left) and novel junctions (right) using same number of non-rRNA reads (25M). (E) Number of identified genes and isoforms supported by uniquely mapped reads under the same throughput of raw reads. (F) Number of protein isoforms identified by using RNC-seq and Ribo-seq guided protein database. (G) Proportion of identified distinct proteins by RNC-seq guided database and neXtProt. Ambiguous: these proteins share all their peptides with other proteins, and thus cannot be unambiguously identified.
When detecting known splice variants, it is efficient to map short sequencing reads to RNA reference sequences. The uniquely mapped reads represent the specific splice variants. When normalized against the non-rRNA read number, the RNC-seq datasets (100 nt read length) yielded approximately doubled uniquely mapped reads than the Ribo-seq datasets (∼28 nt reads) (Figure 1C). This suggests that RNC-seq can improve the efficiency of AS isoforms identification not only by the better enrichment strategies, but also by the longer read lengths, since longer reads are more likely to span across the specific splice junctions and specific exons.
In addition, longer reads also provides more information for the algorithms to identify the reads across junctions more accurately, thereby facilitates the discovery of splice junctions including novel splice events (the splice events which are not annotated in the database). As a validation, we used STAR algorithm to map the rRNA-filtered clean reads to human genome GRCh38. The RNC-seq identified 3.2–8.7 × more canonical junctions and 3.5 × more novel junctions than Ribo-seq (Figure 1D).
We then evaluated the number of expressed genes and isoforms identified by RNC-seq and Ribo-seq. With the increasing number of raw reads, both RNC-seq and Ribo-seq can identify more expressed genes and isoforms (Figure 1E). However, using the same throughput of raw reads, RNC-seq identified 17–27% more translating genes and 1.6–2.3 × more known splice isoforms than Ribo-seq. For example, RNC-seq identified 15,906 isoforms by isoform-specific and uniquely mapped reads in MHCC97H cell line, while Ribo-seq identified only 7,117 isoforms. This trend is also valid when considering the same number of non-rRNA reads (Supplementary Figure S1).
Using the identified translating isoforms (with isoform-specific reads) to build protein databases to identify proteins in mass spectrometry datasets, the RNC-seq database identifies 17–56% more protein than Ribo-seq, following the criteria of HPP Guideline 3.0 (Figure 1F). Compared to the standard neXtProt (with isoforms) database, more than 75% of the identified isoforms were canonical ones, and detected 678–840 non-canonical proteins which are not included in neXtProt database (Figure 1G). Besides these uniquely identified proteins, only 1,333 proteins were ambiguously identified because all their identified peptides were shared with other proteins. In contrast, 3,384–3,571 proteins were ambiguously identified using neXtProt database (Figure 1G). This indicated that the RNC-seq-guided database provided more concise identifications.
We then demonstrated the total number of identified proteins by using the identified translating genes (with gene-specific reads) and translating isoforms (with isoform-specific reads) to guide protein identification. For example, by using RNC-guided database (constructed by 132M reads of MHCC97H and 110M reads of HeLa, respectively) we identified 10,887 and 11,308 proteins (Supplementary Figure S2), while only 6,328 and 6,506 proteins identified by using the neXtProt database. This result demonstrated that the RNC-seq-guided database strategy significantly optimized the protein identification efficiency.
In sum, RNC-seq has a distinct advantage in detecting translating AS isoforms and novel protein isoforms.
The Translation Potential of Identified Non-coding RNAs Between RNC-Seq and Ribo-Seq
It is known that many “ncRNAs” can be translated into proteins in canonical way. We evaluated the translating potential of these ncRNAs identified by RNC-seq and Ribo-seq under the same number of uniquely mapping reads (Figure 2A). In independently identification of RNC-seq, about 86% of the translating “ncRNAs” contain canonical AUG-started open reading frames (ORFs) of at least 50 aa in length, while in Ribo-seq, 55–68% of the translating “ncRNAs” contains canonical ORFs (Figure 2B). This raised a doubt whether such non-canonical “new proteins” identified by Ribo-seq were real. Indeed, 54–77% of the noncoding isoforms without canonical ORF identified by Ribo-seq were classical small noncoding RNAs (Figure 2C), mainly snoRNAs, which are unable to encode proteins ≥ 50 aa (Figure 2D). Previous studies have shown that ribosomes interact extensively with snoRNAs, such as ribosome biogenesis (Reichow et al., 2007), and the interaction of 80S ribosomes and pre-mRNA with snoRNAs induces degradation to generate mature mRNA and functional snoRNAs. Therefore, snoRNAs can cross the sucrose cushion with ribosomes during ultracentrifuging, which would lead to the detection of snoRNAs in final sequencing data. Due to the digestion of RNase, it is difficult for Ribo-seq to exclude the non-RFPs of small ncRNAs and degraded fragments (Smith and Steitz, 1998; Guttman et al., 2013).
[image: Figure 2]FIGURE 2 | The difference of identified isoforms between RNC-seq and Ribo-seq. (A) Venn diagram of isoforms identified by RNC-seq and Ribo-seq using 8 million uniquely mapped reads, respectively. (B) Distribution of identified ncRNA with and without ORFs. (C) Length distribution of the ncRNA without canonical ORF. (D) Types of small ncRNA identified by Ribo-seq of MHCC97H.
Direct Full-Length RNC Sequencing Reveals Isoform Complexity
It is difficult to determine exon arrangement solely by short reads. Single-molecule, long-read sequencing techniques (Iso-seq), such as PacBio or Nanopore, can solve this problem by sequencing the entire mRNA molecule (Rhoads and Au, 2015; Byrne et al., 2017). This provides a more detailed picture of the transcriptome and a powerful tool to detect novel AS isoforms. Using these techniques on RNC-seq, we can sequence the entire ribosome-bound mRNA to accurately determine the translating AS isoforms, as different AS isoforms are translated in different efficiency (Wang et al., 2013).
We performed the direct full-length RNC-seq on MHCC97H using Nanopore MinION sequencer. Due to the high error rate (∼8.47%) of the single-molecule Nanopore sequencer, we corrected the sequences by more accurate short read RNC-seq data (error rate ∼0.61%) corresponding to ensure the correction of novel isoforms identification. After filtering out novel singletons (Sessegolo et al., 2019), the full-length RNC-seq identified in total 15,131 unique AS isoforms. Among these isoforms, 4,525 (29.91%) were absent in NCBI Refseq mRNA reference database, and 4,429 (29.27%) were annotated in RefSeq database but cannot be identified by the short-read RNC-seq (Figure 3A). For example, we identified an isoform NM_002046 of gene GAPDH with the unique combination of exons by long reads of Nanopore sequencing, but would be missing in short-read sequencing because it has no unique splice junction compared to other splice isoforms (Figure 3B).
[image: Figure 3]FIGURE 3 | Single-molecule full-length RNC-seq improved the efficiency of isoforms identification. (A) Three types of identified isoforms by Nanopore RNC-seq. “Annotated” means that the isoform is included in NCBI human Refseq database. “in short-read set” means that the isoform can be identified by short-read RNC-seq. (B) All isoforms of GAPDH. The marked isoform was identified by full-length RNC-seq but not by short-read RNC-seq. (C) All isoforms of PCBP2. Nanopore full-length RNC-seq identified a novel isoform that was absent in Refseq and neXtProt databases. (D) The MS-detected specific junction peptide (PSSSPVLFAGGQLTK) that supported the novel junction of PCBP2.
Next, we detected novel isoforms at protein level. We built a protein database by 3-frame-translation of all detected isoforms. This database included 18,200 protein sequences was used for mass spectrometry-based proteome identification. This database is much smaller than the neXtProt database with isoforms (41,653 entries). Therefore, the sensitivity was expected to be better. We detected 6,766 isoforms with at least 1 isoform-unique peptide ≥ 9 aa.
After filtering out the proteins whose unique peptides shared sequences with canonical proteins in neXtProt (with isoforms), we finally identified 50 novel protein isoforms which were not included in RefSeq and neXtProt reference with FDR < 0.01. When we controlled the FDR of protein-level and peptide-level to 0.001, there are still 43 novel isoforms could be identified with stricter quality control (Supplementary Table S1, S2, Supplementary Figure S3).
For example, we detected a novel isoform of PCBP2 gene with a unique peptide (Figures 3C,D). Compared with other annotated isoforms, this isoform alternative spans across the exons 8 and 11, and skips exons 9 and 10. These results indicates that the long-read RNC sequencing is efficient to reveal novel human protein isoforms.
DISCUSSION
Protein AS isoform is of great importance in proteome studies and has not been specifically and thoroughly investigated in the context of HPP because of the difficulties of detecting isoform-specific peptides in large-scale MS data (see the Introduction section). Previously, the cell line-specific protein sequence database based on transcriptome. However, it seems that the efficiency of such approaches was not satisfying. The Human Proteoform Atlas database collected 3,055 protein isoforms in human proteome, which was identified in 2011–2014 from all studies they could collect (Hollas et al., 2022). A recent study on 19 cell types from human blood reconstructed 95,979 transcripts from transcriptome sequencing, but identified only in total 4,344 proteoforms using such database in 19 cell types (Melani et al., 2022). In contrast, we identified 6,766 isoforms with unique peptides from one HeLa cell line using our RNC-seq-guided database strategy, much more efficient than the transcriptome-guided database strategy. One possible reason is that the transcriptome-based protein reference database contained too many false entries (i.e., the protein sequences that were actually not translated into proteins): the 3-frame-translation of RNA generates many false entries, and many mRNAs were not translated, especially some AS transcripts (Wang et al., 2013). Excessive number of false entries largely expands the database and decrease the sensitivity and confidence of database search under the widely-used Target-Decoy scheme (Khatun et al., 2013). RNC-seq detects only the translating RNAs and thus creates a minimal protein database, which would solve the problem. At steady state, the translating RNA corresponds to proteins (Zhong et al., 2014). At non-steady state, there might be proteins which were not being synthesized but not fully degraded. Using RNC-seq-guided database may lead to false negatives, but it can still provide confident identifications of those proteins which are being synthesized.
Unique peptides are required to evidence the existence of a proteoform. However, 11,757 proteins in neXtProt database were predicted to have no unique peptides that allows isoform identification (Jeong et al., 2018). The major reason is that most of these isoforms do not have specific junction or exons that can be distinguished from other isoforms. They are unique just due to the unique combination of exons. We can distinguish such isoforms by single-molecule full-length RNC-seq, but the short peptides prevent unique identification at protein level. In such cases, RNC-seq provides indirect evidence of these isoforms. Protein evidence need advances in other experimental strategies, for example, top-down proteome methods.
Long-read RNC-seq also found 4,525 isoforms that were not included in RefSeq databases, and we identified 50 proteins out of these isoforms at protein level. This suggests a hidden proteome from these newly discovered isoforms. It should be noted that our Nanopore RNC-seq yielded only 1.43M reads. When elevating the throughput, considerably more “new” isoforms are expected to be discovered.
In sum, RNC-seq is an efficient and economical way (compared to Ribo-seq) to investigate the proteome of AS variants, and facilitates the functional studies of these isoforms.
MATERIALS AND METHODS
Cell Lines and Reagents
The human hepatocellular carcinoma MHCC97H cell line was kindly provided by Professor Yinkun Liu, Fudan University. MHCC97H cells were cultured in the DMEM (Life Technologies, Carlsbad, CA, United States) medium supplemented with 10% fetal bovine serum (Life Technologies, Carlsbad, CA, United States), 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA, United States) and 10 μg/ml ciprofloxacin, and both of cells were detected free of mycoplasma during maintenance and upon experiments.
Ribosome-Nascent Chain Complex Isolation
The method of ribosome-nascent chain complex (RNC) isolation was generated as described before (Wang et al., 2013). In brief, MHCC97H cells were pre-treated with 100 μg/ml cycloheximide (Acmec, Shanghai, China) for 10 min at 37°C, followed by 5 ml pre-colded PBS (Beyotime, Shanghai, China) washes twice and lysis for 30 min on ice by 2 ml pre-cooled human cell lysis buffer (20 mM Tris-HCl, 5 mM MgCl2, 150 mM KCl, 1 mM DTT, 100 μg/ml cycloheximide, 25 units/mL Turbo DNase I, 1% Triton X-100). Cell lysates were clarified by centrifuge at 17000 × g at 4°C for 15 min, supernatants were transferred on the surface of 14.5 ml sucrose cushion (30% sucrose, 20 mM Tris-HCl, 5 mM MgCl2, 150 mM KCl, 1 mM DTT, 100 μg/ml cycloheximide). RNCs were purified by ultra-centrifugation in a Type 70Ti rotor (Beckman Coulter, Brea, CA, United States) at 185,000 × g for 5 h at 4°C.
RNA Extraction and mRNA Sequencing Library Construction
Total MHCC97H RNC-RNA were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). 1 μg of total RNC-RNA were subjected for library construction. Briefly, PolyA + mRNAs were isolated using VAHTS mRNA Capture Beads (Vazyme, Jiangsu, Nanjing, China). The sequencing library was constructed by MGIEasy RNA library Preparation kit (MGItech, Guangdong, Shenzhen, China) following the manufacturer’s instructions. Libraries were sequenced in a BGI-Seq 500 (MGItech, Guangdong, Shenzhen, China) sequencer at SE100 mode. The raw data of RNA sequencing can be found below: NCBI SRA Bio Project, accession no: GSE198624.
Ribosome Profiling
The method of ribosome profiling was generated as described before (Ingolia et al., 2012) with some modification. In brief, MHCC97H cells were pre-treated with 100 μg/ml cycloheximide for 10 min at 37°C, and then washed twice using 5 ml pre-cooled PBS. The cells were lyzed for 30 min on ice in 2 ml pre-colded human cell lysis buffer. Cell lysates were clarified by centrifuge at 17000 × g at 4°C for 15 min. Purified lysates were treated with 7 units RNase I (Thermo Fisher, Waltham, MA, United States) per OD260. The RNase digestion was performed at 4°C with gentle mixing for 60 min, and then stopped by adding 10 μL of SUPERase-in RNase inhibitor (Thermo Fisher, Waltham, MA, United States). Monosomes were pelleted using ultra-centrifugation in a Type 70Ti rotor at 185,000 × g for 3 h at 4°C.
RNA was isolated using TRIzol reagent. RNA less than 200 nt was isolated using Zymo RNA clean and concentrator kit (Zymo Research, Orange, CA, United States). RNAs with the length of 17–200 nt were loaded on a 15% (w/v) Urea PAGE and resolved by gel electrophoresis. Ribosome footprints were purified by gel recovery according to the Zymo small-RNA PAGE Recovery kit (Zymo Research, Orange, CA, United States). The 3′ dephosphorylation reaction was performed using T4 PNK (New England Biolab, Hitchin, Hertfordshire, United Kingdom) without ATP. The 5’ phosphorylation reaction was performed using T4 PNK with 1 mM ATP. RNA was precipitated by adding 39 µL of nuclease free water, 1.0 µL of GlycoBlue coprecipitant (Invitrogen, Carlsbad, CA, United States) and 10 µL of 3 M sodium acetate (pH5.5), 150 µL isopropanol, at −80°C overnight. Ribosome footprints sequencing library was constructed by using MGIEasy Small RNA library preparation kit. Libraries were sequenced in a BGI-Seq 500 sequencer at SE50 mode. The raw data of RNA sequencing can be found below: NCBI SRA Bio Project, accession no: GSE198624.
Protein Extraction and Protein Digestion
MHCC97H Cell line was cultured to 80–90% coverage and treated with 1% SDS lysis buffer (Beyotime, Shanghai, China) and the protein concentration was measured using a BCA kit (Thermo Fisher, Waltham, MA, United States).
The protein digestion was performed by filter-aided sample preparation (FASP) (Wisniewski et al., 2009) as we previously described (Lu et al., 2019). In brief, firstly, 1 mg protein samples were reduced and alkylated using dithiothreitol solution (DTT) (Solarbio, Beijing, China) and iodoacetamide solution (IAA) (I6125, Merck, Kenilworth, NJ, United States) at a final concentration of 4 M urea (8 M urea in 0.1 M Tris-HCl, pH 8.5). Secondly, all the solution was transferred to a 10KD ultrafiltration tube (Merck, Kenilworth, NJ, United States) and centrifuged at 12000 g, and then washed 3 times with 50 mM TEAB (Thermo Fisher, Waltham, MA, United States). Thirdly, trypsin (V5280, Promega, Madison, WI, United States) was added in a ratio of 1:40, and incubated overnight at 37°C. The peptides were collected into low-binding collection tube (Thermo Scientific™, Waltham, MA, United States) and then measured the concentration using Pierce Quantitative Fluorometric Peptide Assay (Thermo Scientific™, Waltham, MA, United States). Finally, the peptides were freeze-dried and stored at −80°C.
Data-Dependent Acquisition Mass Spectrometry
Firstly, the total peptides were fractionated using high-pH reverse-phase liquid chromatography (RPLC). Specifically, 600 µg peptide was re-dissolved in 100 µL buffer A (2% (v/v) ACN, pH 10), and loaded onto the C18 column (4.6 × 250 mm, C18, 3 μm, 186003581, Waters, Milford, MA, United States). The elution gradient was buffer B (98% ACN, pH 10; flow rate, 800 μL/min) for 65 min, the elution gradient was as follows: 5% B, 0 min; 5% B, 6 min; 37% B, 28 min; 46% B, 45 min; 90% B, 46 min; 90% B, 54 min; 95% B, 55 min; 95% B, 65 min. The eluted peptides were collected every minute from the 6th minute until the 54th minute, and then the front, middle and rear fractions were combined into 16 fractions with equal peak area, finally, the fractionated peptides were freeze-dried.
Secondly, the 16 fractionated peptides were redissolved in 0.5% (V/V) trifluoroacetic acid (TFA) (Macklin, Shanghai, China) and were desalted using a Mono tip C18 columns (Shimadzu, Kyoto, Japan) following the manufacturer’s instructions and freeze-dried.
Finally, the 16 fractions of the desalted peptide were re-dissolved in 0.1% (V/V) formic acid (FA) (Thermo Scientific™, Waltham, MA, United States) and then preformed DDA analysis by using Orbitrap Fusion Lumos mass spectrometer equipped with EASY-nLC 1200 system (Thermo Scientific™, Waltham, MA, United States). 2 µg of each fractions peptides were loaded on a nano trap column (C18, 150 μm × 20 mm, 1.9 μm, homemade), and then separated onto an analytical column (C18, 150 μm × 300 mm, 1.9 μm, homemade) using a 120 min linear gradient (solvent A: 98% H2O, 2% ACN, 0.1% FA; solvent B: 98% ACN, 2% H2O, 0.1% FA) at a flow rate of 600 nL/min. The detailed solvent gradient was as follows: 5–12% B, 28 min; 12–24% B, 58 min; 24–38% B, 25 min; 38–95% B, 1 min; 95% B, 8 min. The MS1 scan was acquired from 350 to 1500 m/z with a resolution of 120 k, the MS2 scans were performed at a resolution of 15 k with an isolation window of 1.6 m/z, the cycle time was set to 3s with a dynamic exclusion of 30s. All the MS raw data for DDA are publicly available in ProteomeXchange with identifier PXD032201.
AS Event Calling
The HeLa Ribo-seq datasets (accession SRR3306589) (Park et al., 2016) and HeLa RNC-seq datasets (accession SRR6929904) (Li et al., 2018) were obtained from NCBI. We extract the ribosomal RNA sequences in the NCBI RefSeq-RNA database (downloaded on 6 December 2019) according to refFlat annotation (downloaded on 17 January 2020) as a human rRNA reference dataset. For full-length translating (RNC) mRNA-seq datasets, reads were mapped to rRNA reference sequences using FANSe3 (Zhang et al., 2021) (Release version 3.13) with the parameters–S12 –E4 in HeLa (50bp read lengths), and–S14 -E4 in MHCC97H (100bp read lengths). For Ribo-seq datasets, reads were mapped to rRNA reference sequences using FANSe3 with the parameters–S10 -E2 -U1. Reads that can be aligned to rRNA reference sequences will be considered rRNA reads and discarded. The filtered reads from each sample were mapped to the NCBI RefSeq-RNA database using FANSe3 with unique mode based on the same parameters as above. The UCSC refFlat annotation was used for isoform calling. Isoforms with uniquely-mapped read count≥10 were considered as detected.
Splice Junction Analysis
RNC-seq and Ribo-seq were mapped to the GRCh38 no-alt analysis set (accession GCA_00001405.15) using STAR (2.5.0a) (Dobin et al., 2013) with the gtf option (GRCh38 full analysis set, accession GCA_000001405.15). The total number of splice junctions detected for each sample was taken from the log.final.out file printed by the aligner STAR (Dobin et al., 2013). We defined “Annotated (SJDB) Juntcion” as the identified canonical splice junctions, and “non-canonical junction” as potential novel junctions.
Protein Isoforms Identification
The MHCC97H and HeLa custom protein isoforms databases were built by translating identified AS isoforms into protein sequences. neXtProt (release 2020-07-17) database was used as a negative control. pFind (version3.1.4) (Wang et al., 2007) was utilized to search protein isoforms in Hela (accession PXD004452) (Bekker-Jensen et al., 2017) and MHCC97H mass spectrometric datasets. The FDR threshold was set to 0.01 at both peptide level and protein level. The carbamidomethyl [C] was set as fixed modification, and oxidation [M] as variable modification during the search. The product ion tolerance was set as default parameters and precursor mass tolerance was set to 10 ppm. The missed cleavage was set to 2 for each peptide.
Full-Length Single-Molecule RNC-Seq
Direct RNA Sequencing Kit (Oxford Nanopore Technologies plc, Oxford, United Kingdom) was used for full-length RNC-seq library preparation. The prepared library was load into a MinION flow cell (Oxford Nanopore Technologies plc, Oxford, United Kingdom) and sequenced on MinION device (Oxford Nanopore Technologies plc, Oxford, United Kingdom). Base-calling was performed with MinKNOW (V 3.6.5). Reads were aligned to GRCh38 no-alt analysis set (accession GCA_00001405.15) using minimap2 v2.7-r654 (Li, 2018) in spliced alignment mode with the command: minimap2 -ax splice -uf -k14 -secondary = no. FLAIR correct (v1.5) (Tang et al., 2020) was used to correct the splice-site boundaries of reads. All splice sites were assessed for validity by checking for support in genome annotation file (GRCh38 full analysis set, accession GCA_000001405.15). Splice junctions were extracted from matched RNC-seq data, and only the junctions supported by > 5 uniquely mapped short reads were considered valid. Incorrect splice sites were replaced with the nearest valid splice site within a 10-nt window. Isoforms were assembled and identified using FLAIR collapse (v1.5) (Tang et al., 2020) with the default settings. We filtered out the single exon transcripts to increase the confidence of the identification results. The raw data of RNA sequencing can be found below: NCBI SRA Bio Project, accession no: GSE198624.
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Epigenetic modifications are essential mechanism by which to ensure cell homeostasis. One such modification is lysine methylation of nonhistone proteins by SETD7, a mono-methyltransferase containing SET domains. SETD7 methylates over 30 proteins and is thus involved in various classical pathways. As such, SETD7 has been implicated in both the basic functions of normal tissues but also in several pathologies, such as cancers. In this review, we summarize the current knowledge of SETD7 substrates, especially transcriptional-related proteins and enzymes, and their putative roles upon SETD7-mediated methylation. We focus on the role of SETD7 in cancers, and speculate on the possible points of intervention and areas for future research.
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1 INTRODUCTION
The alteration of the gene expression profile in somatic cells is the main cause of human diseases. Such alterations can be driven by DNA methylation, posttranscriptional modification (PTM) of proteins, and noncoding RNAs (Esteller, 2007)—otherwise known as epigenetic modifications. Of the various PTMs, phosphorylation and acetylation help to modulate kinase activity and signal transduction. Ubiquitination and sumoylation regulate protein stability, while methylation influences protein interactions, function, stability, activity, structure and subcellular location (Wang et al., 2017). Many nonhistone proteins are also methylated; for example, lysine (K) can be mono-, di- or tri-methylated, while arginine (R) can be mono- or di-methylated (Pek et al., 2012). We are aware of around more than 50 lysine methyltransferases, 20 lysine demethylases (Han et al., 2019) and 10 proteins arginine methyltransferases (Wu et al., 2021) that are involved in protein methylation, either as a “writer” (adding methyl groups), a “reader” (recognizing the methyl signal), or an “eraser” (removing methyl groups). These proteins regulate several biological processes in both health and disease contexts.
SET domain containing lysine methyltransferase 7 (SETD7) is a 40 kDa protein containing 366 amino acids that is responsible for transferring the monomethyl group to lysine of its substrates from cofactor S-adenosylmethionine (AdoMet) (Fick et al., 2016). Similar to most lysine methyltransferases, the SET domain is required for catalysis, with histidine 297 the critical site for its methyltransferase activity (Nishioka et al., 2002). The methylated lysine targeted by SETD7 usually follows after the consensus motif of [K/R]-[A/S/T] (Del Rizzo and Trievel, 2011). SETD7 contains three membrane occupation and recognition nexus (MORN) motifs in the N-terminal region, which likely mediate SETD7’s interaction with the plasma membrane when the protein is not in the nucleus (Bivona et al., 2006).
SETD7, also known as SET7/9, KIAA1717, or KMT7, was first identified as a histone H3-lysine 4-specific (H3K4) methyltransferase that changes the affinity between histone 3 and double-stranded DNA to regulate gene expression (Wang et al., 2001). Since then, other have showed that SETD7 depletion has little impact on H3K4 methylation status in certain circumstances (Ea and Baltimore, 2009; Gaughan et al., 2011; Lehnertz et al., 2011), implying a more critical role of SETD7 on nonhistone proteins. SETD7 can modify many substrates, including histones and nonhistone transcription factors, transcriptional coactivators, hormone receptors, DNA methyltransferases, and other histone methyltransferases. The role of SETD7 is determined by the function of its substrates. Indeed, more than a dozen SETD7 nonhistone substrates have now been discovered (Keating and El-Osta, 2013).
The fates of the proteins modified by SETD7-mediated lysine methylation are diverse. They range from nucleus to cytoplasm and are implicated in gene transactivation, signaling transduction and regulation of hemostasis. Here, we discuss the known SETD7 substrates and their putative roles when methylated by SETD7 in regulation of cell cycle, apoptosis and response to external stimulation in human cancers.
2 SETD7-MEDIATED SUBSTRATE MODIFICATIONS AND THEIR ROLE IN CANCER
2.1 Cell Cycle and Apoptosis Regulation
Cell cycle progression and cell apoptosis are coupled intimately. These important decisions of cell proliferation or cell death are likely to be controlled by more than one signal and are necessary to ensure a proper cellular response. Some proteins can involve in both cell division and programmed cell death, such as p53, pRb, E2F, which are responsible for reacting cellular stresses and regulating checkpoint-associated proteins, including CDK2 (Engeland, 2018). Basically, cell cycle is regulated by checkpoints which link the cell cycle to apoptotic pathways and ensure that cell cycle events toward the correct order, otherwise initiating cell apoptosis. Data thus far, programmed cell death and cell cycle share common molecular mechanisms, which are modulated by SETD7 via its methyltransferase activity.
TP53 and SIRTUIN 1 (SIRT1)
TP53, a tumor suppressor regulating cell cycle and controlling cell fate, is highly frequent loss-of-function in most of cancers, which is facilitated to cancer progression (Blagih et al., 2020). The TP53 protein can directly binds with transcription factors, including Sp1, TBP and NF-Y, to suppress genes expression (Liebl and Hofmann, 2021). Additionally, TP53 influences CDK-cyclin interaction through up-regulation of its downstream genes, such as CDKN1A (encode p21Cip1/Waf1 protein), resulting in down-regulation of cell cycle-associated genes (Hu et al., 2021). On the other side, several pro-apoptotic BCL-2 family members, including BAX, BBC3 (PUMA) and PMAIP1 (NOXA) are activated by TP 53, which leads to cell apoptosis (Parrales and Iwakuma, 2015). SETD7-mediated methylation of TP53 K372 potentiates apoptosis and facilitates the transcriptional initiation of TP53-downstream genes p21Cip1/Waf1 (Chuikov et al., 2004), to decelerate cell cycle progression. Others showed that murine TP53 K369 is also a potential target residue for methylation by SETD7. Methylation of this residue promotes TP53 acetylation by Tip60 and potentiates the expression of downstream genes, including p21Cip1/Waf1 and PUMA, in vivo (Kurash et al., 2008; Campaner et al., 2011). Methylation-dependent TP53 activation indicates a tumor suppressor role for SETD7 in cancer cells in both humans and mice.
Some epigenetic modifiers of TP53 are also reported as a substrate of SETD7, such as SIRT1 which is a nicotinamide adenine dinucleotide-dependent deacetylase, involving in various cell metabolic processes (Chen et al., 2021). SIRT1 is generally considered as an oncoproteins in leukemia and prostate cancer due to suppressing several tumor suppressors, such as TP53, via its deacetylase activity (Yousafzai et al., 2021). However, SIRT1-mediated regulation of TP53 is inhibited by SETD7-dependent methylation at K233, K235, K236 and K238 on SIRT1. However, multi-methylation does not influence SIRT1 deacetylase activity, which may induce a conformational change of SIRT1 to avoid TP53 binding (Liu et al., 2011). In addition to showing that SETD7 directly methylates TP53, the researchers showed an alternative way in which the transactivation capacity of TP53 can be enhanced during the DNA damage response. Taken together, SETD7 serves as a tumor suppressor to enhance TP53 activity by a novel manner through abolishment of SIRT1 and TP53 interaction.
E2 Promoter-Binding Factor 1 (E2F1) and Retinoblastoma Tumour Suppressor Protein (pRB)
E2F1 is a transcription factor responsible for the expression of DNA damage-induced genes, such as CCNE1 which accelerates DNA replication and progression from the G1 to S phase of the cell cycle (Fouad et al., 2020). E2F1 also up-regulates downstream pro-apoptotic genes, including TP73, and activates programmed cell death through TP53-independent manner (Udayakumar et al., 2010). K185 on E2F1 is methylated by SETD7, which prevents E2F1 accumulation during DNA damage and activation of its proapoptotic target gene TP73 via destabilization E2F1 by ubiquitination and degradation (Kontaki and Talianidis, 2010). However, other study reveals that SETD7 and LSD1 regulate E2F1-mediated apoptosis upon DNA damage. Methylation of K185 on E2F1 by SETD7 leads to E2F1 stabilization and up-regulation of proapoptotic genes TP73 and BIM, whereas, SETD7-mediated effects are reversed by LSD1 (Xie et al., 2011). Interestingly, other study showed a negative correlation between E2F1 and SETD7 in vivo and in clinical specimens: Overexpression of E2F1 leads to SETD7 downregulation and EGFR and Snail upregulation in breast cancer cells (Montenegro et al., 2016). In the case as regulating its substrate, SETD7 is modulated by E2F1 either, which reveals a novel regulatory mechanism in SETD7 expression. Additionally, the threshold of expression of both E2F1 and SETD7 is indicated as a critical event to control the cell fate (Lezina et al., 2014). Since, the controversial role of E2F1 and its fully activity might also be determined the ubiquitinated level or types after SETD7-mediated methylation.
pRb functions in early cell cycle control by negatively regulating entry into S-phase by suppression of E2F1. In this way, pRb serves as a tumor suppressor, as well as usually being functionally inactivated in retinoblastoma, osteosarcoma, lung, breast and hepatic cancers (Giacinti and Giordano, 2006). Growth control by pRb is influenced by CDK phosphorylation, in which serial phosphorylation events that drive cell cycle transitions regulate pRb-dependent cell cycle progression (Mandigo et al., 2022). SETD7-mediated pRb methylation at K873 is required for pRb-dependent cell cycle arrest, transcriptional repression and pRb-dependent differentiation possibly by enhancing the interaction between pRb and the heterochromatin protein HP1 (Munro et al., 2010). The same group also demonstrated a novel mechanism in the regulation of E2F1 transactivation in which K810 methylation on pRb by SETD7 is essential for impeding cyclin/CDK recognition and the subsequent phosphorylation of the associated serine residue. As a result, pRb remains in the hypophosphorylated, growth-suppressing state (Carr et al., 2011). These data suggest that SETD7 serves as a tumor suppressor and cooperates with pRb in cell cycle control.
Forkhead Box O3 (FOXO3)
FOXO transcription factors have a critical role in longevity, tumor suppression and oxidative stress-induced neuronal cell death by regulating the expression of various target genes (Fasano et al., 2019). Activation of FOXO3 induces cell cycle arrest and promotes apoptosis in gastric cancer (Li M. et al., 2020), and pancreatic cancer (Usami et al., 2020). Other study shows that FOXO3 interacts with ERα and inhibits its transcriptional activity to suppress breast cancer progression (Zou et al., 2008). In addition, low expression of FOXO3 is associated with poorly prognostic outcome in estrogen-dependent breast cancer (Yin et al., 2020) and colorectal cancers (Bullock et al., 2013). FOXO3-mediated transcription and oxidative stress-induced neuronal apoptosis are negatively regulated by SETD7-dependent K270 methylation, as well as downregulating proapoptotic genes BIM (Xie et al., 2012). Interestingly, others showed that K271 on FOXO3 was methylated by SETD7, which decreases FOXO3 protein stability while moderately enhancing FOXO3-dependent activation of pro-apoptotic genes, which may in turn affect FOXO3’s ability to promote tumor suppression (Calnan et al., 2012). The role of SETD7 in methylation of K270 and K271 of FOXO3 is opposite and the detail molecular mechanism is demanded more evidences to clarify.
The functions of SETD7 to its substrates and its effects in cell cycle and apoptosis regulation was summarized in Figure 1. For some controversial substrates, such as E2F1, FOXO3, whether tissue-specific interacting proteins or cooperation of other epigenetic modifications involved in SETD7-mediated regulation are such interesting issues, which is worth for further investigation in order to elucidate the exactly physiological effects of SETD7-substrates axis.
[image: Figure 1]FIGURE 1 | Roles of SETD7 in regulation of cell cycle, apoptosis and external stimulations.
2.2 Regulation of External Stimulation
The corresponding responses of cells to various stimuli from micro-environment are essential strategies to homeostasis. Generally, transcription factors-mediated genes expression is responsible for implementing such reactions, for example, HIF-1α is activated by hypoxia stress and up-regulates VEGF (encode vascular endothelial growth factor) and EPO (encode erythropoietin) to overcome hypoxic condition (Plastino et al., 2021). Besides, cellular factors, such as cytokines, activate their corresponding receptors and downstream transcription factors or regulators, including SMADs (Zhang T. et al., 2020), STATs (Verhoeven et al., 2020), or NFκB (Zinatizadeh et al., 2021). Once such cellular responses might play pathological roles if the modulatory mechanisms are dysfunctional, as well as SETD7 showing its significant part among these regulatory processes.
Yes-Associated Protein and Beta-Catenin
YAP, a transcriptional co-activator belonged to Hippo pathway, is required for the growth of embryonic tissues, wound healing, and organ regeneration (Zanconato et al., 2016b). Activated YAP translocates into the nucleus and cooperates with transcriptional co-activator PDZ-binding motif (TAZ) to up-regulate proliferative- and anti-apoptotic-related genes, which is regulated by cell-intrinsic and -extrinsic signals, such as oxidative stress or nutrient-depletion (Koo and Guan, 2018; Moya and Halder, 2019). Unsurprisingly, YAP is hyperactivated in human malignancies (Moroishi et al., 2015), which can reprogram cancer cells into cancer stem cells and promote tumor initiation, progression and metastasis (Nguyen and Yi, 2019). Thus, YAP is emerging as a potentially therapeutic target for clinical application (Zanconato et al., 2016a). The monomethylation of K494 on YAP by SETD7 is critical for YAP cytoplasmic retention. This event thus represents a methylation-dependent checkpoint in the Hippo pathway (Oudhoff et al., 2013). As such, SETD7-dependent methylation of YAP facilitates Wnt-induced nuclear accumulation of β-catenin, linking the Wnt/β-catenin and Hippo/YAP pathways during intestinal regeneration and tumorigenesis (Oudhoff et al., 2016). These data indicate the triple layered regulation and crosstalk of two signaling pathways in an intestinal model.
On the other hand, β-catenin, a positive regulator in the canonical Wnt signaling pathway (Zhang and Wang, 2020), is activated by Wnt protein binding with frizzled receptors and translocates into the nucleus to participate in the transactivated complex (Cheng et al., 2019), promoting cancer progression by upregulation of proliferative-related genes (Zhang and Wang, 2020). Absence of Wnt stimulation, β-catenin is strictly modulated by glycogen synthase kinase-3 beta (GSK-3β) via S33 and S37 phosphorylation, which is recognized by E3 ligase β-TrCP, leading to ubiquitin-dependent proteosomal degradation (Valenta et al., 2012). Accumulating evidences refer oncogenic role of β-catenin in multiple human cancers, including solid tumors and hematological malignancies (Clevers and Nusse, 2012). Under condition of oxidative stress, SETD7 interacts with β-catenin and methylates it at K180, which promotes its phosphorylation by GSK3-β and subsequent degradation. The result is the suppression of downstream c-myc and cyclin D1 and inhibition of cell proliferation (Shen et al., 2015). However, this model currently lacks corresponding animal model and supportive clinical evidence. SETD7 is indeed emerging as a negative regulator of the Wnt/β-catenin pathway depending on the tissue or physical context. Notably, increasing epigenetic modifications on β-catenin is illustrated (Valenta et al., 2012), thus, it is interesting and necessary to be addressed that various of modifications regulate the same protein in certain physiological status.
NF-κB
NF-κB, a critical transcription factor in broad range of physiological functions, including inflammation, cell growth and programmed cell death, mainly retains in cytoplasm. Activated NF-κB, formed by RelA (also called p65) and p50 subunit (Zinatizadeh et al., 2021), translocates into the nucleus and up-regulates target genes after diverse extracellular stimuli, including TNF-α (Hoesel and Schmid, 2013), which might benefit for cell proliferation and survival in leukemia, melanoma, liver, breast, prostate and colorectal cancers (Dolcet et al., 2005). K314 and K315 on RelA can be methylated by SETD7, leading to destabilization of RelA in a ubiquitination-mediated manner (Yang et al., 2009), which results in downregulation of tumor-associated genes, such as IL-6, IL-8 and NOS-2. A contradictory role of SETD7 in the NF-κB pathway has also been described in which K37 on RelA was methylated, leading to stabilization of the RelA-DNA complex and enhanced expression of NF-κB-regulated genes (Ea and Baltimore, 2009). Similar results were also shown in diabetes models in which SETD7 interacts with RelA, facilitating the nuclear translocation of RelA and promoted function of NF-κB to transactivate downstream genes (Fujimaki et al., 2015; Chokpaisarn et al., 2017). NF-κB regulation by SETD7 might depend on the cellular context, tissue specificity or particular physiological condition, such as in cancer cells or diabetes model.
Hypoxia Inducible Factor
Hypoxia inducible factor-1α (HIF-1α) is a transcription factor involved in adaption of low oxygen concentration. Under normoxia, HIF-1α is strictly modulated by an E3 ligase von Hippel-Lindau (VHL), which induces ubiquitination-dependent proteasomal degradation of HIF-1α (Semenza, 2003). Activated HIF-1α translocates into the nucleus and activates targeting genes, which participates in tumor angiogenesis, metastasis, invasion and glucose homeostasis in various cancer cell lines (Elzakra and Kim, 2021; Satija et al., 2021). Here, K32 methylation of HIF-1α by SETD7 promotes HIF-1α degradation in the nucleus and thus the inhibited expression of downstream genes in a proline hydroxylation-independent manner. This effect can be restored upon exposure to the demethylase LSD1 (Kim et al., 2016). Both HIF-1α and HIF-2α are reported substrates of SETD7 and are methylated on K32 and K29, respectively, due to their homologous of sequence. Interestingly, SETD7 expression is suppressed under hypoxic conditions (Liu et al., 2015). Others have reported that SETD7 is a negative regulator of HIF-1α and downregulates HIF-1α target genes, such as GLUT1, LDHA, PGK1, EPO, PKM2 and VEGF, which are upregulated after SETD7 inhibition (Li et al., 2021; Xiaoshi et al., 2021).
Esrtogen Receptor and Androgen Receptor
ER and AR, ligand-dependent transcription factors, are activated by sex hormones and responsible for the regulation of cell proliferation, survival and differentiation (Shafi et al., 2013; Berkel and Cacan, 2021) in breast (Anestis et al., 2020) and prostate cancer (Tan et al., 2015), respectively. As most transcription factors, activated ER or AR translocates into the nucleus and recruits other epigenetic enzymes, such as histone acetyltransferase or methyltransferase, to transactivate targeting genes expression (Waddell et al., 2021). Unsurprisingly, aberrant expression ER and AR are risk factors in many cancers, including prostate, breast and lung cancers (Burstein, 2020). Anti-ER or AR approaches thus seem as effective options for such type of cancers. Here, SETD7-mediated methylation of K302 on ER ensures protein stability and promotes DNA binding activity and the expression of ER-downstream genes, such as PS2 and progesterone receptor (PgR), in breast cancer. These results imply that lysine methylation of ER facilitates to prevent ubiquitination on the same residue by E3 ligases (Subramanian et al., 2008). Similarly, SETD7 interacts directly with AR and enhances AR transcriptional activity by methylating its K632 residue (Gaughan et al., 2011), which is not only plays a proliferative role in prostate cancer but is also involved in TNFR and PTEN/PI3K/AKT signaling (Wang et al., 2018). SETD7 thus seems to be a coactivator of hormone receptors, and in this way helps to promote carcinogenesis. Therefore, ER or AR combines with SETD7 might serve as the panel of prognostic markers or therapeutic targets for patients with such cancers.
Gloma-Associated Oncogene Homolog
GLIs, a family of zinc finger transcription factors, serve as nuclear mediators of the Hedgehog pathway and regulate genes essential for various stages of tumor development and progression (Naruse et al., 2010; Katoh, 2019). Without ligand stimulation, GLIs are suppressed by suppressor of fused (SUFU), leading to cytoplasmic retention (Sasai et al., 2019). Aberrant activation of Hedgehog-GLI axis is reported in human malignancies, including breast, pancreatic, lung and ovarian cancers, which resulted in upregulation of oncogenic genes (Matissek and Elsawa, 2020), such as BCL2, CCND1, MYCN, NANOG, SOX2 and SNAL1. As such, GLI family members might be therapeutic targets in various cancers (Niewiadomski et al., 2019). In previous study, GLI3 K436 and K595 residues are methylated by SETD7, which stabilizes GLI3 protein and in turn activates the Sonic Hedgehog pathway, resulting in the expression of downstream genes, including Ptch1. These genes promote proliferation, invasion and metastasis of non-small-cell lung cancer cells (Fu et al., 2016). To date, however, a clinical correlation between SETD7 and GLI3 expression at protein level is lacking, which is still fuzzy to figure out the significance of GLI3-dependent oncogenesis by SETD7.
Small Mothers Against Decapentaplegic
SMADs, critical regulators participated in transforming growth factor-beta (TGF-β) signaling, have key roles in development, carcinogenesis and fibrogenesis (Derynck and Zhang, 2003). After receptor activating, SMAD2, 3, and 4 translocate into the nucleus to turn on oncogenic genes, including SNAIL and SLUG (Zhang T. et al., 2020). While SMAD7 serves as a negative modulator to promote degradation of TGF-β receptor by recruiting E3 ligase SMURF1/2 (Smad ubiquitin-related factor1/2) (Colak and Ten Dijke, 2017). Epigenetic modification on K70 of SMAD7 by SETD7-mediated methylation decreases the protein stability of SMAD7 by ubiquitination-dependent manner via Arkadia E3 ligase in mouse models of pulmonary fibrosis. In SETD7-deficient mice, TGF-β-induced lung fibrosis is highly ameliorated (Elkouris et al., 2016), which indicates SETD7 is a positive regulator in TGF-β signaling, even plays an oncogenic role in TGF-β-mediated cancers, such as breast cancer and glioblastoma (Colak and Ten Dijke, 2017). As such, SETD7 might be a potential therapeutic target for lung fibrosis or cancers. Others reported that SETD7 interacts with SMAD3, but not SMAD2, to ensure protein stability, which is beneficial for increasing of collagen contractility, as well as wound healing in renal fibroblast (Shuttleworth et al., 2018). The effects of SETD7 on various SMAD proteins thus seem to be diverse, which is determined by unique sequence and structure of each protein, or interacting proteins in the same protein family.
Signal Transducer and Activator of Transcription 3
STATs, a family of cytoplasmic transcription factors shared an overall general structure, are responsible for responding to cytokine stimulation (Bose et al., 2020). Among them, STAT3 is involved in numerous biological processes, including cell proliferation, survival, differentiation, and angiogenesis (Xin et al., 2020). STAT3 is hyperactivated in most human cancers, such as prostate, breast, and ovarian cancer (Yu et al., 2014), and is generally associated with a poor clinical prognosis (Zou et al., 2020). Previous study showed that tyrosine phosphorylation is an essential event for K140 methylation on STAT3 by SETD7. Moreover, STAT3 activity and its target gene expression are partially repressed by SETD7-mediated STAT3 methylation when IL-6 stimulation (Yang et al., 2010). In this case, SETD7 seems to serve as both an inflammatory and tumor suppressor.
SETD7 exhibits it impact as either an oncogenic protein or a tumor suppressor (Figure 1), thus, SETD7 is emerging as a therapeutic target in YAP-, ER-, AR-, and GLI3-mediated tumorgenesis. Recently, (R)-PFI-2 was identified as a first-in-class, potent (Kiapp = 0.33 nM), selective, and cell-active inhibitor of the methyltransferase activity of human SETD7 (Barsyte-Lovejoy et al., 2014). (R)-PFI-2 exhibits an unusual cofactor-dependent and substrate-competitive inhibitory mechanism by occupying the substrate peptide binding pocket of SETD7, including the catalytic lysine-binding channel, and by making direct contact with AdoMet (Lenstra et al., 2018). (R)-PFI-2 showed its activity in breast cancer cell MCF7 and mouse embryonic fibroblast in YAP-related studies (Barsyte-Lovejoy et al., 2014) and thus might be a potential therapeutic option for SETD7-mediated disease progression.
3 PERSPECTIVES AND CONCLUDING REMARKS
Methylation events serve to modulate and fine tune various cellular processes and signaling pathways (Han et al., 2019). As we have outlined in this review, SETD7-mediated methylation of transcription-related factors and enzymes (Table 1) has wide-reaching effects in different cell types and contexts. For example, SETD7 may act as either an oncogene or tumor suppressor. Meanwhile, SETD7-mediated methylation at different lysine residues within the same protein can even lead to divergent outcomes in different cancer cells and contexts (Batista and Helguero, 2018). Given the potential implications of intervening on SETD7-mediated methylation in disease contexts, namely cancer, researchers are keen to discover novel SETD7 substrates. Currently, researchers can use online prediction software of putative methylation sites combined with the SETD7 consensus methylation sequence to explore uncharacterized candidate proteins or isoforms of known SETD7 substrates, as exemplified for HIF-1α and HIF-2α (Liu et al., 2015).
TABLE 1 | SETD7-regulated proteins and methylation sites.
[image: Table 1]Gene expression depends on not only activity of transcription factors, but also heterochromatin status which is regulated by some epigenetic modifiers. Besides SIRT1 we mentioned before, SETD7-mediated methylation has significance in regulation of such modifiers, such as suppressor of variegation 3-9 homolog 1 (SUV39H1) (Wang et al., 2013), p300/CBP-associated factor (PCAF) (Masatsugu and Yamamoto, 2009), ADP-ribosyltransferase diphtheria toxin-like 1 (ARTD1/PARP1) (Kassner et al., 2013) and DNA methyltransferase (DNMT) (Esteve et al., 2009). A multi-layered and -dimension regulatory network of SETD7 reveals the complexity and diversity of genetic modulation in the nucleus.
Data thus far, however, suggest that SETD7 exhibits a suppressive pattern in breast cancer, having a negative correlation with DNMT and E2F1 expression (Montenegro et al., 2016). In addition, low SETD7 expression correlates with a poor prognosis and lower survival rate in patients with gastric cancer (Akiyama et al., 2016), colorectal cancer (Zhang S. L. et al., 2020) and glioma metastasis (Li C. et al., 2020). On the other hand, data from a cohort study showed a positive correlation between SETD7 expression and the staging of cancer progression, which also seems to serve as a serum biomarker in colorectal cancer (Duan et al., 2018). SETD7 is also reported to have an oncogenic character in hepatoma cellular carcinoma, being progressively upregulated according to cancer stage (Gu et al., 2018). Interestingly, strong nuclear staining of SETD7 in high grade patients suggests that its subcellular localization is a significant indicator in the development and progression of prostate cancer (Gaughan et al., 2011), which might associate with the role of AR in nucleus. Due to the complexity of clinical specimens and differences among individuals, verifying the role of SETD7 and its corresponding substrates is unlikely in most cancer types. For this reason, the study of SETD7 is still largely confined to cellular based research or studies conducted in animal models.
Remarkably, SETD7 also acts as a tumor suppressor in certain contexts and indeed is downregulated in some cancers; thus, a method by which to elevate SETD7 expression and increase its activity is also warranted. Berberine, an anticancer agent, is a major botanical alkaloid that can be isolated from the root of Rhizoma coptidis (Huanglian) (Khan et al., 2022). Berberine can modulate various methylation- and acetylation-related enzymes that upregulate SETD7 expression in human multiple myeloma U266 cells in a dose-dependent manner (Wang et al., 2016). Moreover, SETD7 upregulation by berberine promotes RelA methylation and suppresses RelA-dependent transactivation of miR-21 in U266 cells (Hu et al., 2013). Unfortunately, due to the multi-bioactivity of berberine, a more specific agonist or inducer needs to be discovered in order to avoid off-target effects.
Going forward, further studies into the physiological and pathological effects of SETD7 are warranted to help develop novel diagnostic, prognostic, and/or therapeutic approaches in the cancer contexts. Although not discussed in this review, SETD7 is also a potential target to ameliorate diabetes, inflammatory diseases, and aging-associated disorders (Batista and Helguero, 2018). However, as more and more substrates of SETD7 are discovered, researchers have to consider the effects from known substrate of SETD7 in their models when they find a novel candidate of SETD7, which might be as a reason leading to the decreasing of SETD7-related articles in recent years. According to tissue or cellular specificity, SETD7-related studies tend to investigate multi-substrate interactions in the same model to determine the ultimate effects of increasing or reducing various factors. Improving our fundamental knowledge on the mechanism of SETD7-mediated regulation of its substrates will be extremely informative to define tissue and cellular characteristics that are beneficial for SETD7-associated therapies.
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N6-methyladenosine (m6A) is the most abundant internal chemical modification of eukaryotic mRNA and plays diverse roles in gene regulation. The m6A modification plays a significant role in numerous cancer types, including kidney, stomach, lung, bladder tumors, and melanoma, through varied mechanisms. As direct m6A readers, the YT521-B homology domain family proteins (YTHDFs) play a key role in tumor transcription, translation, protein synthesis, tumor stemness, epithelial–mesenchymal transition (EMT), immune escape, and chemotherapy resistance. An in-depth understanding of the molecular mechanism of YTHDFs is expected to provide new strategies for tumor treatment. In this review, we provide a systematic description of YTHDF protein structure and its function in tumor progression.
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INTRODUCTION
N6-methyladenosine (m6A) is formed by methylation of adenosine at the N6 position. This plentiful posttranscriptional RNA modification extensively regulates multiple aspects of gene expression (He et al., 2019). It exists widely in eukaryotic mRNA and lncRNA and is involved in cell development, stem cell characteristic maintenance, tumor progression, sperm receiving ability, and T cell homeostasis (Dominissini et al., 2012; Maity et al., 2016; Cui et al., 2017; Ianniello et al., 2018). The dynamic m6A RNA modification is catalyzed by the methyltransferase complex (m6A “writer”), demethylases (m6A “eraser”), and m6A-binding proteins (m6A “readers”) (Helm et al., 2017; Meyer et al., 2017). M6A readers, including YT521-B homology (YTH)–containing domain family proteins, insulin-like growth factor binding protein 2, eukaryotic initiation factor, and heterogeneous nuclear ribonucleoproteins (Gilbert et al., 2016), recognize and bind RNA methylation modifications to mediate the translation and degradation of downstream RNA (Wu et al., 2018). Accumulating evidence supports the influence of the m6A modification on lung cancer, melanoma, gastric cancer, bladder cancer, and liver cancer through various mechanisms (Dai et al., 2018; Burbage et al., 2019; Chen X. et al., 2019; Li et al., 2019). In this review, we focus on the current status of our understanding of m6A readers. We describe the functions of YT521-B homologous domain family proteins (YTHDFs) in tumorigenesis and cancer progression. At last, we depict future research directions to fully characterize YTHDFs.
BIOLOGICAL CHARACTERISTICS OF YTHDFS AND M6A MODIFICATION
As the most common m6A readers, YTH domain–containing proteins include the YTHDF and YTHDC subtypes, which specifically recognize m6A via an evolutionarily conserved aromatic cage in the YTH domain (Xu et al., 2014; Shi et al., 2017; Liao et al., 2018). Another two proteins, FMRP translational regulator 1, associated with embryonic development, and leucine-rich pentatricopeptide repeat containing, associated with human tumors, can also recognize m6A modification sites (Arguello et al., 2017; Edupuganti et al., 2017). As the main YTHDF proteins, YTHDF1, YTHDF2, and YTHDF3 were first discovered in the cytoplasm (Wang et al., 2014). YTHDFs contain two domains: a YTH domain at the C-terminal and the unstructured N-terminal of most remaining proteins, comprising a large and low-complexity domain that contains mainly Gln, Asn, and Pro residues (Stoilov et al., 2002). YTHDFs are prone to forming liquid–liquid phase separation and protein droplets because of the presence of this type of large low-complexity domain, especially those with RNA binding domains (Aguzzi et al., 2016; Ries et al., 2019). In fact, proteomic analysis revealed that each YTHDF exists in the form of droplet structures, involving stress particles and artificially created RNA particles (Kato et al., 2012; Jain et al., 2016). The m6A binding pocket of the YTHDF1 YTH domain is made up of two α helices (α1 and α2) and four β strands (β1, β2, β4, and β5). To be exact, m6A is properly matched in a pocket composed of Trp411, Trp465, and Trp470, parallel to the loop planes of Trp411 and Trp470 and perpendicular to the loop plane of Trp465 (Xu et al., 2015) (Figure 1A). The residues Lys416 and Arg527 of the YTHDF2 YTH domain play a critical role in binding RNA backbone and hydrophobic vesicles. M6A single nucleotide is located in the aromatic cage composed of three aromatic amino acids Trp432, Trp486, and Trp491, forming π–π interaction. These types of particular binding contribute to the specific recognition of m6A (Ma et al., 2019) (Figure 1B). YTHDF3 possesses 86% sequence identity with the YTH structural domain of both YTHDF1 and YTHDF2. Furthermore, X-ray structural analyses and molecular dynamics simulations demonstrated that all YTHDF YTH domains share essentially equal interactions with the m6A-modified RNA and have an analogous affinity (Figure 1C), suggesting the redundant characters of the three proteins in physiological functions (Li et al., 2020). Different binding proteins selectively recognize m6A-modified RNA and exert a crucial role in regulating target gene expression. YTHDF1 increases the transmission of mRNA transcription complex by binding to m6A at a site around the stop codon and coordinates translation initiation and protein synthesis (Wang et al., 2015). YTHDF2 was the first binding protein recognized to regulate mRNA stability and remodeling of RNA structure through m6A modification (Ivanova et al., 2017). YTHDF3 is usually coupled with YTHDF1 and YTHDF2, which control the attenuation or translation of methylated RNA (Li et al., 2017). Although many studies have provided evidence of the importance of the m6A recognition protein in multiple physiological and pathological processes, further studies are still needed to fully clarify its role in mRNA biology.
[image: Figure 1]FIGURE 1 | Schematic of crystal structure: (A) structure of YTHDF1 YTH domain in complex with 5-mer GG (m6A)CU (PDB id: 4RCJ), (B) structure of YTHDF2 YTH domain with AUGG (m6A)CUCC (PDB id: 4RDN), (C) structure of YTHDF3 YTH domain in complex with GG (m6A)CU (PDB id: 6ZOT).
YTHDFS AND TUMORIGENESIS
YTHDFs have been reported to elevate the growth and metastasis of various tumors, such as hepatic cell carcinoma (HCC), gastric cancer (GC), colorectal cancer (CRC), nonsmall cell lung cancer (NSCLC), and triple-negative breast cancer (TNBC) (Table 1). For example, YTHDF1 expression was dramatically upregulated in stage III and IV HCC patients compared with stage II disease, and the prognosis of patients with high YTHDF1 levels was worse (Zhao et al., 2018). Since the potential target genes regulated by YTHDF1 might be associated with amino acid degradation and lipid metabolism in the tumor cell cycle, abnormalities in these physiological functions could lead directly to the occurrence and progression of HCC. YTHDF2 also acts as an oncogene to promote the HCC lung metastasis and cancer stem cell (CSC) phenotype through increasing m6A methylation levels of OCT4 mRNA in the 5′-untranslated region (UTR) and OCT4 protein expression (Zhang et al., 2020). In addition, YTHDF2 attaches to m6A sites to boost mRNA degradation. When the m6A modification level in tumor suppressor gene SOCS2 mRNA was upregulated, the increased number of m6A binding sites in YTHDF2 ultimately promoted the degradation of SOCS2 mRNA, which was beneficial to HCC cell proliferation (Chen et al., 2018). These studies reveal that YTHDFs can accelerate HCC progression by promoting protein translation and regulating the stability of mRNA.
TABLE 1 | YT521-B homology domain family proteins in tumorigenesis.
[image: Table 1]Huo et al. (2021) reported that YTHDF1 promoted upregulation of SPHK2 expression at the protein level via its specific structural domain, whereas SPHK2 coupled with KLF2 to induce phosphorylation modifications, thereby mediating KLF2 degradation and promoting the antiapoptotic function of GC cells. Compared with normal tissues, YTHDF2 was significantly upregulated in gastric cancer, Silencing of YTHDF2 suppressed gastric cancer cell multiplication, arresting the cell cycle in the G1/S phase and boosting cell apoptosis (Zhang et al., 2018).
In CRC, c-MYC initiated YTHDF1 expression, and high expression was associated with poor overall survival (OS) (Nishizawa et al., 2018). LncRNA-GAS5 was shown to directly bind to the WW domain of YAP to promote its phosphorylation and subsequently ubiquitin degradation, thus declining YTHDF3 transcription. YTHDF3 tended to selectively combine with GAS5 in methylated m6A site, thereby initiating its decay and the formation of a GAS5-YAP-YTHDF3 negative feedback loop to accelerate CRC development (Ni et al., 2019). This study suggests that targeting the lncRNA GAS5-YAP-YTHDF3 axis is a promising approach for CRC treatment.
In a large-scale genome and transcriptome sequencing, Shi et al. (2019) found that YTHDF1 was amplified in NSCLC from Tibetan domestic mammals. Knockdown of YTHDF1 inhibited NSCLC cell growth and the formation of xenograft tumor by adjusting the translational efficiency of CDK2, CDK4, and cyclin D1 and also restrained de novo lung adenocarcinoma progression. It is of interest that patients with high expression of YTHDF1 in high altitudes have a better clinical prognosis. This is because the knockdown of YTHDF1 activates the Keap1-Nrf2-AKR1C1 axis, which increases the sensitivity of NSCLC patients to cisplatin chemotherapy. The above results indicate that the specific recognition and regulation of YTHDF1 on m6A-modified mRNA may be associated with time and cell environment, which contributes to different functions of YTHDF1 in various tumors. Moreover, YTHDF2 was reported to be upregulated in lung cancer and shown to bind straightly to the m6A modification site in the 3′-UTR of the 6-phosphogluconate dehydrogenase (6-PGD) mRNA. This event promoted the translation of 6-PGD mRNA and enhanced the pentose phosphate pathway flux to facilitate the growth of lung cancer cells (Sheng et al., 2020).
It was found that m6A abundantly existed in ITGA6 transcripts, and methyltransferase-like 3 (METTL3) promoted YTHDF1/YTHDF3 binding to the ITGA6 mRNA 3′-UTR, thereby enhancing ITGA6 mRNA translation and changing the adhesion ability of bladder cancer cells (Laudato et al., 2017; Jin H. et al., 2019). In TNBC patients, YTHDF3 expression was correlated with poorer disease-free survival (DFS) and OS. YTHDF3 improved ZEB1 mRNA stability in an m6A-dependent manner and positively regulated cell migration, invasion, and EMT in TNBC cells (Lin et al., 2022). The above evidence demonstrates that YTHDF3 can not only function alone but also couple with METTL3 to elevate the translation of methylated RNA, playing a vital role in tumor progression.
It is worth noting that some studies have shown that YTHDF1 inhibits tumor progression. Knockdown of YTHDF1 could improve the crosspresentation ability of dendritic cells in mouse melanoma, and when combined with a PD-L1 checkpoint inhibitor, the tumor was almost completely controlled (Han et al., 2019). Another study showed that m6A modification dramatically inhibited ocular melanoma cell growth, and its low expression suggested a poor prognosis. YTHDF1 functions as a tumor suppressor of ocular melanoma by recognizing m6A-modified RNA and accelerating the translation of histidine trinucleotide binding protein 2 (HINT2) (Jia et al., 2019). Hence, as m6A readers, YTHDFs regulate tumor-specific oncogene expression and biological function via different mechanisms. Thus, targeting YTHDFs is implicated as a new strategy for cancer treatment.
YTHDFS AND TUMOR IMMUNE RESPONSES
T cell immune responses play important roles in tumor immunotherapy. Although neoantigens in cancer patients are abundant, thorough removal of tumors is hindered by the failure to produce lasting antitumor immune responses (Yarchoan et al., 2017). Han et al. (2019) reported that YTHDF1 regulated neoantigen-specific immunity via m6A modification. YTHDF1 depletion in classical dendritic cells not only increased the mutual expression of tumor antigens but also enhanced CD8+ T cells crosspriming. The transcripts of lysosomal proteases were labeled by m6A and recognized by YTHDF1, thus promoting the translation of lysosomal cathepsin in dendritic cells and significantly inhibiting crosspresentation by wild-type dendritic cells. This study also showed that T cells in YTHDF1-deficient mice produced high levels of IFN-γ, indicating that YTHDF1 knockout in host cells promotes T cell activation at an early stage. In addition, the therapeutic effect of a PD-L1 immune checkpoint inhibitor was heightened in YTHDF1−/− mice, with almost complete inhibition of tumor growth, suggesting the potential importance of YTHDF1 as a therapeutic target for antitumor immune therapy.
Lin et al. (2020) found that YTHDF2 expression was positively associated with the expression of multiple immune checkpoint biomarkers, including CTLA-4, TIM-3, and PD-1, as well as isocitrate dehydrogenase 1, and tumor-associated macrophage factors in lower-grade glioma. Further experiments are needed to confirm this bioinformatic conclusion. In addition, high YTHDF2 transcription was associated with a higher survival rate and increased tumor-infiltrating lymphocytes in clear cell renal cell carcinoma and NSCLC patients, suggesting the antitumor function of YTHDF2 (Su et al., 2021; Tsuchiya et al., 2021). It is of interest that there are two aspects to the regulatory role of YTHDF2 in tumor immunity. Wang et al. (2020) reported that YTHDF2 stabilized STAT1 and IRF1 mRNA in tumors deficient in METTL3 or METTL4, thus promoting the signal transduction of the IFN-γ-STAT1-IRF1 axis and enhancing the response of immunotherapy-resistant colorectal cancer to PD-1 treatment. Methylated YTHDF2 decreased the stability of mRNA transcribed from the melanoma-promoting genes PD-1, CXCR4, and SOX10, to inhibit the growth of melanoma (Yang et al., 2019). A natural killer (NK) cell is a type of lymphocyte that mediates antitumor immune response. Ma et al. (2021) showed that YTHDF2 was upregulated in NK cells to maintain the steady state and terminal maturation of NK cells after activation of the immune system. In a mechanistic manner, YTHDF2 mediated the release of IFN-γ, granzyme B, and perforin in NK cells by forming a STAT5-YTHDF2 positive feedback loop, which finally promoted TARDBP degradation and enhanced NK proliferation and survival. However, YTHDF2 was found to inhibit innate immunity by binding with m6A-modified circZKSCAN1 in mammalian cells, to inhibit RIG-I recognition and k63-PolyUb and promote tumor immune escape (Chen Y. G. et al., 2019). Therefore, YTHDF2 not only enhances immunity but also promotes tumor immune escape, which are functions that may depend on differences in tumor types and the mechanisms of tumorigenesis.
Furthermore, some studies have shown that YTHDF3 contributes to the formation of the tumor microenvironment and could be used as an immune-related marker. High YTHDF3 expression indicates poor survival with a diversity of lymphocyte infiltration in breast cancer, as well as esophageal squamous cell carcinoma and head and neck squamous cell carcinoma (Zhang et al., 2021; Zhao et al., 2021; Pu et al., 2022). The above research shows that YTHDF3 may be a potential therapeutic target related to tumor-infiltrating immune cells.
YTHDFS AND EMT
EMT is the key process of tumor cell metastasis, with the deficit of E-cadherin, which is considered to be the most basic event in this process. As a key transcription factor in this process, Snail reduces the expression of E-cadherin, which promotes tumor recurrence, metastasis, and drug resistance (Jang et al., 2019). YTHDF1 promotes cancer progression by regulating EMT. Lin et al. (2019) found that Snail was methylated in the CDS region and that YTHDF1 was significantly enriched in the CDS region of Snail mRNA leading to increased TGF-β-induced snail expression in HeLa cells. In addition, YTHDF1 silencing significantly increased the expression levels of Claudin-1 and zonula occludens protein 1, whereas expression of matrix metalloproteinase-9, matrix metalloproteinase-2, Vimentin, and N-cadherin was inhibited. These findings indicated that YTHDF1-mediated EMT is responsible for promoting the migration and invasion of HCC cells (Luo et al., 2021).
Recent studies have confirmed the involvement of YTHDF2 in tumor EMT and its role in regulating tumor cell migration and invasion. The METTL3/YTHDF2 m6A axis regulates miR-1915-3p expression by inhibiting the activity of the transcription factor KLF4, thereby targeting SET and inhibiting NSCLC cell migration, invasion, and EMT (Pan et al., 2021). Chen et al. (2017b) reported that YTHDF2 orchestrated two cellular processes in pancreatic cancer cells. YTHDF2 promoted pancreatic cancer cell proliferation and inhibited migration and invasion, a phenomenon termed “migration-proliferation dichotomy,” and also repressed EMT, probably by negatively regulating the YAP signaling pathway (Supplementary Figure S1). Therefore, YTHDF2 should be seriously considered as a therapeutic target for pancreatic cancer. Other studies showed that YTHDF3 promotes tumor migration and invasion by regulating EMT. Knockdown of YTHDF3 increased E-cadherin expression and reduced the expression of N-cadherin and Vimentin, which finally inhibited the migration and invasion of TNBC cells (Lin et al., 2022). Wang M. et al. (2020) reported that YTHDF3 improved ZEB1 mRNA stability in an m6A-dependent manner, maintained ZEB1 mRNA stability, and finally, promoted the translation and expression of ZEB1.
YTHDFS AND DRUG RESISTANCE IN TUMORS
Abnormal AKR1C1 expression induces the development of drug resistance in chemotherapy of cancers including NSCLC, breast cancer, and ovarian cancer (Chen et al., 2017a). YTHDF1 knockout was associated with decreased Keap1 expression, whereas the expression of Nrf2 and its downstream factor AKR1C1 was increased. Furthermore, YTHDF1 knockout reduced the translation efficiency of m6A-modified Keap1 transcripts, resulting in activation of the antioxidant oxygen radical scavenging system (Nrf2-AKR1C1) and resistance of NSCLC to cisplatin chemotherapy, leading to a worse clinical prognosis. This study suggested that the Keap1-Nrf2-AKR1C1 axis was the downstream regulatory target of YTHDF1, emphasizing the important character of YTHDF1 in hypoxia adjustment and NSCLC progression (Shi et al., 2019). In addition, YTHDF1 was recruited to the m6A modification site of TRIM29, promoting TRIM29 translation in cisplatin-resistant ovarian cancer cells. Furthermore, YTHDF1 knockdown inhibited cisplatin-resistant ovarian cancer cells with CSC-like characteristics (Hao et al., 2021), suggesting that YTHDF1 is a promising cancer marker to trace the recurrence of ovarian cancer.
Studies have shown that temozolomide (TMZ) resistance was acquired in recurrent glioblastoma multiforme (GBM) tumors after radiotherapy and chemotherapy. After 60 Gy radiation, YTHDF2 synthesis in GBM cells was significantly upregulated (Pak et al., 2021), suggesting that YTHDF2 plays an important role in TMZ resistance to recurrent glioblastoma. Huang et al. (2019) showed that TUSC7, a strong inhibitory lnc-RNA, was expressed at low levels in NSCLC tissues and inhibited the nondivision stem cells by obstructing Notch signaling. YTHDF2 promoted the renewal of the stem cell–like population in erlotinib-resistant cells by inhibiting TUSC7 and promoted the characteristics of tumor resistance (Li et al., 2021). Furthermore, YTHDF1/3 increased the drug resistance of tumors by promoting the translation of drug resistance–related proteins. Jin et al. (2019) found that METTL3 improved the m6A modification levels of YAP and further accelerated YAP translation by engaging YTHDF1/3 and the eEIF3a translation initiation complex, thereby inducing the NSCLC drug resistance and metastasis. Therefore, there is strong evidence that YTHDFs play an important regulatory role in the responses of tumors to chemotherapy and represent a promising therapeutic target for drug-resistant cancer.
CONCLUSION AND PERSPECTIVE
Based on the current research, YTHDFs mainly recognize m6A-modified target genes, increase translation through triggering translational initiation and elongation, and then control mRNA stability and target gene expression. YTHDFs affect tumorigenesis, metastasis, tumor immunity, EMT, and chemoresistance by regulating target gene expression. Many studies have shown the various functions of YTHDFs and further revealed the crosstalk and competition between different YTHDFs. Here, we summarized the current status of the structure and biological characteristics of m6A readers—YTHDFs—in human cancers. However, a full and comprehensive understanding of YTHDFs remains a distant prospect for several reasons. First, YTHDFs exert either oncogenic or tumor-suppressive effects that may depend on the type of regulated targets or interactome in specific cancer species. Second, the biological significance of liquid–liquid separation induced by the low-complexity domain of YTHDFs in tumors is still unknown. Third, we need to dissect the interactions among YTHDFs as well as those between YTHDFs and erasers and readers in tumorigenesis, metastasis, and immunity of human cancers. Fourth, we need to determine how the expression and activity of YTHDFs are regulated in cancer and whether the recognition of m6A by YTHDFs is RNA sequence specific. At last, it is unclear whether YTHDFs can regulate the occurrence and development of cancer by recognizing m6A-modified noncoding RNA, such as microRNA or lncRNA. The functions of YTHDF mutants and isoforms in tumor molecular diagnosis also represent an important topic for future research.
Several groups have reported that targeting m6A-modifying enzymes and regulatory proteins, such as FTO (Su et al., 2020), METTL3 (Yankova et al., 2021), and ALKBH5 (Fang et al., 2022), is beneficial to the treatment of malignant leukemia and solid tumors. We also found a covalent small molecule drug, which could activate the tumor immune microenvironment and play an antihepatoma role by targeting the m6A recognition protein IGF2BP1 (Liu et al., 2022). Thus, the targeted regulation of YTHDFs by small chemical molecules may be a promising therapeutic strategy for human cancer. Overall, more basic and clinical studies are required to fully elucidate the mechanism underlying the functions of YTHDFs, which will provide new hope for cancer diagnosis and targeted treatment.
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Myeloid leukemia associated with Down syndrome (ML-DS) has a unique molecular landscape that differs from other subtypes of acute myeloid leukemia. ML-DS is often preceded by a myeloproliferative neoplastic condition called transient abnormal myelopoiesis (TAM) that disrupts megakaryocytic and erythroid differentiation. Over the last two decades, many genetic and epigenetic changes in TAM and ML-DS have been elucidated. These include overexpression of molecules and micro-RNAs located on chromosome 21, GATA1 mutations, and a range of other somatic mutations and chromosomal alterations. In this review, we summarize molecular changes reported in TAM and ML-DS and provide a comprehensive discussion of these findings. Recent advances in the development of CRISPR/Cas9-modified induced pluripotent stem cell-based disease models are also highlighted. However, despite significant progress in this area, we still do not fully understand the pathogenesis of ML-DS, and there are no targeted therapies. Initial diagnosis of ML-DS has a favorable prognosis, but refractory and relapsed disease can be difficult to treat; therapeutic options are limited in Down syndrome children by their stronger sensitivity to the toxic effects of chemotherapy. Because of the rarity of TAM and ML-DS, large-scale multi-center studies would be helpful to advance molecular characterization of these diseases at different stages of development and progression.
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INTRODUCTION
Myeloid leukemia associated with Down syndrome (ML-DS) is a unique category of acute myeloid leukemia (AML) most often of the megakaryoblastic subtype (i.e., acute megakaryoblastic leukemia (AMKL), formerly known as AML-M7 (Singh et al., 2017). The term ML-DS also includes an antecedent myelodysplastic syndrome (MDS)-like phase. There is no biologic or prognostic difference between MDS (blasts 5–19%) and AML (blasts ≥20%) in Down syndrome (DS) (Lange et al., 1998), therefore this distinction is not being made for ML-DS in the current pathologic classification (Arber et al., 2016).
ML-DS is frequently preceded by transient abnormal myelopoiesis (TAM), a unique myeloproliferative disorder affecting megakaryocytic and erythroid lineages. TAM is a pre-leukemic condition characterized by reduced platelet and increased leukocyte counts, and the presence of blasts in the peripheral blood. TAM diagnosis requires the presence of GATA1 mutations together with increased blasts and/or certain clinical features (in particular hepatosplenomegaly) in a neonate with constitutional trisomy 21, which can be mosaic (Arber et al., 2016). TAM may be indistinguishable from ML-DS but there is a wide spectrum of clinical presentation, ranging from asymptomatic to a stormy course and fatal outcome. Typically, TAM presents in neonates 3–7 days after birth but it may present within 2 months from birth (Singh et al., 2017). Overt TAM (blasts >10%) occurs in approximately 10–15% of DS neonates, but a further 10–15% may have GATA1 mutations detectable only by sensitive methods with no clinical or hematologic manifestations (i.e., silent TAM) (Roberts et al., 2013). Most patients with TAM recover spontaneously within 3 months, but some require cytotoxic therapy. Unfortunately, despite initial TAM resolution, 20–30% of children progress to ML-DS within 4 years (Bombery and Vergilio, 2014).
TAM is extremely rare in neonates without DS but such cases have been well documented (Apollonsky et al., 2008; Tsai et al., 2011; Ono et al., 2015; Yuzawa et al., 2020; Panferova et al., 2021). The molecular pathogenesis and clinical outcomes of TAM in neonates without DS are similar to those with DS (i.e., DS-like). These patients acquire trisomy 21 and GATA1 mutations in the TAM clone (Yuzawa et al., 2020; Panferova et al., 2021). In addition, GATA1 mutations may be germline, as recently reported in familial childhood cases of TAM/AMKL, highlighting a unique functional cooperation between these lesions that may be independent of the order of their acquisition (Hasle et al., 2022). The rates of early death and leukemic progression of TAM in non-DS and DS children are similar, emphasizing the importance of making the diagnosis of DS-like TAM to assist appropriate patient management (Yuzawa et al., 2020). Rare cases of TAM without GATA1 mutations feature in the literature. However, this may be due to technical limitations, in particular prior to the use of sensitive next-generation-sequencing methods (Panferova et al., 2021), small disease clones, or the lack of appropriate diagnostic samples if the condition is not suspected at presentation (Aksu et al., 2020). The expanding use of sensitive sequencing technologies will make the diagnosis of DS-like TAM easier in the future, which should advance our knowledge about this extremely rare condition.
ML-DS often presents with a period of thrombocytopenia reflecting a prodromal MDS-like phase (Lange et al., 1998). ML-DS is characterized by the expansion of megakaryoblasts, frequent bone marrow fibrosis, and the presence of GATA1 mutations in the blasts that drive expression of a truncated (short) GATA1 protein (GATA1s) (Hasle et al., 2008). The median age of patients with ML-DS is 1–1.8 years (Gamis et al., 2003; Bhatnagar et al., 2016). Majority of patients with ML-DS (72%) also carry other cytogenetic changes in addition to trisomy 21 (Forestier et al., 2008; De Souza et al., 2017). The contribution of these changes to disease development and progression is the subject of active research.
ML-DS pathogenesis is understood to follow a multistep clonal evolution process (Figure 1). Trisomy 21 represents a “primary hit”, which alters hematopoiesis during embryonic development; acquisition of somatic GATA1s mutations represents a “secondary hit”, which promotes hematopoietic deregulation and emergence of TAM in DS newborns; additional mutations predominantly affecting chromatin and epigenetic regulators (e.g., the cohesin complex) and signaling mediators (e.g., Janus kinase 2, JAK2) represent a “tertiary hit”, which leads to ML-DS (Labuhn et al., 2019; Garnett et al., 2020; De Castro et al., 2021) (Figure 1). The detailed mechanism of how these events contribute to different stages of disease is still unclear. One of the studies showed that GATA1s mutations lead to TAM when introduced into trisomy 21 long-term hematopoietic stem cells (LT-HSCs), where a subset of chromosome 21 microRNAs (miRNAs) influences predisposition toward pre-leukemia initiation (Wagenblast et al., 2021). However, progression to ML-DS was independent of trisomy 21 in this study, but required synergy between mutations in GATA1 and the cohesin genes, in particular cohesin subunit SA-2 (STAG2) knockout occurring in fetal or early postnatal but not adult HSCs (Wagenblast et al., 2021). Our review was motivated by these and other recent advances in the field that will likely open up new lines of research into ML-DS pathogenesis and targeted treatment development. We provide a comprehensive and up-to-date summary of molecular alterations in ML-DS, with an overriding aim to help guide future mechanistic studies into the pathogenesis of this disease. However, this is a rapidly advancing field, so despite our efforts this review may not be complete.
[image: Figure 1]FIGURE 1 | Overview of molecular changes reported at different stages of myeloid proliferation associated with Down syndrome. Trisomy 21 alone disturbs hematopoiesis through the increased dosage of HSA21-located genes and alterations in the epigenome, resulting in increased megakaryopoiesis. The combination of trisomy 21 and GATA1s causes expansion of megakaryocytic progenitors. Progression of TAM to ML-DS requires the interaction of GATA1s with additional somatic mutations and chromosomal structural abnormalities. Little is known about the molecular landscape of refractory or relapsed ML-DS. Abbreviations: DS, Down syndrome; GATA1s, GATA1 short; HSA21, human chromosome 21; ML-DS, myeloid leukemia associated with Down syndrome; TAM, transient abnormal myelopoiesis.
TRISOMY 21
Trisomy 21 is associated with defects in hematopoiesis and the immune system. Trisomy 21 fetuses have dysregulated development of megakaryocytic, erythroid and B-cell lineages (Laurent et al., 2020; De Castro et al., 2021). The mechanism through which an extra copy of chromosome 21 perturbs hematopoiesis and then how it cooperates with subsequent mutations to lead to TAM and ML-DS are still uncertain. Findings from a humanized model of pre-malignant and malignant stages of ML-DS demonstrated that trisomy 21 was necessary for pre-leukemia initiation but dispensable for leukemia progression (Wagenblast et al., 2021). The predominant current view is that DS-associated myeloproliferations result from deregulation of genes on human chromosome 21 (HSA21) estimated to contain 234 protein-coding genes (Antonarakis, 2017). These include genes critical for myeloid differentiation, such as ETS-related gene (ERG), ETS proto-oncogene 2 (ETS2), runt-related transcription factor 1 (RUNX1), dual specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A), regulator of calcineurin 1 (RCAN1), chromatin assembly factor 1 subunit B (CHAF1B), high mobility group nucleosome binding domain 1 (HMGN1), SON DNA and RNA binding protein (SON), and a subset of miRNAs (Table 1) (Laurent et al., 2020; Vukadin et al., 2021; Wagenblast et al., 2021). The encoded molecules belong to several functional classes, such as transcription factors, signaling effectors, epigenetic regulators, and miRNAs.
TABLE 1 | List of HSA21 genes involved in myeloid proliferation associated with Down syndrome.
[image: Table 1]Transcription factors
The roles of ERG, ETS2 and RUNX1 in hematopoiesis and leukemogenesis have been thoroughly studied. ERG, an ETS transcription factor, is a megakaryocytic oncogene; its overexpression facilitates megakaryocytic expansion and promotes lymphoid and erythro-megakaryocytic leukemia in vitro and in vivo (Rainis et al., 2005; Salek-Ardakani et al., 2009; Stankiewicz and Crispino, 2009; Carmichael et al., 2012). Increased expression of ERG alone contributes to rapid onset of leukemia in mice (Salek-Ardakani et al., 2009). ERG strongly cooperates with the GATA1s mutated protein to immortalize hematopoietic and megakaryocytic progenitors ex vivo (Salek-Ardakani et al., 2009; Stankiewicz and Crispino, 2009). ERG and protein kinase B (PKB) also crosstalk, which alters GATA1 function (Stankiewicz and Crispino, 2013). Similar to ERG, ETS2 is an ETS transcription factor and a megakaryocytic oncogene (Ge et al., 2008). ETS2 promotes megakaryopoiesis and collaborates with GATA1s to immortalize hematopoietic progenitor cells (HPCs) (Rainis et al., 2005; Stankiewicz and Crispino, 2009). RUNX1 is a crucial transcription factor involved in the regulation of megakaryopoiesis, and its expression and cooperation with GATA1s facilitates megakaryocytic differentiation (Elagib et al., 2003). In 2005, overexpression of RUNX1 was reported in bone marrow of ML-DS children (Langebrake et al., 2006). A subsequent report from 2006 showed RUNX1 expression was lower than anticipated in ML-DS, while it was higher in megakaryoblasts from children with non-DS-AMKL (Bourquin et al., 2006). It appears that SON, another HSA21 gene, inhibits RUNX1 expression (Vukadin et al., 2021), which may neutralize trisomy 21-related overdosage of RUNX1 effects. Evidence from animal studies indicates that RUNX1 overexpression in mice shortens the latency of leukemia development displaying enhanced frequency of megakaryoblastic leukemia, which supports that RUNX1 overexpression is leukemogenic in ML-DS (Yanagida et al., 2005). Data from disease models using human induced pluripotent stem cells (iPSCs) and genome-editing technologies showed that an extra copy of RUNX1 is essential for accelerating early hematopoiesis in the context of trisomy 21, leading to HPC expansion and increased myeloid differentiation (Banno et al., 2016). RUNX1 expression level in trisomy 21 (GATA1 wild type) iPSCs is increased by ∼1.8-fold compared with that in disomy 21 (GATA1 wild type) iPSCs, which is slightly higher than the expected change in gene dosage (Banno et al., 2016). Abnormal megakaryocyte differentiation in TAM is accelerated by trisomy 21. Trisomy 21 up-regulates GATA1s expression leading to aberrant megakaryopoiesis, and the overdosage of RUNX1, ETS2, and ERG accelerates production of aberrantly differentiated cells (Banno et al., 2016). These observations highlight the importance of synergy between trisomy 21 and GATA1s in driving myeloid proliferation in DS children.
Other transcription factor encoding genes located on HSA21 are also highly expressed in ML-DS, including BTB domain and CNC homolog 1 (BACH1) (1.98-fold), SON (1.84-fold), chromosome 21 open reading frame 66 (C21ORF66) (1.64-fold) and GA-binding protein alpha chain (GABPA) (1.53-fold) (Bourquin et al., 2006). BACH1 acts as a transcriptional repressor of normal megakaryopoiesis and is likely a target of GATA1 and SON (Bourquin et al., 2006). Overexpression of BACH1 causes maturation arrest of megakaryocytes resulting in marked peripheral thrombocytopenia (Toki et al., 2005). SON is a gene with homology to the proto-oncogene MYC family, and an RNA splicing factor regulating transcription of leukemia-associated genes. SON is indispensable for proper blood cell formation, as SON knockdown results in lower amounts of all myeloid cells and T cells (Belmonte et al., 2021). Megakaryocytic differentiation in AMKL is impaired by SON inhibiting expression of RUNX1 and other megakaryocytic genes (Vukadin et al., 2021). SON also negatively regulates the expression of the AP-1 complex subunits JUN, JUNB and FOSB, which suggests that overexpression of SON could be pathogenic in ML-DS (Vukadin et al., 2021). C21ORF66 is known as the GC-rich sequence DNA-binding factor candidate (Reymond et al., 2001), but its function is unknown. Further work is needed to elucidate the role of C21ORF66 in hematopoiesis and leukemogenesis. GABPA has a known role in hematopoiesis (Yang et al., 2013). Deletion of GABPA leads to cell cycle arrest in hematopoietic stem cells (HSCs) and profound loss of HPCs (Yang et al., 2013). GABPA is necessary for chronic myeloid leukemia (CML) development through its regulation of protein kinase D2 (PRKD2) (Yang et al., 2013). GABPA expression positively correlates with the BCR::ABL1/ABL1 ratio in cells from patients with CML, and influences imatinib sensitivity in leukemic cell lines (TKI-sensitive K-562 and TKI-resistant NALM-1) (Manukjan et al., 2015). However, the function of GABPA in the setting of trisomy 21 and GATA1 mutations is not clear.
Signaling effectors
DYRK1A belongs to the CMGC kinase group named after the initials of its subgroup members, including cyclin-dependent kinases, mitogen-activated protein kinases (MAPK), glycogen synthase kinases and CDK-like kinases. DYRK1A participates in various cellular functions through the phosphorylation of several substrates such as nuclear factor of activated T cells (NFAT) (Lindberg and Meijer, 2021). DYRK1A is a potent megakaryoblastic tumor-promoting gene, contributing to leukemogenesis in a mouse model containing 33 gene orthologs of HSA21, a GATA1s mutation, and a MPL mutation (Malinge et al., 2012). DYRK1A overexpression induces a marked megakaryoblastic proliferation through the suppression of NFAT in this model (Malinge et al., 2012). RCAN1, also known as Down syndrome critical region gene 1 (DSCR1), is an endogenous calcineurin inhibitor. Overexpression of RCAN1 represses calcineurin-NFAT pathway, which leads to the expansion of megakaryocytes and their progenitors, and a high number of platelets (Zaslavsky et al., 2013). Both DYRK1A and RCAN1 can down-regulate calcineurin-NFAT pathway, but little is known about how these signaling molecules collaborate with other HSA21 genes and GATA1 mutations to initiate megakaryocytic neoplasia.
Epigenetic modulators
HMGN1 is the chromatin accessibility regulator and a target of recurrent DNA copy gains in leukemia (Cabal-Hierro et al., 2020). HMGN1 overexpression blocks myeloid differentiation, increases clonal progenitor expansion, enhances HSC activity and leukemic stem cell (LSC) activity in the presence of RUNX1::RUNX1T1 fusion oncoprotein (Cabal-Hierro et al., 2020). In addition, HMGN1 up-regulation elevates H3K27 acetylation, and in turn histone acetyltransferase CBP/p300 inhibition reverses the HMGN1-induced differentiation arrest. Another epigenetic modulator coded by a gene on HSA21 is CHAF1B, representing the p60 subunit of the chromatin assembly factor complex (Volk et al., 2018). CHAF1B is essential for normal hematopoiesis, whereas its overexpression promotes leukemia by binding chromatin at discrete sites and interfering with the occupancy of CCAAT enhancer binding protein alpha (CEBPA) (Volk et al., 2018). CHAF1B expression is higher in patient cells from ML-DS than those of non-DS-AMKL (Malinge et al., 2012). Reducing CHAF1B activity is sufficient to suppress leukemogenesis in mice without impairing normal hematopoiesis, suggesting CHAF1B is a potential therapeutic target (Volk et al., 2018). Overall, HMGN1 and CHAF1B block myeloid differentiation and promote leukemia growth in other contexts but their roles in the initiation of TAM and progression to ML-DS are not known.
miRNAs
miRNAs, endogenous non-coding RNAs (∼23 nucleotides in length), target mRNA of protein-coding genes to regulate expression, through which they control a range of cellular processes, such as cell proliferation, apoptosis, hematopoiesis and tumorigenesis (Brás et al., 2018). A number of HSA21 miRNA genes are up-regulated in DS, including miR-155, miR-802, miR-125b-2, let-7c and miR-99a. Deregulated expression of miRNAs may contribute to a range of phenotypes in patients with DS, not only leukemia but also brain pathology, congenital heart defects, as well as low incidence of solid tumors in DS individuals (Brás et al., 2018). The miR-99a∼125b cluster, encoding let-7c, miR-99a and miR-125b, is highly expressed in TAM, ML-DS, and non-DS AMKL (Emmrich et al., 2014). The role of some HSA21 miRNAs in TAM/ML-DS pathogenesis has been partially revealed in recent years. (Alejo-Valle et al., 2021). GATA1 mutations and miR-99a∼125b cluster interact to induce the block in megakaryocytic differentiation that leads to the expansion of megakaryocytic progenitors and AMKL in a mouse model (Alejo-Valle et al., 2021). Another study highlighted the role of three HSA21 miRNAs (miR-99a, miR-125b-2, and miR-155) in the development of TAM, but not ML-DS (Wagenblast et al., 2021). Co-expression of miR-99a, miR-125b-2, and miR-155 in normal fetal liver LT-HSCs recapitulates features of a trisomy 21-like hematopoietic state, while deletion of these miRNAs reduces the blast population in the presence of GATA1s. Nevertheless, in the mouse model of ML-DS with and without deletion of HSA21 miRNAs blast numbers are similar (Wagenblast et al., 2021). Other studies suggest that miR-99a plays an oncogenic role through increasing proliferation and colony forming ability, and decreasing apoptosis of hematopoietic progenitors (Zhang et al., 2013; Si et al., 2016). miR-125b-2 is a positive modulator of megakaryopoiesis and an oncogenic miRNA in ML-DS. miR-125b-2 up-regulation promotes proliferation and self-renewal of megakaryocytic and megakaryocytic/erythroid progenitors, while its down-regulation inhibits growth of ML-DS cells (Klusmann et al., 2010). Moreover, miR-125b-mediated repression of the megakaryocytic transcription factor AT-rich interactive domain-containing protein 3A (ARID3A) is a critical event in ML-DS pathogenesis (Alejo-Valle et al., 2021). In the context of miR-125b overexpression and GATA1s mutations, ARID3A is the main target of miR-125b. Down-regulation of ARID3A blocks megakaryocytic differentiation and subsequently AMKL, while restoring ARID3A expression reverses megakaryocytic differentiation arrest in AMKL patient-derived xenografts. This suggests that restoration of ARID3A could be a promising strategy to inhibit megakaryoblastic leukemia growth. miR-155, a known regulator of the immune system, is also a crucial player in TAM through targeting tumor necrosis factor (TNF) superfamily receptors; miR-155 expression increases 2-fold and 3-fold in DS fetal and adult cells, respectively (Elton et al., 2010; Sas et al., 2020). How miR-155-modulated TNF receptor expression promotes TAM/ML-DS remains unknown.
Other effects of trisomy 21
Beyond the direct impact of HSA21 genes on myeloid proliferation, trisomy 21 also alters non-HSA21 gene expression through modulating genome organization (Letourneau et al., 2014; Liu et al., 2015; Ahlfors et al., 2019). Genome-wide studies showed that trisomy 21 has profound effects on DNA methylation in fetal and neonatal hematopoietic cells (Muskens et al., 2021). How these epigenetic changes influence TAM and ML-DS is not yet known. However, it has been shown that prior to the acquisition of GATA1 mutations, trisomy 21 causes loss of DNA methylation at genes linked with the regulation of the cardiovascular, neurological, and endocrine organs. ML-DS has a unique epigenetic pattern characterized by gains of DNA methylation at genes correlated with hematopoiesis, cell proliferation, cell death, and cell cycle, which is distinct from other subtypes of pediatric AML, including non-DS-AMKL (Malinge et al., 2013). Significantly, TAM and ML-DS share the identical landscape of epigenetic changes (Malinge et al., 2013). Hence, it is possible that altered DNA methylation contributes towards development of TAM and ML-DS.
GATA1 MUTATIONS
Mutations in GATA1 causing expression of its short isoform (GATA1s) are detected in nearly every case of TAM and ML-DS, implying mutated GATA1 deregulation plays a central role in TAM and ML-DS development (Wechsler et al., 2002; Panferova et al., 2021). The lack of detected GATA1 mutations in ML-DS may be due to technical and sample limitations similar to those listed earlier for TAM. In addition, AMKL is associated with bone marrow fibrosis, which often impacts the quality and quantity of diagnostic bone marrow aspirate samples, in particular blast numbers. Because blasts are the cells that carry GATA1s in ML-DS, their paucity may limit detection. Similar to DS-like TAM, ML-DS-like leukaemia may arise in children without DS where GATA1s and trisomy 21 are somatically acquired in leukemic blasts (Ono et al., 2015; De Rooij et al., 2017; Panferova et al., 2021), or GATA1s mutations may be germline (Hasle et al., 2022). ML-DS-like leukemia is very rare but it shares multiple pathologic and clinical features with ML-DS, including good prognosis (De Rooij et al., 2017), emphasizing the importance of recognizing ML-DS-like leukemia in non-DS children.
GATA1 is encoded by the gene located on chromosome X and acts as a master transcription factor essential for the development of erythroid and megakaryocytic lineages (Pevny et al., 1991). More than 100 types of GATA1 mutations have been reported in DS. These mutations are predominantly insertions, deletions, or duplications occurring in exon 2 or surrounding sequences. GATA1 mutations create an early stop codon that results in an exclusive expression of a short isoform of GATA1 protein (referred to as GATA1s) that lacks the N-terminal activation domain. Rarely, mutations in exon 3 generate GATA1 proteins with internal deletions. GATA1s can bind DNA but fails to initiate transcription, leading to deregulation of many downstream target genes (Wechsler et al., 2002). The cellular stage in which the functional and molecular consequences of GATA1s begin in the embryo has been narrowed down to the erythro-megakaryocytic subpopulation of progenitors with the following immunophenotype: CD34+CD43+CD235-CD11b-CD71+CD41+ (Nishinaka-Arai et al., 2021). The identification of this cellular stage should assist further studies into the pathogenesis of both TAM and ML-DS.
GATA1s promotes megakaryocytic progenitor expansion and disrupts megakaryocytic and erythroid differentiation (Shimizu et al., 2009; Chlon et al., 2015; Banno et al., 2016; Juban et al., 2021). This appears to involve synergistic interactions with other leukemogenic molecules; for example, GATA1s increases expression of miRNA-486-5p, an erythroid oncogenic miRNA (Shaham et al., 2015). In the presence of trisomy 21, GATA1s mutations are sufficient to drive TAM, and these mutations become undetectable when TAM resolves (Shimizu et al., 2009). Evidence from a range of cellular and animal disease models confirmed that TAM is initiated by increased gene dosage from chromosome 21 acting in cooperation with GATA1s. GATA1s mutation alone disrupts differentiation of megakaryocytes and promotes expansion of myeloid and megakaryocytic progenitors, while production of aberrant megakaryoblasts is strengthened on the background of trisomy 21 (Banno et al., 2016; Juban et al., 2021; Matsuo et al., 2021). TAM requires the synergy between trisomy 21 and GATA1s but leukemic transformation may be independent of trisomy 21 (Wagenblast et al., 2021; Arkoun et al., 2022). In contrast, synergy between GATA1s and subsequent “tertiary” molecular alterations is critical for progression of TAM to ML-DS. Evidence from sequential longitudinal studies highlights that pre-leukemic and leukemic clones are truly related, due to the fact that identical GATA1 mutations are found in paired TAM and ML-DS samples (Hitzler et al., 2003; Saida et al., 2013). Although most TAM clones disappear by the age of 3 months, some heterogeneous clones persist during remission, and these carry different leukemia-initiating potential (Saida et al., 2013). ML-DS can be derived from a minor clone with a distinct GATA1s in TAM, but novel clones can also arise and become dominant (Xu et al., 2006; Saida et al., 2013; Labuhn et al., 2019).
So far, there is no solid proof of whether the type of GATA1 mutations, the level of GATA1s expression, or the size of dominant GATA1s-bearing clones can predict progression from TAM to ML-DS (Alford et al., 2011; Grimm et al., 2021). Kanezaki et al. pointed out that the type of GATA1 mutations influences expression of the GATA1s protein, and these expression levels are inversely linked with the risk of progression to ML-DS (Kanezaki et al., 2010). Nonetheless, in the clinical setting, persistence of GATA1s mutations is the most important risk factor associated with progression to ML-DS, even in cases with high GATA1s protein levels (Massey et al., 2006; Pine et al., 2007). The features used in the clinic to predict TAM progression to ML-DS include detection of minimal residual disease by flow cytometry (blasts >0.1%), persistence of patient-specific GATA1s mutation beyond 12 weeks from the initial diagnosis, and the appearance of thrombocytopenia (platelet count less than 100×109/L) (Klusmann et al., 2008; Flasinski et al., 2018).
TERTIARY ALTERATIONS
It has become well accepted that evolution from TAM to ML-DS relies on the acquisition of tertiary somatic mutations and additional chromosomal structural aberrations in GATA1s-mutated cells. Tertiary mutations seen in ML-DS most commonly affect genes encoding the cohesin complex, JAK family kinases, and epigenetic regulators; other mutations occur in genes recurrently mutated in other types of AML, including fms-like tyrosine kinase 3 (FLT3) and TP53 (Table 2) (Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). Patients with TAM usually harbor fewer tertiary mutations than those with ML-DS, at the average of 0.4 and 1.6 variants per sample respectively (Labuhn et al., 2019). Most TAM cases carry only GATA1s, while additional somatic mutations are rare. Even if present in TAM, “third hit” mutations appear to be non-functional and un-linked from pre-leukemia or leukemia phenotype (Labuhn et al., 2019). By way of illustration, no autonomous or cytokine-induced signaling was found for JAK1, JAK2, JAK3 or MPL variants by dual-luciferase assays with a signal transducer and activator of transcription 5 (STAT5) reporter at the TAM stage (Labuhn et al., 2019). During leukemic transformation, two to five additional mutations are found in a murine model of ML-DS. The most frequently altered genes encode signaling pathways (34%), members of the cohesin complex or its associated components (28.5%), and epigenetic regulators (22%) (Labuhn et al., 2019). The authors suggest that ML-DS progression is influenced by the cooperation between activated signaling pathways and deregulated epigenetic processes in the context of trisomy 21 and GATA1s. For instance, a remarkable co-occurrence of variants in genes encoding tyrosine kinases (e.g., JAK2-3) and RAS proteins with variants in epigenetic regulators (e.g., enhancer of zeste 2, EZH2) or cohesin genes has been shown in ML-DS mouse models and ML-DS patients (Labuhn et al., 2019). No tertiary mutations were detected in approximately 15–25% of ML-DS patients in relatively large studies reported in the last few years (Labuhn et al., 2019; Panferova et al., 2021). However, it is possible that such mutations will be detected in the future using updated sequencing methodologies. Karyotypic changes other than trisomy 21 may also contribute to ML-DS because such alterations are rarely found at the TAM stage.
TABLE 2 | Recurrent somatic mutations reported in myeloid leukemia associated with Down syndrome.
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Cohesin is a multi-subunit complex composed of three main structural proteins (structural maintenance of chromosomes protein 1A (SMC1A), structural maintenance of chromosomes protein 3 (SMC3), and double-strand-break repair protein Rad21 homolog (RAD21)), which bind to either cohesin subunit SA-1 (STAG1) or cohesin subunit SA-2 (STAG2) proteins. Cohesin complex is a ring-shaped structure that surrounds chromosomal DNA and controls its functions, including sister chromatid cohesion, chromatin remodeling, transcriptional regulation, and DNA damage repair (Jann and Tothova, 2021). Nipped-B-like protein (NIPBL) is involved in cohesin loading to chromatin, translocating cohesin along chromatin fibers, and regulating cohesin after loading (Garcia et al., 2021). Cohesin core subunits and its modulators (including STAG2, RAD21, SMC1A, SMC3 and NIPBL) are recurrently mutated in myeloid malignancies. Cohesin mutations are highly prevalent in ML-DS, where they occur in nearly half of patients (Yoshida et al., 2013). STAG2 and RAD21 have the higher mutation frequency than SMC1, SMC3 and NIPBL, with approximately 9.1–18.4% and 11.3–22.4% in ML-DS cases respectively (Nikolaev et al., 2013; Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). Each of these mutations results in loss-of-function of the molecules, and in cooperation with GATA1s and trisomy 21 each can drive leukemic transformation.
Recent genetic modifications of human iPSC lines derived from DS tissue greatly assisted examination of the cooperativity between GATA1s and cohesin mutations in ML-DS. The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system was used to introduce GATA1s and STAG2 mutations into iPSCs in a sequential manner (Barwe et al., 2020; Barwe et al., 2022). GATA1s and STAG2 knockout cooperatively increased the megakaryocytic population and induced the ML-DS immunophenotype (Barwe et al., 2022). In another study, trisomic 21 iPSC line (Chou et al., 2012) was edited to introduce GATA1s followed by heterozygous inactivation of SMC3 (SMC3+/−) and then, introduction of a gain-of-function MPL mutation (MPLW515K) (Arkoun et al., 2022). It was found that GATA1s impaired megakaryocyte differentiation and that SMC3+/− enhanced this effect independent of trisomy 21. MPLW515K further increased the megakaryocyte output in this model, including through the induction of growth factor independence. Low expression of NFE2 was critical for the induction of megakaryocyte dysplasia by GATA1s (Arkoun et al., 2022). These novel iPSC-based models are likely to rapidly advance our understanding of ML-DS pathogenesis, and assist therapy development.
We include a brief description of the relevant cohesin elements to highlight their roles in haematopoiesis. STAG2, located on the chromosome X, is the most frequently mutated cohesin gene in human cancer (Viny et al., 2019). STAG2 deletion in hematopoietic stem and progenitor cells results in abnormal hematopoietic function, increased self-renewal, and impaired differentiation (Viny et al., 2019). STAG2 loss-of-function decreases cell growth and proliferation, increases cell invasion and metastasis, enhances chemo-resistance, regulates the expression of many immune-related genes, and interplays with RUNX1 deficiency to perturb chromatin looping (Nie et al., 2019; Ochi et al., 2020). Likewise, RAD21 loss-of-function confers enhanced hematopoietic self-renewal and impaired cell differentiation (Fisher et al., 2017; Bisaillon et al., 2020). RAD21 is a regulator of gene expression and epigenetic modulation. For example, RAD21 regulates expression of RUNX1 and methylation of Homeobox a7/Homeobox a9 (Fisher et al., 2017; Bisaillon et al., 2020). NIPBL also regulates RUNX1 expression, thus its loss-of-function impairs RUNX1 expression and consequently, hematopoiesis (Mazzola et al., 2020). NIPBL interplaying with nucleophosmin 1 (NPM1) regulates myeloid differentiation through the WNT (Wingless/Integrated) pathway; the disruption of these interactions has been implicated in leukemogenesis (Mazzola et al., 2019a). SMC3 is the cohesin ATPase subunit, with its dosage controlling embryogenesis and hematopoiesis (Wang et al., 2019; Rivas et al., 2021). Homozygous deletion of SMC3 in mice results in embryonic lethality and the hematopoietic failure (Wang et al., 2019). In comparison, heterozygous SMC3 deletion leads to developmental defects (e.g., abnormal craniofacial morphology), germinal center hyperplasia with increased B-cell proliferation and increased risk of B-cell lymphoma development (Rivas et al., 2021). SMC1A-R586W mutation is known to interfere with cohesin localization and cohesin-mediated DNA loop interaction in AML cells. This mutation confers wide changes to gene expression and genome organization when engineered into murine embryonic stem cells (Carico et al., 2021). Finally, CCCTC-binding factor (CTCF) is a tumor suppressor and involved in many cellular processes, with approximately 11.3–20.4% of ML-DS cases harboring CTCF gene mutations (Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). CTCF interacts with the cohesin complex to control genome architecture and gene expression (Zuin et al., 2014; Wang et al., 2020). CTCF and cohesins are known to assist formation of DNA loops, however depletion of either the cohesin complex or CTCF has differential effects on chromatin organization and gene expression in human HEK293T cells (Zuin et al., 2014). Deletion of cohesin caused a general loss of local chromatin interactions but the topological domains remained intact. In contrast, depletion of CTCF both reduced and increased interdomain interactions and distinct groups of genes became dysregulated. Apart from its interplay with cohesins, CTCF is a highly conserved transcription factor implicated in transcriptional activation and repression, insulation, formation of chromatin barrier, gene imprinting, X-chromosome inactivation, and RNA splicing (Bell et al., 1999; Bell and Felsenfeld, 2000; Xu et al., 2007; Shukla et al., 2011; Wang et al., 2020). CTCF is also involved in maintaining genomic methylation patterns through the control of poly (ADP-ribose) polymerase 1 (PARP1) and the activity of DNA methyltransferase 1 (DNMT1) (Zampieri et al., 2012). CTCF haploinsufficiency correlates with altered patterns of DNA methylation and predisposes to cancer in mice (Kemp et al., 2014). CTCF is a critical factor in the control of hematopoiesis and leukemogenesis (Torrano et al., 2005; Kim et al., 2017; Mujahed et al., 2020). In adult mice, conditional CTCF deletion causes an acute loss of HSCs, severe bone marrow failure and increased mortality, highlighting CTCF requirement for the maintenance of the HSC pool (Kim et al., 2017). Abnormal CTCF expression reduces growth and enhances differentiation of the erythroid lineage by down-regulating MYC (Torrano et al., 2005). In AML, CTCF binding was shown to be elevated, compared with normal bone marrow, with increased CTCF binding in promoter regions linked with DNA hypomethylation and increased target gene expression (Mujahed et al., 2020). However, the combination of CTCF loss-of-function with GATA1s and trisomy 21 is unable to drive leukemic transformation, indicating additional events are required (Wagenblast et al., 2021). Collectively, the cohesin complex and CTCF are involved in ML-DS pathogenesis, but the exact roles of these molecules need further elucidation.
Mutations in signaling pathways
Most mutations affecting signaling pathways occur in genes encoding JAK regulators, MPL and KIT (CD117) collectively reported in 48% of ML-DS cases (Labuhn et al., 2019). JAK2 and JAK3 are more frequently mutated (9.9 and 13.5%) than JAK1, MPL and KIT (4.3, 7.1 and 1.4%) (Labuhn et al., 2019). JAK1-3 variants are identified in both ML-DS and TAM samples, however, gain-of-function mutations are only detected in ML-DS, highlighting that aberrant activation of JAK-STAT signaling is important for transition to leukemia (Labuhn et al., 2019). The JAK family of tyrosine kinases (JAK1-3 and tyrosine kinase 2, TYK2) are pivotal mediators of growth factor and cytokine signaling, including downstream of thrombopoietin (TPO) and granulocyte-macrophage colony-stimulating factor (GM-CSF) (De Castro et al., 2021; Moser et al., 2021). JAK1, JAK2 and TYK2, are ubiquitously expressed, whilst JAK3 is predominantly expressed in lymphoid and myeloid cells. JAK3 mutations are more common than of other members of JAK family in ML-DS (Labuhn et al., 2019). Under physiological conditions, JAK-STAT signaling is tightly controlled and involved in a wide range of fundamental biological processes, including cell proliferation, differentiation, apoptosis, inflammation, and blood production (Park et al., 2016; De Castro et al., 2021; Moser et al., 2021). Normal megakaryopoiesis requires TPO-mediated STAT5 activation. Unphosphorylated STAT5 represses megakaryocytic transcriptional program and inhibits megakaryocytic differentiation by competing with ERG for CTCF binding, which can be reversed by TPO-mediated activation of STAT5 (Park et al., 2016). MPL, a receptor of TPO, is also frequently mutated in ML-DS, which contributes to leukemia development. In the presence of trisomy 21 and GATA1s, MPL W515L causes rapid and lethal leukemia in mice (Malinge et al., 2012). Recently, colony stimulating factor 2 receptor subunit beta (CSF2RB) A455D variant was reported in almost 5% of ML-DS children. This variant is mutually exclusive with mutated JAK1-3, MPL or RAS genes, and causes ligand-independent STAT5 activation promoting cytokine-independent cell growth (Labuhn et al., 2019). Upon introduction of the CSF2RB A455D mutant into hematopoietic stem and progenitor cells (HSPCs), megakaryocytic and erythroid proliferation is enhanced, and terminal megakaryocytic maturation is blocked (Labuhn et al., 2019). These alterations are alleviated by the JAK1/2 inhibitor ruxolitinib, emphasizing that aberrant JAK-STAT signaling participates in the CSF2RB A455D-driven leukemogenesis (Labuhn et al., 2019). In addition, CSF2RB binding to FLT3-ITD is found in other AML cell lines and patient cells where CSF2RB deletion decreases STAT5 phosphorylation, inhibits leukemic cell proliferation, and sensitizes cells to FLT3 inhibition (Charlet et al., 2021). These findings demonstrate that CSF2RB is critical for FLT3-ITD-dependent oncogenic signaling and transformation, but its role in ML-DS requires further study.
Mutations in RAS (Rat sarcoma virus) gene family members, such as KRAS, NF1, NRAS, and PTPN11, are found in 14% of ML-DS samples (Labuhn et al., 2019). NRAS and KRAS variants are the most common accounting for 4.5–8.2% and 4.3–9.1% of ML-DS cases respectively (Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). Ras belongs to the small GTPase family that binds to guanosine triphosphate (GTP) and hydrolyses it to guanosine diphosphate (GDP), with three distinct isoforms NRas, KRas, and HRas (Padmakumar et al., 2021). Ras is located on the inner surface of the plasma membrane, and acts as a binary molecular switch. Ras can transmit extracellular signals to the nucleus, and cycles between the inactive GDP-bound state and the active GTP-bound state (Zafar et al., 2021). Mutations fix RAS-GTPase proteins in an active GTP-bound state, resulting in constitutive activation of MAPK and PI3K (phosphoinositide 3-kinases) signaling. Consequently, uncontrolled cell proliferation and survival occur in mutated cells. In mouse models, clonal NRAS/KRAS activation increases cell growth, proliferation, and colony formation through a lysine methyltransferase 2A (KMT2A)- polo like kinase 1 (PLK1) axis (Carr et al., 2021). Mutations in RAS have a role in TAM progression to ML-DS, but it is not fully understood how these mutations cooperate with trisomy 21, GATA1s and other mutations in cohesins or epigenetic modulators.
Mutations in epigenetic regulators
Loss-of-function mutations in epigenetic regulators are emerging as critical contributors to ML-DS progression. Such mutations are reported in approximately 36–45% of ML-DS samples and affect a range of regulators, including additional sex combs-like 1 (ASXL1), BCL6 corepressor (BCOR), DNMT1, DNMT3A, embryonic ectoderm development (EED), E1A binding protein P300 (EP300), EZH2, KAT8 regulatory NSL complex subunit 1 (KANSL1), lysine demethylase 6A (KDM6A), lysine methyltransferase 2C (KMT2C), N-acetyltransferase 6 (NAT6), SUZ12, and tet methylcytosine dioxygenase 2 (TET2) (Nikolaev et al., 2013; Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). Mutations in KANSL1, EZH2 and SUZ12 were seen at the highest frequency, in 6.1–12.1%, 2.3–32.7% and 2–6.4% of ML-DS cases respectively (Nikolaev et al., 2013; Yoshida et al., 2013; Labuhn et al., 2019; Panferova et al., 2021). KANSL1 is essential for the activity of the histone acetylation complex, which takes part in the acetylation of histone H4 lysine 16 and eventually leads to transcriptional activation. Loss-of-function mutations in KANSL1 are detected in both ML-DS and non-DS-AMKL (Yoshida et al., 2013; Labuhn et al., 2019). KANSL1 mutations combined with trisomy 21 and GATA1s drive leukemic engraftment in mice (Wagenblast et al., 2021). EZH2 forms polycomb repressive complex 2 (PRC2) together with SUZ12, EED and RB binding protein 4 (RBBP4). PRC2 is mainly responsible for the methylation of lysine 27 in the tail of histone H3 family proteins (H3K27me3), which subsequently silences its target gene expression. Thus, EZH2 is a transcriptional repressor with methyltransferase activity, whereas SUZ12 is essential for the structural integrity of PRC2 and the facilitation of chromatin binding (Chen et al., 2018; Zeisig and So, 2021). EZH2 is unable to perform this enzymatic function alone, and the interplay with EED and SUZ12 enables PRC2 function (Chen et al., 2018; Zeisig and So, 2021). In megakaryopoiesis, EZH2 inhibition accelerates megakaryocytic differentiation and blocks megakaryocytic proliferation (Mazzi et al., 2021). EZH2 and SUZ12 act as tumor suppressors; mutations in either gene lead to loss-of-function of PRC2 core subunits and a deficit of H3K27me3 (Ntziachristos et al., 2012). Murine ML-DS leukemia models and ML-DS patients show loss-of-function mutations in EZH2 and other PRC2 members, supporting the PRC2 role in transition from TAM to ML-DS (Labuhn et al., 2019). Although the importance of mutated epigenetic modifiers in ML-DS has been recognized, their pathologic functions and clinical impact remain unclear.
Chromosomal abnormalities
Beyond trisomy 21, additional cytogenetic changes are observed in the majority of children with ML-DS, but rarely in TAM (Malinge et al., 2008; Labuhn et al., 2019). Therefore, these changes could play a role in the development of ML-DS. Cytogenetic changes reported in ML-DS include gains and losses of whole chromosomes or their arms, or chromosomal rearrangements (Table 3). Common chromosomal gains are trisomies: +2, +8, +11, +13, +14, +19, +22, or tetrasomies: +14, +21. Chromosomal losses include monosomies: −1, −3, −4, −5, −7, −9, −16, and −18. Other aberrations include: add(1q), add(6p), add (6q), add (7q), add(8p), add(11q), add (16q), add (19p); or deletions: del(5p), del(5q), del(6q), del(7p), del(7q), del(11p), del(13q), del(16q), del(17p), del(17q), and del(22q). The most common structural abnormalities are del(7p)/del(7q)/−7, del(16q), trisomy 8, and tetrasomy 21. However, none of these changes offer clear insights into the molecular pathogenesis of ML-DS, and their prognostic impact is also largely unknown (Forestier et al., 2008; De Souza et al., 2017; Labuhn et al., 2019). One recent study points out that +8 can be associated with inferior event-free survival in ML-DS (Uffmann et al., 2017). More work is required to elucidate the pathogenetic role and clinical impact of chromosomal abnormalities in ML-DS.
TABLE 3 | Chromosomal abnormalities reported in myeloid leukemia associated with Down syndrome.
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Transformation of TAM to ML-DS often arises on the background of activating signaling mutations interacting with deregulated epigenetic modifiers. For instance, there is a significant co-occurrence of variants in genes encoding tyrosine kinases and RAS proteins with variants in epigenetic regulators or cohesins both in ML-DS mouse models and patient samples (Labuhn et al., 2019). CTCF and EZH2 mutations alone are insufficient to drive ML-DS in the presence of trisomy 21 and GATA1s, implying other somatic mutations are required (Wagenblast et al., 2021). The frequent co-occurrence of variants in EZH2 and CB1 is identified in a murine model of ML-DS, while NF1 mutations appear mutually exclusive with CB1, EZH2, and CTCF variants (Labuhn et al., 2019). Co-occurrence of additional mutations is important for leukemic progression, but their patterns, functional effects, and clinical significance need further investigation.
MUTATIONAL LANDSCAPE OF RELAPSED MYELOID LEUKEMIA ASSOCIATED WITH DOWN SYNDROME
ML-DS usually has a low incidence of relapse, seen in approximately 5–6% of patients in developed countries, mostly because the initial disease is very sensitive to chemotherapy (Uffmann et al., 2017). However, when relapse occurs in ML-DS patients, the prognosis is less favorable. Little is known about the molecular underpinnings leading to relapse and current treatment options are less effective in relapsed patients. One study showed that in a cohort of 170 pediatric patients with ML-DS, five of 7 relapsed cases harbored trisomy 8, while the other two carried isochromosome 7 and additional material on chromosome 16 respectively (Uffmann et al., 2017). As for somatic mutations, the sequencing data from one paired sample (diagnostic and relapsed) demonstrated the presence of EZH2 F562S, JAK2 V617F and MTNR1B R316H in the relapsed sample but not at the time of diagnosis, while SMC1A R711Q, MPL W515S, JAK2 F694S and EZH2 H206fs were detected at both time-points (Labuhn et al., 2019). A lot more work will need to be done in this area in the future.
NOVEL THERAPEUTIC TARGETS
As the genomic, epigenomic and transcriptomic changes are uncovered in TAM and ML-DS, new molecular targets for prevention and treatment are being proposed. Mutations in signaling effectors are one of the most frequent events in ML-DS associated with the overactivation of pathways such as JAK-STAT, RAS/MEK/ERK and PI3K/PKB (Labuhn et al., 2019). Inhibition of these pathways may help treat ML-DS. FDA-approved JAK1/2 inhibitors, ruxolitinib and momelotinib (Sureau et al., 2021), could be considered for patients with activating JAK-STAT mutations. Similarly, drugs targeting RAS and PI3K/PKB signaling could be trialed in children with mutations in these pathways (De Castro et al., 2021). CD117/KIT expression is a marker of GATA1s-induced pre-leukemia- and GATA1s/STAG2-knock-out-induced leukemia-initiating cells. The maintenance and expansion of those cells rely on KIT signaling; thus, KIT inhibitors have emerged as potential therapeutic targets (Wagenblast et al., 2021). Further, mutations in cohesin subunits and cohesin regulators are crucial for ML-DS pathogenesis (Labuhn et al., 2019), thus targeting cohesin-mutant cells has been suggested to be a new therapeutic strategy. There are three distinct approaches through which cohesin mutated cells can be targeted: 1) direct modulation of cohesin subunits and its regulators; 2) targeting cohesin-induced deregulated signaling; and 3) targeting altered DNA damage repair mechanisms (Antony et al., 2021). STAG1 inhibition may be a suitable therapy for patients with STAG2 mutations because it is synthetically lethal with STAG2 variants. ML-DS displays frequent gains of DNA methylation, thus epigenetic therapies may be useful. In support, lysine-specific demethylase inhibitor T-3775440 inhibits growth of patient-derived blasts ex vivo (Labuhn et al., 2019). Finally, three HSA21 miRNAs (miR-99a, miR-125b and miR-155) are overexpressed in blast cells from ML-DS, and their blockage inhibits GATA1s-induced pre-leukemia development (Wagenblast et al., 2021). Hence, miRNAs could also become potential therapeutic targets in the future.
CONCLUSIONS AND FUTURE DIRECTIONS
ML-DS has three major molecular features: trisomy 21, GATA1s mutations, and tertiary alterations (Figure 1). Trisomy 21 drives megakaryocytic expansion through the increased gene dosage effect, but trisomy 21 may not be required for progression to ML-DS. GATA1s mutations are acquired during fetal liver hematopoiesis in susceptible HSCs with high proliferative potential, which leads to abnormal megakaryocytic proliferation and impaired erythroid differentiation. GATA1s effects begin in an immunophenotypically distinct population of fetal erythro-megakaryocytic cells. The development of ML-DS requires acquisition and selection of clones with additional somatic mutations and chromosomal structural abnormalities. Substantial progress has been made over the last 20 years in the molecular characterization of ML-DS, but some important questions remain unanswered. How do trisomy 21, GATA1s, additional somatic mutations and chromosomal alterations cooperate to drive ML-DS? In the context of trisomy 21 and GATA1s, what is the relevant co-occurrence pattern of somatic mutations and cytogenetic changes? What is the biological role and the clinical impact of such changes? Recent application of CRISPR/Cas9 technology in iPSC-based models of ML-DS started to provide some essential answers to these questions.
From the clinical standpoint, new therapies are needed for children with refractory and relapsed disease, in particular as high-dose chemotherapy causes unacceptable toxicity in DS children. To test emerging therapeutic targets, we need to advance pre-clinical disease models of ML-DS. Chromosome 21-encoded proteins and miRNAs are important players in ML-DS. Is it possible to target these molecules alone or do we need to simultaneously target secondary and tertiary genetic changes to control leukemia growth? The work needs to continue to better elucidate disease mechanisms and to develop more effective therapies.
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Background: Aplasia cutis congenita (ACC) and terminal transverse limb defects (TTLDs) are the most common features of Adams-Oliver syndrome (AOS). ARHGAP31 is one of the causative genes for autosomal dominant forms of AOS, meanwhile its variants may only cause isolated TTLD. Here, we report a proband presented with apparent TTLD but not ACC.
Methods: Whole exome sequencing (WES) and Sanger sequencing were applied to identify causative genes. Expression vectors were constructed for transfections in mammalian cell cultures followed by biochemical and functional analysis including immunoblotting, immunofluorescence staining, and cell counting kit-8 assay.
Results: WES and Sanger sequencing suggested that the proband inherited rare ARHGAP31 variant [c.2623G > A (p.Glu875Lys)] and a rare FBLN1 variant [c.1649G > A (p.Arg550His)] from one of her asymptomatic parents, respectively. Given FBLN1 variation has also been linked to syndactyly, we suspected that the two genes together contributed to the TTLD phenotype and explored their possible roles in vitro. Mutant FBLN1 showed reduced expression resulted from impaired protein stability, whereas ARHGAP31 protein expression was unaltered by mutation. Functional assays showed that only in the co-transfected group of two mutants cell viability was decreased, cell proliferation was impaired, and apoptosis was activated. Cdc42 activity was declined by both ARHGAP31 mutation and FBLN1 mutation alone, and the two together. Furthermore, the MAPK/ERK pathway was only activated by two mutants co-transfected group compared with two wild-type transfections.
Conclusion: We report a case carrying two rare variants of limb defects associated genes, ARHGAP31 and FBLN1, and provide in vitro evidence that synergistic disruption of cellular functions attributed by the two mutants may potentiate the penetrance of clinical manifestations, expanding our knowledge of clinical complexity of causal gene interactions in TTLD and other genetic disorders.
Keywords: ARHGAP31, FBLN1, AOS, Cdc42, syndactyly, Limb defects
INTRODUCTION
Adams-Oliver syndrome [AOS (MIM#100300)], also known as AOS1, is a rare inherited disease characterized by aplasia cutis congenita (ACC) and terminal transverse limb defects (TTLDs) as the most common clinical features (Kuster et al., 1988). ACC is mostly present on the scalp, whereas some patients show extra skull defects in various degrees (Adams and Oliver, 1945). TTLD could present different degrees of injury at one limb end to four limbs end. In addition to ACC and TTLD, other common anomalies include central nervous system anomalies, cutis marmorata telangiectasia congenita, and congenital heart defects (Hassed et al., 2017). AOS patients may show severe-to-mild symptoms, but carriers with same gene variant within one family may show phenotypes ranging from no obvious clinical manifestations to severe multi-system abnormalities (Hassed et al., 2017). Clinically, in cases with a known family history, presence of either ACC or TTLD has been considered sufficient to warrant the diagnosis of AOS (Snape et al., 2009).
ARHGAP31 is one of the causal genes identified in AOS (Hassed et al., 2017; Meester et al., 2018). Previously, Southgate has found two ARHGAP31 variants in two independent families with patients present with ACC and TTLD, which are the most common clinical features of AOS (Southgate et al., 2011). Later in 2014, an ARHGAP31 variant in a big family was reported by Isrie et al. (2014), with the only clinical feature of isolated TTLD, suggesting the possibility of segregated phenotype caused by a single gene variant. Along with variants in other causative genes such as DLL4 and NOTCH1, ARHGAP31 variants have consistently been confirmed in a large cohort of AOS by Meester et al. (2018). As a GTPase-activating protein (GAP) encoded by ARHGAP31 gene, ARHGAP31 inactivates the Rho GTPases family members Cdc42/Rac1, which master central roles in cell division, survival and migration, and the maintenance of the actin cytoskeleton (Melendez et al., 2011). Truncated forms of ARHGAP31 disrupt the actin cytoskeleton structures through inactivation of Cdc42/Rac1 (Southgate et al., 2011).
Fibulin-1, encoded by FBLN1, is an extracellular matrix protein that has an important role in the structure of elastic fibers and basement membranes of various tissues (De Vega et al., 2009). A missense mutation in fibulin-1 in a consanguineous family showed a novel syndrome of syndactyly and other abnormalities in the central nervous system (CNS) (Bohlega et al., 2014), indicative of the crucial role of fibulin-1 in development of the CNS and various connective tissues. Nonetheless, no involvement of FBLN1 in AOS has been reported so far.
Here, we report a proband with similar condition to the cases of arrested development described by Isrie et al. (2014). Using whole exome sequencing and Sanger sequencing, two rare variations were identified. The proband carries an ARHGAP31 variant (c.2623G > A (p.Glu875Lys) concomitant with FBLN1 variant (c.1649G > A (p.Arg550His). Each of her parents carrying one of the former mutants was phenotypically normal. Since aforementioned FBLN1 variation has also been shown to be linked with syndactyly (Debeer et al., 2002), we therefore suspected that the two genes together contributed to the TTLD phenotype and explored their possible roles in vitro. With exogenous expressions of ARHGAP31 and FBLN1 in mammalian cells, cell viability, target gene expression, cytotoxicity, apoptosis, and related signaling molecules were analyzed, and all the evidence indicate a pro-apoptotic role of FBLN1 in exacerbating the dysfunction of ARHGAP31 caused by variation, ultimately triggering the synergistic effects of penetrance of TTLD phenotype by ARHGAP31 and FBLN1 variations.
MATERIALS AND METHODS
Patient information
A 30-year-old female was inspected in our consultation center with abnormal finger and toe development, and her parents had no AOS family history of the defects. She is the only child in the family whose mother naturally conceived and gave birth with normal birth parameters. The left hand fingers and two foot toes with abnormal development were observed at birth. There were no other abnormalities during development. Her parents have no history of teratogenic contact. She came for preconception counseling. This study was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. All subjects have signed an informed consent form, and phenotypic photos have been approved for publication in this study.
Whole exome sequencing and bioinformatics analysis
Peripheral blood from all subjects within the family was collected for genomic DNA extraction. WES of genomic DNA of the proband was performed by Shenzhen BGI Clinical Inspection Center Co., Ltd. Briefly, genomic DNA was first extracted for library preparation. A BGIV4 chip was used to capture and enrich gene exons and DNA adjacent to the clipping region. The MGISEQ-2000 sequencing platform was employed for variants detection and analysis. The quality control index of sequencing data is: the average sequencing depth of target area is ≥180×, and the proportion of sites with average depth of target area >20× is >95%.
Sequenced fragments were compared with UCSC hg19 human reference genome by the Burrows–Wheeler alignment (BWA) to eliminate duplication. Database including the 1000 genomes, ExAC, ESP6500, gnomAD, TOPMed, and BGI local database were referenced. Variants with a frequency of less than or equal to 1% of known causative genes in OMIM was listed in the clinical test report. Genome Analysis Toolkit (GATK) software was used for SNV, INDEL, and genotype detection. ExomeDepth was used to detect at exon level copy number variation. The naming of variation follows the naming standard of Human Genome Variation Society (HGVS). Variant pathogenicity annotation is based on the American College of Medical Genetics and Genomics (ACMG) and the American Society for Molecular Pathology (AMP) sequence interpretation guidelines, and with reference to interpretation of the guidelines from the ClinGen Sequence Variant Interpretation working group and the British Society for Clinical Genome Sciences (ACGSs).
Validation of variations via Sanger sequencing
ARHGAP31 and FBLN1 variants were identified by aforementioned WES. Variations in ARHGAP31 and FBLN1 genes were validated by Sanger sequencing. The PCR products were sequenced on an ABI 3130 DNA Analyzer (Applied Biosystems, United States). The sequencing data were visualized in DNA Star software to confirm the variations. We carried out family analysis in order to explore the source of variations in ARHGAP31 [c.2623G > A (p.Glu875Lys)] and FBLN1 [c.1649G > A (p.Arg550His)]. Three DNA samples were extracted respectively from peripheral blood lymphocytes of patient and her parents using a genomic DNA extraction kit (Cwbio Company, CW 2087M). Sanger sequencing were performed using primers as follows: ARHGAP31 forward primer: 5′-CCA​GGC​AAT​CTG​TCT​CCT​CC-3′, ARHGAP31 reverse primer: 5′-CAT​GCT​GGG​CAA​TGT​CTG​TC-3′; FBLN1 forward primer: 5′-CGT​CTC​CAG​ATG​GGT​ATG​GC-3′, and FBLN1 reverse primer: 5′-CCC​CTT​GAC​TTT​CCG​AGA​CC-3′.
Construction of ARHGAP31- and FBLN1-expressing vectors
The C-terminus of coding sequences (CDS) for ARHGAP31 (4335 bp) and FBLN1 (2052 bp) were added with CDS for FLAG (DYKDDDDK) tag and hemagglutinin (HA, YPYDVPDYA) tag, respectively. ARHGAP31 (c.2623G > A) and FBLN1 (c.1649G > A) mutations were directly incorporated in the sequence design by substituting the corresponding nucleotide in wild-type sequences. The above full-length sequences with and without mutations were straightforwardly synthesized by TIANYI HUIYUAN biotechnology (Wuhan, China), using synthetic oligonucleotide primers-based PCR amplification. CDS for ARHGAP31-FLAG was then subcloned into eukaryotic-expressing vector pcDNA3.1 using HindIII/NotI restriction sites, while EcoRI/NotI sites were used for cloning of FBLN1-HA into pcDNA3.1. Successful insertions were verified by digestion using corresponding restriction enzymes followed by Sanger sequencing. To induce site-directed mutagenesis at c.2047C > T to construct the p. Gln683X mutant form of ARHGAP31, PCR amplification of the entire plasmid (pcDNA3.1-ARHGAP31-wild-type-FLAG) was performed using primer pair against c.2047C > T site (p. Gln683X-FP: 5′-CCA​ATT​TAG​CCT​ATT​CTC​GAG​TCG-3′; p. Gln683X-RP: 5′-TAG​GCT​AAA​TTG​GGC​TGG​TCT​TCA-3′). PCR product was digested with DPN1 enzyme to eliminate original plasmid template before transformed into competent E. coli cells. Clones were sent for Sanger sequencing to confirm each single nucleotide including the mutation.
Cell culture and plasmid transfection
The human embryonic kidney HEK293T cell line and human cervical cancer HeLa cells line were obtained from China Center for Type Culture Collection (CCTCC). The cells were routinely maintained in Dulbecco’s modified eagle medium at 37°C (5% CO2) (Gibico). The medium was supplemented with 10% fetal calf serum (Life Technologies) and 1% penicillin–streptomycin (10,000 U/ml, Life Technologies). The cells were cultured in 96-well plates for cell proliferation assays, and in 12-well plates and Petri dishes for immunofluorescence and Western blotting analysis. The cells were plated onto plates for 18–24 h before transfection at a confluence of 60%–70% or onto coverslips as required.
Previously indicated plasmids and control vector (pcDNA3.1) were prepared and quantified before transfections. Prior to transfections, the cells were cultured to 70%–80% confluence. Transfection was conducted using polyethylenimine reagent (PEI, Polyscience). Briefly, for each well in a 12-well/plate, 1 μg DNA was diluted in 200 μl Opti-MEM (Gibco) followed by mixing with 1 μl PEI solution (5 mg/ml). Transfection mixture was incubated at room temperature for 20 min before added into each well. The cells were harvested at 24 h or 48 h post-transfection for immunofluorescence, Western blotting, and Cdc42 activity as indicated.
Cell counting Kit-8 assay
HeLa cell suspension was inoculated at 5,000 cells per well in a 96-well plate, which was later pre-incubated for 24 h in a humidified incubator at 37°C, 5.0% CO2 with saturated humidity. Prepared expression plasmids were transfected using PEI reagent. For each well, 10 μl transfection mixture including 200 ng of total DNA and 0.5 μg PEI was incubated and added into the cell medium; 24 and 48 h after transfection, 10 μl of CCK-8 solution (Biosharp Life Science, BS350A) was added to each well of the plate. Bubbles were avoided, and plates were incubated for 1 h before absorbance was measured at 450 nm with a microplate reader.
Quantitative real-time PCR
HeLa cells transfected with FBLN1 plasmids were collected in an RNA isolator (Vazyme Biotech, R401) for total RNA extraction, followed by reverse-transcription using a HiScript II 1st strand cDNA synthesis kit (Vazyme Biotech, R212-01). The resulting cDNA was used for qRT-PCR using a SYBR Green Master mix (Vazyme Biotech, Q221-01) and analyzed using the QUANTAGENE q225 real-time PCR machine (KUBO biotechnology). The following primer pairs were used: Primer Pair1 forward, 5′-GGA​TCT​CTC​TCG​CCA​CGG-3′, Primer Pair1 reverse, 5′- TCA​AGC​GTA​TGT​CTG​GGA​C-3′ and Primer Pair2 forward, 5′- CTC​ACC​AAG​CCT​GTC​CCC-3′, Primer Pair2 reverse, 5′- TCA​AGC​GTA​TGT​CTG​GGA​C-3′. GAPDH forward, 5′- TGC​ACC​ACC​AAC​TGC​TTA​GC-3′, GAPDH reverse, 5′- GGC​ATG​GAC​TGT​GGT​CAT​GAG-3′. The 2-ΔΔCT method has been used for fold change analysis using GAPDH as internal control.
Protein stability analysis
Protein stability was assessed using protein translation inhibitor cycloheximide (CHX, Merck Sigma-Aldrich, C7698) treatment. HeLa cells were transfected with FBLN1 plasmids for 24 h and subjected to CHX treatment at final concentration of 50 μg/ml. The cells were collected and lyzed at indicated time points (0, 2, 4, 6, 8, and 12 h) after treatment, followed by immunoblotting.
Co-immunoprecipitation
Co-immunoprecipitation was performed following standard procedures. In brief, the cells were washed in PBS and lyzed in cold NP-40 buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40) supplemented with a protease/phosphatase inhibitor cocktail (Cell Signaling Technology). The lysate was briefly sonicated and centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was then collected and 1 mg of total protein lysate was incubated with protein A-conjugated agarose beads (Beyotime technology, P2051) and primary antibodies overnight at 4°C. Anti-FLAG antibody (Beyotime biotechnology, AF519, 1: 250 dilution) and anti-HA antibody (Beyotime biotechnology, AF0039, 1:250 dilution) were used. The beads were spun down, washed with PBS buffer, and denatured with 2× Laemmli sample buffer (Bio-Rad), followed by Western blotting for validation.
Western blotting
The cells were collected in 1× radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology) supplemented with a protease/phosphatase inhibitor cocktail (Beyotime biotechnology) or 2× Laemmli sample buffer (Bio-Rad). They were then thoroughly lyzed by sonication and heat denatured at 95°C for 5 min before loading onto gels for analysis. Equal amounts of protein were loaded (10–50 μg depending on the assay) and resolved by SDS-PAGE in Tris-glycine-SDS buffer, followed by transfer onto nitrocellular membranes (millipore). The membranes were blocked with blocking buffer (Beyotime P0256) for 0.5 h and then reacted with primary antibodies in primary antibody dilution buffer (Beyotime P0023A) overnight at 4°C under gentle rocking. Primary antibodies are as follows: anti-FLAG antibody (Beyotime biotechnology, AF519-1, 1:2,000 dilution), anti-HA antibody (Beyotime biotechnology, AF0039, 1:2,000 dilution), anti-actin antibody (Proteinab Biotech, Cat#10003-M01, 1:5,000 dilution), anti-GAPDH antibody (EMD Millipore, AB2302, 1:5000 dilution), anti-Cdc42 antibody (Cytoskeleton, Cat#ACD03, 1:250 dilution), anti-pERK1/2 antibody (Cell signaling Technology, #4370, 1:2,000 dilution), and anti-ERK1/2 antibody (Cell signaling Technology, #4696, 1:2,000 dilution). After washing, the corresponding IR Dye 680RD/800CW secondary antibodies (LICOR, 1:10,000 dilution) were added for 1 h at room temperature under constant agitation. After washing with Tris buffered saline wash buffer with Tween 20, the membrane was scanned in the Odyssey Fc Imaging System (LICOR) for detection of an infrared signal. For the Cdc42 activity experiment, the corresponding horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibodies (Beyotime biotechnology, 1:1000 dilution) was used, and the membrane was probed with enhanced chemiluminescence (ECL) Western blotting substrate (Beyotime biotechnology P0018AM) and visualized using a Tanon scanner system (Tanon5200).
Assessment of Cdc42 activity
Cdc42 activation assay was examined using the Cdc42 Activation Assay Biochem Kit (Cat. # BK034, cytoskeleton), following the manufacturer’s instructions. HeLa cells were grown at approximately 70%–80% confluent prior to transfection. The cells were treated with HB-EGF (C600219, Sangon Biotech) for 3 min before lyzed in cell lysis buffer. Then, 10 μl PAK-PBD beads were added to equivalent amount of lysate (800 µg total protein) with gentle rotation for 1 h at 4°C. After three washes, the beads were resuspended and processed for immunoblotting using total Cdc42 rabbit monoclonal antibody (Beyotime biotechnology, AF2794, 1:2,000 dilution).
Cell proliferation using EdU labeling
EdU cell proliferation image kit (green fluorescence) from Abbkine (Cat#. KTA 2030) was used, following manufacturer’s instructions. Briefly, the cells grown on coverslips were transfected with desired plasmids for 24 h and were incubated with 10 μM EdU solution for 2 h. After incubation, the cells were fixed in 4% paraformaldehyde (PFA) for 10 min and were subjected to Click-iT reaction mix including copper reagent, AbFluor 488 azide, and reducing agent for 30 min. The cells were washed and counterstained with DAPI to visualize the nuclei. Fluorescence images were captured at 10× objective by using an inverted fluorescence microscope (ICX41, Sunny optical technology). The images were analyzed with ImageJ.
Live and dead cell double staining
Live and dead cell double staining kit from Abbkine (Cat#. KTA1001) was used, following manufacturer’s instructions. Briefly, the cells were transfected as desired for 24 h; 1× assay buffer was prepared and warmed. LiveDye and NucleiDye were diluted at 1/1,000 dilution in assay buffer as staining solution. The cells were washed with PBS twice before incubated with staining solution at dark for 30 min. After staining, the cells were washed with PBS again and subjected for imaging immediately. Fluorescence images were captured at 10× objective by using an inverted fluorescence microscope (ICX41, Sunny optical technology). The images were analyzed with ImageJ.
TUNEL (TdT-mediated dUTP Nick End Labeling) assay
TUNEL apoptosis detection kit was purchased from Yeason Biotechnology (Cat. # 40306ES20). Briefly, the cells grown on coverslips were transfected with desired plasmids for 24 h before fixation at 4% PFA, followed by permeabilization with 0.3% Triton X-100 in PBS. For the positive control, permeabilized cells were with treated DNase I (10 U/ml) solution for 10 min at room temperature and washed with deionized water thoroughly. TdT-labeling mix was prepared with FITC-12-dUTP labeling mix and recombinant TdT enzyme in equilibration buffer. Negative control was performed using labeling mix without TdT enzyme. The cells were washed after labeling at 37°C for 1 h and counterstained with DAPI to visualize the nuclei. Fluorescence images were captured at 10× objective by using an inverted fluorescence microscope (ICX41, Sunny optical technology). The images were analyzed with ImageJ.
Immunofluorescence staining
Cells grown on coverslips were washed gently with phosphate buffered saline (PBS) and fixed in 4% PFA (except that cells were fixed in cold methanol for endogenous ARHGAP31 staining), followed by permeabilization with 0.3% Triton X-100 in PBS. The cells were then blocked for 1 h in 5% goat serum, followed by incubation overnight with primary antibodies at 4°C. Anti-FLAG (Beyotime biotechnology, AF519, 1:500 dilution), anti-GM130 (Sigma-Aldrich, #610822, 1:200 dilution), anti-ARHGAP31 (CdGAP (G-8), Santa Cruz, sc-393839, 1:25 dilution), anti-HA (Beyotime biotechnology, AF0039, 1:200 dilution), and antibodies were used. Secondary antibodies were Alexa Fluor (488, 555)-labeled goat antimouse and goat antirabbit antibodies (Thermo Fisher, 1:500 dilution). DAPI was used to visualize the nuclei. Fluorescence images were captured with a 20× or 63× objective using a Zeiss LSM780 laser scanning confocal microscope.
Statistical analysis
Statistical analysis was performed using Prism 9 software (GraphPad). The biochemical analysis was performed using a minimum of three biological replicates per condition, and randomization of experimental groups was not required. The data distribution was assumed to be normal with similar variance between groups; however, datasets were first assessed with normality tests. Two groups were analyzed with the unpaired Student’s t test when the datasets were normally distributed, otherwise non-parametric tests were used with a non-paired Mann–Whitney test. Three or more groups were assessed with one-way ANOVA followed by a post hoc test for multiple comparisons. For statistical analysis of positivity in fluorescent images, Kruskal–Wallis test were used followed by Dunn’s multiple comparisons test. Wild-type groups always serve as controls in multiple comparisons. All comparisons were performed whenever possible with all significant changes being indicated on the graphs unless changes are not significant. Changes close to significant are also presented. Values are presented as the mean ± standard error of mean (s.e.m).
RESULTS
Clinical manifestations and identification of variations
The proband is a female who has normal intelligence and no obvious phenotypic abnormalities in cardiovascular and nervous systems. As indicated, the middle and distal phalanges of the left middle finger are missing, and the second finger on the left hand is completely absent; distal limb reduction appeared on the left foot in the first and second left toe; her second, third, fourth, and fifth toes in the right foot showed cutaneous syndactyly. In addition, the fourth finger on the left hand and the third toe on the left foot appear to have constriction rings (Figure 1A). No other abnormalities were observed at birth, and there was no other banding on the body elsewhere.
[image: Figure 1]FIGURE 1 | Clinical manifestations in the proband and related sequencing information. (A) Defects of the distal digits. (i) Second finger is completely absent, the middle and distal phalanges of the left third finger are missing; (ii) distal limb reduction appeared on the left foot in the first and second left toe with hypoplastic toenails on the third and fifth toes; (iii) her second, third, fourth, and fifth toes of the right foot are cutaneous syndactyly. (B) Family pedigree of the proband. (C) Sanger sequencing of the family members revealed inheritance of gene variants from her parents.
Her parents were assessed by a clinical geneticist and are clinically normal with no family history, we therefore first speculated typical inheritance of two recessive copies on one causative gene, or a de novo variation occurred in a pathogenic gene in the proband. Therefore, whole exome sequencing (WES) analysis were first performed in the proband. In general, a total of 25,539.75 Mb of original data were generated, about 98.33% of the target bases were covered with at least 20× per individual, and the mean depth of coverage for all target regions was 201.52. Surprisingly, WES specifically identified two independent variations in two genes, other than classic two copies of variation in one gene. Based on the database and annotation, the allele frequency of ARHGAP31 (NM_020,754.4): c.2623G > A is absent in gnomAD and is 2/125,568 in TOPMed, while that of FBLN1(NM_006,486.3): c.1649G > A variant is 3/282,786 in gnomAD and is 1/264,690 in TOPMed. Next, the pathogenicity prediction indicates that the ARHGAP31 variant is deleterious from SIFT (0.03) and benign from PolyPhen (0.211), while the FBLN1 variant is deleterious from SIFT (0.01) and probably damaging from PolyPhen (0.993). We then attempted to assess whether the variations are de novo in the family. Sanger sequencing confirmed that the proband carried each copy of the variation from one of the parents (Figure 1B), and the variations in ARHGAP31 and FBLN1 cause Glu875 to Lys (E875K) and Arg550 to His (R550H) missense mutations, respectively (Figure 1C). Since ARHGAP31 is one of the causative genes identified for AOS, and FBLN1 variation has been shown to cause syndactyly, we highly suspected the two variations together contributes to the TTLD phenotype in the proband.
Exogenous expression of ARHGAP31 variant in cultured cells
Next, we attempted to investigate gene functions by overexpressing the encoding genes in HEK293T cells. As illustrated in Figure 2A, open reading frame sequences were fused with FLAG-tag. Clinically identified variations and corresponding mutated amino acid were indicated. Protein expression was validated by immunoblotting with anti-FLAG antibodies. Exogenous WT and mutant ARHGAP31 expression showed similar band patterns, with full-length ARHGAP31 at size around 200–250 kDa and a group of weaker cleaved bands below (Figure 2B). Size of full-length ARHGAP31 was validated with antibody against endogenous expression (data not shown). Expression levels were not altered between groups (Figure 2C).
[image: Figure 2]FIGURE 2 | Exogenous expression and localization of ARHGAP31 in mammalian cells. (A) Schematic illustration of molecular structure of FLAG-tagged ARHGAP31. Missense mutation site was shown. (B) Representative immunoblots of exogenous ARHGAP31 expression in HeLa cells using anti-FLAG antibody. (C) Quantification of B (n = 4 per group). (D) Representative immunofluorescence co-staining of ARHGAP31 expression with anti-FLAG antibody and anti-ARHGAP31 antibody in transfected HeLa cells. Blue, DAPI-labeled nuclei. Arrow denotes ARHGAP31-overexpressing cells and arrowhead denote cells with endogenous ARHGAP31 expression. (E) Colocalization of ARHGAP31 and Golgi marker protein GM130 in transfected HeLa cells. Scale bar, 20 μm.
We further looked into the cellular localization of ARHGAP31 in HeLa cells. Anti-FLAG tag labeling and anti-ARHGAP31 staining indicated an obvious intracellular expression including a strong nuclear expression and diffuse cytosolic expression. Our ectopic ARHGAP31 was successfully detected (Figure 2D). Meanwhile, in both groups, cells bearing higher expression of ARHGAP31 appeared more roundish outline than those with lower expression. No obvious localization change was caused by mutation. Since Golgi-specific staining has been previously reported, we stained the Golgi maker protein GM130, and results show that ARHGAP31 was apparently not, least not exclusively, localized at Golgi department (Figure 2E).
Defective expression of FBLN1 mutant is caused by impaired protein stability
Similarly, we constructed FBLN1-HA plasmid as indicated (Figure 3A). Anti-HA immunoblotting revealed an obvious FBLN1 expression at around 90 kDa as predicated. Total protein expression of FBLN1 were significantly reduced by 25% (Figures 3B,C). Anti-HA immunostaining showed that FBLN1 expressed at perinuclear and cytoplasmic departments. A fibrillary-like pattern was observed in both WT and mutant FBLN1-transfected cells (Figure 3D).
[image: Figure 3]FIGURE 3 | Defective expression of FBLN1 mutant is caused by impaired protein stability. (A) Schematic illustration of molecular structure of HA-tagged FBLN1. Missense mutation site was shown. (B) Representative immunoblots of exogenous FBLN1 expression in HeLa cells using anti-HA antibody. (C) Quantification of B (n = 3–4 per group). **p < 0.01. (D) Representative immunofluorescence staining of FBLN1-HA in transfected HeLa cells. (E) Primer design for quantitative real-time PCR at C-terminus of FBLN1 construct. (F) Quantitative real-time PCR results suggesting mutant FBLN1-transfected cells showed more mRNA expression. n = 3 per group. *p < 0.05. (G) Transfected HeLa cells were treated with protein translation inhibitor cycloheximide (CHX, 50 μg/ml) and subjected to immunoblotting.
To examine the reason for the defective FBLN1 mutant expression, we designed two pair of primers spanning the coding sequence and the HA-encoding region in the construct (Figure 3E). Quantitative real-time PCR revealed that the R550H mutant form of FBLN1 have significantly higher mRNA levels (1.3-fold, Figure 3F). To further dissect the inconsistency, we investigated the protein stability by treating cells with protein translation inhibitor cycloheximide (CHX). As indicated, FBLN1 mutant showed apparently reduced total FBLN1 than the wild-type since 4 h after treatment, and the effect lasted until 12 h (Figure 3G). Hence, the decreased protein stability in the mutant may contribute to the deficiency of the ultimate protein expression.
Dysregulated protein expression by co-transfection of the variants
To examine possible effects by two mutant proteins together, we performed co-transfection in two types of mammalian cells. In FBLN1-WT-expressing HeLa cells, mutation in ARHGAP31 caused a mild but non-significant increase in full-length protein expression, and a significantly increased cleaved products (p < 0.001) (Figures 4A,B). Surprisingly, on the basis of ARHGAP31-E875K expression, all of the full-length, cleaved ARHGAP31 and FBLN1 expressions were significantly compromised in the FBLN1-R550H group compared with the FBLN1-WT group (Figures 4A,B), suggesting possible cytotoxic effects caused by FBLN1 mutant. More interestingly, when the same vector sets were co-transfected into HEK293T cells, we observed extremely similar alternation pattern as we have found in HeLa cells (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Protein expression with ARHGAP31 and FBLN1 variations in vitro. (A) Immunoblotting of exogenous ARHGAP31 and FBLN1 in co-transfected HeLa cells as indicated. (B) Quantification of (A). (C) Immunoblotting of exogenous expression of ARHGAP31 and FBLN1 in co-transfected HEK293T cells. (D) Quantification of (C). FL-ARHGAP31, full-length ARHGAP31; C-ARHGAP31, cleaved ARHGAP31; AW, wild-type ARHGAP31; AM, mutant ARHGAP31; FW, wild-type FBLN1; FM, and mutant FBLN1. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Increased colocalization of ARHGAP31 and FBLN1 mutants
We further investigated the subcellular localization of these variants in co-transfected HeLa cells. Compared to the intense nuclear localization of ARHGAP31 when it was transfected alone, apparent non-nuclear expression of ARHGAP31 appeared in both mutants-transfected cells. Overall, FBLN1 localization was not altered between groups. However, co-transfected of ARHGAP31-WT and FBLN1-WT showed only a few cells with relatively balanced expression of both proteins, as indicated by arrows; whereas in either of the mutants, colocalization of ARHGAP31 and FBLN1 were obviously increased (Figure 5A). Furthermore, enhanced co-localization of ARHGAP31 and FBLN1 mutants showed up in the cytosol, suggesting a potential interaction between the two proteins.
[image: Figure 5]FIGURE 5 | Increased colocalization with mutant ARHGAP31 and FBLN1. (A) Representative immunofluorescence staining of exogenous ARHGAP31 and FBLN1 in co-transfected HeLa cells. Green, anti-FLAG staining; red, anti-HA staining; and blue, DAPI-labeled nuclei. Arrowheads indicate cells with apparent non-nuclear expression of ARHGAP31, and arrows indicate recognizable cells with co-localized target proteins. (B) HeLa cells were co-transfected with ARHGAP31-FLAG and FBLN1-HA, and co-immunoprecipitation was performed using anti-FLAG antibody followed by detection with anti-HA antibody. (C) ARHGAP31-FLAG and FBLN1-HA co-transfected cells were lyzed, and co-immunoprecipitation was performed using anti-HA antibody followed by immunoblotting with anti-FLAG antibody.
To examine if these two proteins directly interact with each other, we overexpressed two proteins in HeLa cells and performed co-immunoprecipitation. Although proteins were successfully immunoprecipitated by anti-tag antibodies, we were not able to detect any obvious interacting target (Figures 5B,C). Therefore, increased co-localization may be due to a direct interaction-independent manner.
Enhanced cytotoxicity and apoptosis with suppressed cell proliferation triggered by ARHGAP31 and FBLN1 mutants
To further test the functional consequences of the mutants, we performed CCK-8 assay, which examines combined effects of cell proliferation and cytotoxicity. As illustrated in Figure 6A, CCK-8 assays were conducted 24 h and 48 h after seeding and transfection. An increased cell viability with mutant ARHGAP31 (AM) was observed compared to the WT (AW) at 48 h (p < 0.05) but not 24 h, and mutant FBLN1 (FM) showed inhibitory effect trends toward significance on cell activity at both time points (p = 0.0769 and 0.0542, respectively, Figure 6B). After 24 h and 48 h with transfection combinations, combination of the mutant genes (AM + FM group) appeared significantly reduced cell viability compared to the AM + WT-FBLN1 (FW) group. In particular, a significant impairment of cell viability was observed in the AM + FM group at 48 h compared to the AW + FW group (Figure 6C). Other comparisons were not statistically significant.
[image: Figure 6]FIGURE 6 | Enhanced cell toxicity and apoptosis with impaired cell proliferation induced by ARHGAP31 and FBLN1 mutants. (A) Flowchart demonstration of assessment of cell viability in vitro using CCK-8 assay. (B) Assessment of cell viability in HeLa cells 24 h and 48 h after single transfection of indicated vectors. (C) Assessment of cell viability in HeLa cells 24 h and 48 h after co-transfection of WT and mutant combinations. (D) Construction of ARHGAP31-p.Gln683X (AQX) truncation and CCK-8 assay at 24 h after indicated transfections in HeLa cells. (E) Representative images showing EdU-positive cells, with DAPI labeling the nuclei. (F) Quantification of percentage of EdU-positive cells in transfected HeLa cells as indicated. n = 6–13 images including 1,700–5,000 cells per group. (G) Representative images showing co-stained live (green) and dead (red) HeLa cells after transfection with quantification in (H). n = 15–22 images including 5,000–10,000 cells per group. (I) Representative images showing TUNEL-positive HeLa cells after transfection with quantification in (J). n = 9 images including 800–900 cells per group. DAPI stains the nuclei. AW, wild-type ARHGAP31; AM, mutant ARHGAP31; FW, wild-type FBLN1; and FM, mutant FBLN1. Scale bar, 20 μm. Individual values are plotted in the bar chart. *p < 0.05, **p < 0.01. ***p < 0.001, and ****p < 0.0001.
Using the same method, we tested if a previously reported variant p. Gln683X of ARHGAP31 (AQX) in AOS exhibits toxicity in our in vitro model. Site-directed mutagenesis resulted truncated ARHGAP31 expression, and AQX-transfected HeLa cells showed decreased cell activity compared with AM-transfected cells (p = 0.0631) at 24 h post-transfection. More interestingly, when co-transfected with FM plasmid, AQX showed strong toxicity compared with AW and AM (Figure 6D), confirming that AM is less toxic than a known causative variant in AOS.
Given CCK-8 assay indicate a mixed reflection of cell activity, resulting from proliferation and cytotoxicity, we assessed cell proliferation directly using EdU labeling (Figure 6E). Statistical analysis suggested that neither ARHGAP31 nor FBLN1 is not affecting cell proliferation when transfected alone. However, when compared with the AW + FW group, AW + FM showed prone to significant effect in inhibition of cell proliferation; as expected, two mutants together (AM + FM) exhibit significant suppression in cell proliferation (p < 0.05, Figure 6F), suggesting a possible role of FBLN1 in regulating cell proliferation.
We next wondered whether cell death is also the cause for the declined cell activity. First, using cell membrane permeability-dependent dye, live and dead cells were stained in four co-transfected groups (Figure 6G). The number of dead cells in the AM + FM group were significantly higher than other groups (p < 0.00001, Figure 6H). Next, we directly labeled apoptotic cells using classic TUNEL assay, and the result showed apparently increased cell apoptosis in the AM + FM group compared to the AW + FW group (Figures 6I,J). Together, these results again suggest that ARHGAP31 and FBLN1 mutations may synergistically impair cell activity, which attributes to suppression of cell proliferation and augmented cell death particularly apoptosis.
Cdc42 inactivation and MAPK/ERK activation by ARHGAP31 and FBLN1 mutants
As Cdc42, a key regulator of cell cycle, is a putative target of GTPase-activating activity of ARHGAP31, we particularly examined Cdc42 expression and activity in mutants-transfected cells to further understand how mutant ARHGAP31 and FBLN1 contribute to apoptosis and cytotoxicity. Total Cdc42 levels were not altered by ARHGAP31 mutation, or FBLN1 mutation, or between co-transfected groups (Figures 7A,B). Next, we performed pull-down assay to analyze the level of active Cdc42 (GTP-bound form) in the cell lysate. In agreement with previous finding that AQX truncation showed decreased Cdc42 activity, E875K mutant in our study indicated similar inhibition of Cdc42 activation. Surprisingly, FBLN1 variation showed consistent inactivation of Cdc42. When co-transfected with AM, FBLN1 mutation further decreased the amount of active Cdc42 (Figures 7C,D).
[image: Figure 7]FIGURE 7 | Enhanced activation of Cdc42 by ARHGAP31 and FBLN1 mutants. (A) Immunoblotting of Cdc42 expression in HeLa cell lysates after transfection. (B) Quantification of A (n = 3–6 per group). (C) Active Cdc42, that is, GTP-bound form, were detected using specific pull-down assay followed by immunoblotting of total Cdc42 in HeLa cell lysates post indicated transfections. All quantifications of respective densitometry are shown in (D) (n = 3–4 per group). (E) HeLa cells were transfected with indicated plasmids and immunoblotted with pERK1/2 and total-ERK1/2 (t-ERK1/2) antibodies. Sh, short exposure and lo, long exposure. (F) Quantification of E (results of short exposure were quantified). (G) Diagram of working hypothesis that the synergetic effects of variations in ARHGAP31 and FBLN1 cause penetrance of terminal transverse limb defects.
In addition, we attempted to explore other possible targets for both ARHGAP31 and FBLN1. As a result, when comparing AM + FM to AW + FW groups, ARHGAP31 and FBLN1 mutants together showed significantly elevated the activation of MAPK/ERK pathway at both 24 h and 48 h after transfection (Figures 7E,F). Interestingly, a two-fold activation in the AW + FM group was observed at 24 h, indicating that MAPK/ERK activation may be initially driven by the FM variant. Since the MAPK/ERK signaling pathway is widely involved in cell activities including cell proliferation, differentiation, and cell apoptosis or anti-apoptotic functions, we thus speculate both Cdc42 and MAPK/ERK pathways play roles in synergistic effects of impaired cell activity and accelerated cell death in vitro, contributing to the clinical manifestation of limb defects (Figure 7G).
DISCUSSION
Adams-Oliver syndrome is classically characterized by a combination of ACC and TTLDs, based on the diagnostic criteria proposed by Lehman in 2016 (Lehman et al., 1993). Six causative genes with variations have been identified in relation to AOS including ARHGAP31, DOCK6, EOGT, RBPJ, NOTCH1, and DLL4. In a four-generation family with ARHGAP31 variation, all cases with ARHGAP31 variations showed TTLD indicative of high penetrance, suggesting ARHGAP31 variation may only cause isolated phenotype of TTLD in AOS (Isrie et al., 2014). Previously, all pathogenic variations in ARHGAP31 reported are located within terminal exon 12, leading to premature termination of the translated protein or a missense mutation at C-terminus of the protein (Southgate et al., 2011; Isrie et al., 2014; Tao et al., 2021). Here in our case, the missense mutation (c.2623G > A (p.Glu875Lys)) occurs tween two proline-rich domains of the protein sequence in ARHGAP31 and is a rare variant ever been reported. The inherited copy in the daughter showed typical TTLD on here hands and feet, which are consistent with typical limb abnormalities in AOS (Isrie et al., 2014; Hassed et al., 2017). WES and Sanger sequencing excluded possibility of de novo variation or typical recessive inheritance of variants in single gene, therefore the transition of normal to abnormal expressivity in the family lead us to question the underlying cause. Since variation in FBLN1 has been shown to be associated with complex forms of syndactyly (Debeer et al., 2002; Bohlega et al., 2014), the extra variation in FBLN1 gene was therefore suspicious to be the other candidate as a causative gene. Due to the aforementioned points, we proposed that two gene variants together in the daughter may account for the dominant phenotype of limb malformations.
ARGHAP31 functions as a GAP by hydrating GTP to GDP, thereby reducing the level of GTP-bound Cdc42 and inactivating GTPase Cdc42/Rac1. Therefore, ARGHAP31 is required for cell spreading, polarized lamellipodia formation, and cell migration (Kurokawa et al., 2004; Tcherkezian et al., 2006). Southgate et al. (2011) demonstrated that truncated mutations in the last exon of ARGHAP31 were pathogenic due to gain of function. Two such mutations, p. Gln683X (AQX named in our study) and p. Lys1087SerfsX4, led to generation of two fragments and decreased the amount of active Cdc42 levels. Here, we confirmed the toxicity of AQX using the CCK-8 assay and found that rare missense mutation E875K in ARHGAP31 showed less toxicity compared with AQX (Figure 6D). In addition, no effects on full-length ARHGAP31 expression, cleavage or cellular distribution were observed, although consistent spontaneous cleavage was observed throughout assays. To some degree, the unprevailing mutation may explain the normal phenotype in the mother as no apparent changes were observed by mutant ARHGAP31 in overexpressing cells. Labeling exogenous expression of ARHGAP31 with small FLAG tag, confirmed by anti-ARHGAP31 staining (Figure 2D), showed that the GAP protein is distributed at cytosolic prone to the plasma membrane, accompanied with nuclear localization, which was not altered by the E875K mutation. In disagreement, endogenous ARHGAP31 was reported to be localized to the Golgi (Southgate et al., 2011), and our result clearly showed that ARHGAP31 is not, least not exclusively, localized in the Golgi apparatus (Figure 2E). In addition, we believe that peri-membrane localization is more rational for the protein to function as a GAP when sensing broad extracellular signals.
Fibulins are extracellular glycoproteins secreted in elastic fibers and basement membranes of various tissues where they interact with several extracellular matrix components (De Vega et al., 2009). FBLN1-encoded Fibulin-1 is prominently expressed in the neural crest cells during development and is implicated in tissue organogenesis in developing myotomes, endocardial cushion and digits of the developing limbs (Cooley et al., 2008; De Vega et al., 2009). A translocation involving the last exon of FBLN1 isoform D has been associated with polysyndactyly possibly due to haploinsufficiency of isoform D (Debeer et al., 2002). Using a combination of homozygosity mapping and exome sequencing, the first point mutation in Fibulin-1 has also been confirmed in a novel autosomal recessive syndrome in development (Bohlega et al., 2014). In our study, HeLa cells expressing the rare variant of Fibulin-1 (R550H) showed compromised protein levels, but unaltered subcellular distribution. FBLN1-deficient embryos showed increased apoptosis in subpopulation of neural crest cells (Cooley et al., 2008). Inhibition of Fibulin-1 sensitized cancers cells to apoptotic signals, suggesting that FBLN1 serves a protective role from cell apoptosis (Gong et al., 2020). The R550H mutation-induced reduction of Fibulin-1 was moderated when co-expressed with wild-type ARHGAP31 but was consistently observed when mutant ARHGAP31 was co-transfected in both cell lines. In elucidation of the reason for reduced FBLN1 mutant expression, we found increased transcription levels for the mutant (Figures 3E,F); however, protein degradation rate was obviously faster in the mutant, suggesting the mutation-induced protein instability (Figure 3G). In conclusion, the reduction of Fibulin-1 widely observed in our study again is consistent with the indication that haploinsufficiency of Fibulin-1 may be able to initiate cell apoptosis during development.
Suggested by CCK-8 assay which indicates cell proliferation and cytotoxicity, FBLN1 mutation showed moderate cytotoxicity but has no effect on cell proliferation compared to the wild-type (Figures 6B,E,F); however, when cell viability and cell death were investigated in co-transfections, synergistic effects of two mutants were consistently observed (AM + FM vs. AW + FW). In particular, cell apoptosis was confirmed in line with the cell death data. These findings are indeed intriguing and important in supporting the synergistic effects by two mutants in both in vitro and in the patient. Previously, few evidence elucidating functions of ARHGAP31 in AOS or FBLN1 in synpolydactyly have been reported. Combining our preliminary data of sub-localization distribution, it is suggested that these two proteins may have inter-molecular interactions, which may be enhanced by mutant epitopes, as elevated co-localizations with mutant proteins were found. In vivo evidence on their interactions might be supportive. More interestingly, functional assessments by CCK-8 assay, cell proliferation, and cell apoptosis together suggest a global loss of function in group co-expressing two mutants, coincided with the penetrance of TTLD in the mutant carrier.
As a GAP, ARHGAP31 inactivates Cdc42/Rac1 by dehydrating GTP to GDP that were bound by Cdc42 (Caron et al., 2016). The truncated form of C-terminus of ARHGAP31 boosts the activity of the RhoGAP domain by specific interaction with 1–221aa fragment, leading to decreased activity of Cdc42/Rac1 (Southgate et al., 2011). Rho GTPases such as Cdc42 regulate numerous cell functions, including cell cytoskeleton organization, migration, gene transcription, adhesion, cellular proliferation, and survival (Mosaddeghzadeh and Ahmadian, 2021). Pathogenic Cdc42 variant has been recently reported in AOS and other developmental disorders (Martinelli et al., 2018; Schnabel et al., 2021). Consistently, using PAK-PBD beads, we successfully pulled down active GTP-bound Cdc42 and found its activity was decreased by ARHGAP31 mutant, FBLN1 mutant, and the two mutants together (Figures 7C,D). It is possible that single variation induced overactivation of ARHGAP31, leading to Cdc42 inactivation, which was further augmented in the presence of mutant FBLN1, leading to a further reduction of activating Cdc42. Surprisingly and intriguingly, we disclosed significant activation of MAPK/ERK presenting the AM + FM group, further supporting the synergistic effects observed by the functional analysis (Figure 7E).
In summary, our findings identified two rare heterozygous variants in AOS risk gene ARHGAP31 and synpolydactyly risk gene FBLN1 in one case with TTLD deformation. Heterozygous carrier of individual variant shows no phenotype whereas two variants together resulted in typical limb defects. In vitro assays indicate that only two mutants could synergistically exhibit decreased cell viability, impaired cell proliferation, and increased apoptosis activation, possibly triggered by Cdc42 inactivation and MAPK/ERK activation, which both mutants have effects on (Figure 7G). Taken together, our study provides evidence of a synergistic disruption of cellular functions attributed by two independent risk gene variants, expanding the clinical spectrums of causal gene interactions in hereditary TTLD and AOS etiology.
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Human transmembrane protein metal cation symporter ZIP8 (SLC39A8) is a member of the solute carrier gene family responsible for intracellular transportation of essential micronutrients, including manganese, selenium, and zinc. Previously, we established a ZIP8-knockout (KO) human cell model using the CRISPR/Cas9 system and explored how the expression of ZIP8 could possibly contribute to a wide range of human diseases. To further assess the biophysiological role of ZIP8, in the current study, we employed isobaric tags for relative and absolute quantitation (iTRAQ) and detected the changes of the proteome in ZIP8-KO cells (proteomic data are available via ProteomeXchange with identifier PXD036680). A total of 286 differentially expressed proteins (206 downregulated and 80 upregulated proteins) were detected in the ZIP8-KO cell model, and subsequent bioinformatics analyses (GO, KEGG, KOG, and PPI) were performed on these proteins. Interestingly, four “uncharacterized” proteins (proteins with unknown biological function) were identified in the differentially expressed proteins: C1orf198, C9orf85, C17orf75, and CXorf38—all of which were under-expressed in the ZIP8-KO cells. Notably, C9orf85 and CXorf38 were amongst the top-10 most downregulated proteins, and their expressions could be selectively induced by essential micronutrients. Furthermore, clinical-based bioinformatic analysis indicated that positive correlations between the gene expressions of ZIP8 and C9orf85 or CXorf38 were observed in multiple cancer types. Overall, this study reveals the proteomic landscape of cells with impaired ZIP8 and uncovers the potential relationships between essential micronutrients and uncharacterized proteins C9orf85 and CXorf38. The differentially expressed proteins identified in ZIP8-KO cells could be the potential targets for diagnosing and/or treating human ZIP8-associated diseases, including but not limited to malnutrition, viral infection, and cancers.
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INTRODUCTION
The human ZRT/IRT-like protein 8 (ZIP8), encoded by the solute carrier family 39 member 8 gene SLC39A8, is a metal cation symporter located mainly on the cell membrane (Zang et al., 2016). ZIP8 is well-known for its role in transporting divalent metal ions into the cells—these ions include several essential micronutrients (e.g., iron [Fe], manganese [Mn], and zinc [Zn]) and non-essential toxic heavy metal cadmium (Cd) (Wang et al., 2012; Xu et al., 2017).
A balanced level of essential micronutrients is crucial for maintaining human health (Mezzaroba et al., 2019; Tan et al., 2019). Studies have indicated that cells with impaired ZIP8 are often associated with disrupted micronutrient homeostasis, which may lead to a wide range of human disorders (Boycott et al., 2015; Park et al., 2015). It has been documented that impaired ZIP8, usually caused by mutations in the SLC39A8 gene, is responsible for diseases such as type II congenital disorder of glycosylation (Riley et al., 2017; Choi et al., 2018), cardiovascular diseases (Zhang et al., 2016), severe idiopathic scoliosis (Haller et al., 2018), schizophrenia (McCoy et al., 2019), Crohn’s disease (chronic inflammation of the digestive system) (Li et al., 2016), and Leigh syndrome (a severe inherited neurodegenerative disease) (Choi et al., 2018). These disease-associated SLC39A8 gene mutations include 97G>A, 112G>C, 338G>C, 610G>T, 1004G>C, 1019T>A, and 1171G>A (Boycott et al., 2015; Park et al., 2015; Park et al., 2018).
Recently, we used CRISPR/Cas9 genome editing technology to knockout (KO) the SLC39A8 gene in the human cervical cancer HeLa cell line (Liang et al., 2021). We then studied the micronutrient transport ability of the single-gene KO cell model and discovered that the elimination of ZIP8 could result in not only the reduced cellular uptake of the above-mentioned metals, but also reduced uptake of another essential micronutrient, selenium (Se) (Liang et al., 2021). Furthermore, by utilizing clinical datasets of 40 different types of cancers from The Cancer Genome Atlas (TCGA) database, we showed that SLC39A8 gene expressions tend to be upregulated in a great number of tumor types (Liang et al., 2021). This data suggested that ZIP8 could be a novel molecular target in preventing or treating human cancers and/or illnesses related to Cd exposure. However, the proteome in cells with impaired ZIP8 has remained uninvestigated.
In this study, we sought to better elucidate the biophysiological role of ZIP8 by carrying out a single-gene KO-coupled omics (SGKOmics) analysis on our established ZIP8-KO cell model. Specifically, proteomes of the established ZIP8-KO and ZIP8-wildtype (WT) cell lines were quantified using isobaric tags for relative and absolute quantitation (iTRAQ) and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Differentially expressed proteins between the two cell lines were identified, and subsequent bioinformatics analyses were performed. Among the differentially expressed proteins, four were recognized as the “uncharacterized proteins” with unknown biological functions: C1orf198, C9orf85, C17orf75, and CXorf38. Notably, C9orf85 and CXorf38 were two of the top-10 most downregulated proteins. It has so far remained unknown whether the expressions of C9orf85 and CXorf38 could be affected by ZIP8-transportable essential micronutrients (e.g., Mn, Se, and Zn), and therefore, we further examined the expressions of these two uncharacterized proteins upon essential micronutrient treatments. In addition, we performed clinical-based bioinformatic analysis to evaluate the potential connections between the gene expressions of ZIP8 and C9orf85 or CXorf38 in multiple cancer types. Overall, findings from this study provide insights into the underlying mechanisms of ZIP8 deficiency-associated diseases by indicating that cell line with impaired ZIP8 contains an aberrant protein profile, which may be due in part to imbalanced levels of intracellular micronutrients.
MATERIALS AND METHODS
Cell lines and culture conditions
Human cervical cancer (HeLa) cell line was purchased from the American Type Culture Collection (ATCC) (Rockville, MD, United States). A ZIP8 single-gene KO HeLa cell model was established using the CRISPR/Cas9 genome editing technology, as described in Liang et al. (2021). All cell lines used in the current study were routinely cultured in MEM medium containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a 5% CO2 incubator as recommended by ATCC.
Protein sample preparation
HeLa parental cell line (with ZIP8-WT) and ZIP8-KO HeLa cell line were grown to 80%–85% confluency (approximately 1 × 107 cells per sample) in 10 cm diameter Petri dishes prior to protein extraction. Samples ready to be extracted were placed on ice and washed with 5 ml pre-chilled phosphate-buffered saline (PBS) for six times. Then, 1 ml PBS per dish was added, and cells were scratched with a sterile plastic scraper. The cell suspension was then transferred to a 1.5 ml Eppendorf tube and centrifuged at 1,200 × g for 5 min at 4°C. After centrifugation, the supernatant was carefully removed, and the sample was stored at −80°C.
Protein extraction and digestion for iTRAQ analysis
Extraction and digestion of protein were performed by Wininnovate Bio Co., Ltd (Shenzhen, China). Briefly, frozen cell samples were lysed in RIPA lysis buffer (0.1% SDS, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and 50 mM Tris-HCl pH 7.4) containing PhosSTOP™ protease inhibitor cocktail. The samples were subsequently homogenized by sonication on ice with 15% ultrasound power under the repeated settings of “2 s on and 3 s off” for 4 min. The homogenate was then cleared using centrifugation at 12,000 rpm for 15 min at 4°C. Next, supernatants were transferred into clean tubes, and protein concentrations were determined using the Pierce™ BCA Protein Assay Kit. For protein digestion, 150 µg of protein from each lysate was mixed with solutions of 8 M urea, 0.1 M Tris-HCl, 0.1 M dithiothreitol, and 5 mM iodoacetamide, as described in Wiśniewski et al. (2009). Nanosep® centrifugal devices were used to centrifuge the samples.
iTRAQ labeling and LC-MS/MS analysis
iTRAQ and LC-MS/MS analysis were performed by Wininnovate Bio Co., Ltd (Shenzhen, China). Briefly, samples were labeled with iTRAQ reaction reagents according to the manufacturer’s instructions. Each iTRAQ reagent was dissolved in 70 μl of isopropanol and added to the respective peptide mixture for 120 min. The labeling reaction was quenched by the addition of 100 μl of Milli-Q® H2O, and all labeled samples were then pooled into one sample. The ZIP8-WT control samples (H1, H2, and H3) were labeled with tag-113, -114, and -115, while the ZIP8-KO samples (Z1, Z2, and Z3) were labeled with tag-116, -117, and -118.
LC-MS/MS detection was performed using data-dependent acquisition (DDA) MS techniques on a Thermo Scientific™ Q Exactive™ MS fitted with a Nanospray Flex™ ion source. Data was acquired using an ion spray voltage of 1.9 kV and an interface heater temperature of 275°C. The MS was operated with FULL-MS scans. For DDA, survey scans were acquired in 250 msec, and up to 20 product ion scans (50 msec) were collected. Only spectra with a charge state of 2–4 were selected for fragmentation by higher-energy collision. The MS/MS data were analyzed for protein identification and quantification using the Proteome Discoverer™ (v2.1.0.81). The local false discovery rate was 1.0% after searching against the Homo sapiens protein database with a maximum of two missed cleavages and one missed termini cleavage. The following settings were selected: Oxidation (M), Acetylation (Protein N-term), Deamidation (NQ), Pyro-glu from E, and Pyro-glu from Q for variable modifications; Carbamidomethylation (C), iTRAQ 8plex (K), and iTRAQ 8plex (Peptide N-term) for fixed modifications. Precursor and fragment mass tolerance were set to 10 ppm and 0.05 Da, respectively. The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the dataset identifier PXD036680 (10.6019/PXD036680).
Bioinformatics analysis
For ZIP8-WT and ZIP8-KO samples, two of the most closely related biological replicates were selected (tag-114, -115, -117, and -118) for further bioinformatic analysis. Proteins with p ≤ 0.05 and expression fold-change ≥ 1.2 or ≤ −1.2 were considered differentially expressed, and these proteins were compared by a hierarchical cluster analysis using hclust function (complete linkage method) in R software. All differentially expressed proteins were then subjected to Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, Eukaryotic Orthologous Groups (KOG) annotation, and subcellular localization analyses. The KOG annotation analysis was performed using automated construction and annotation of orthologous groups of genes (eggNOG) database. Subcellular localization of proteins was analyzed using Bologna Unified Subcellular Component Annotator (BUSCA). Protein-protein interaction (PPI) network analysis was carried out on all or specifically selected differentially expressed proteins using the STRING database and visualized using Cytoscape 3.9.1; the minimum required interaction score was set at 0.4 medium confidence. Clinical-based bioinformatic analysis was performed to assess the co-expression of ZIP8 and top-10 upregulated or downregulated ZIP8-KO-associated protein genes in 40 cancer types; co-expression data was obtained from TCGA database and analyzed by Spearman’s correlation.
Immunoblot analysis
HeLa cells or ZIP8-KO cells were treated with various concentrations of Mn, Se, or Zn for 24 h prior to immunoblot analysis. Specifically, MnCl2, Na2SeO3, or ZnCl2 were dissolved directly in MEM medium and sterilized with 0.45 μm filters. Micronutrient-treated samples were then lysed with sample buffer at 95°C for 10 min. After that, cell lysates were centrifuged at 16,900 × g for 10 min at room temperature, and the extracted proteins were used for immunoblot analysis as described previously (Qin et al., 2020). Three antibodies were used: C9orf85 (PA5-65639; 1:1,000) and CXorf38 (PA5-62139; 1:1,000) were purchased from Invitrogen and β-actin (A5441; 1:10,000) was purchased from Sigma-Aldrich. Quantifications of immunoblot results were performed using ImageJ (v1.51j8) and GraphPad Prism® 8 (v8.0.2, GraphPad Software Inc.).
Statistical analysis
Unconstrained principal component analysis (PCA) was used to determine the distributions of protein expressions in ZIP8-WT control samples and ZIP8-KO samples. Quantitative data of immunoblotting was expressed as mean ± standard deviation (SD) of at least three replicates. Student’s t-test was used for statistical analysis between the untreated control and treated samples, and a probability of p ≤ 0.05 was used as the criterion for statistical significance. Statistical analysis was performed using GraphPad Prism® 8 software (v8.0.2, GraphPad Software Inc.).
RESULTS
Proteome of human cells with ZIP8 deficiency obtained by iTRAQ-Based comparative proteomic analysis
We previously established a ZIP8-KO HeLa cell model using the CRISPR/Cas9 genome editing technology and showed that ZIP8 is a transmembrane protein responsible for the cellular uptake of Zn, Mn, Se, and Cd (Liang et al., 2021). Here, protein profiles of ZIP8-WT and ZIP8-KO HeLa cell lines were obtained by iTRAQ-coupled LC-MS/MS analysis (Figure 1A; Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Quantitative proteomic analysis of human cells with ZIP8-wildtype (WT) or -knockout (KO). (A) Schematic diagram of the cell models subjected to iTRAQ-based comparative proteomic analysis in this study. (B) LC-MS/MS data after searching against Homo sapiens protein database for protein identification and quantification. (C,D) Principal component analysis (PCA) (C) and cluster dendrogram (HCLUST) (D) of all identified proteins between ZIP8-WT and ZIP8-KO cells.
A total of 174,422 spectra and 45,281 unique peptides corresponding to 5,141 proteins were identified in the tested samples at a false discovery rate of 1% (Figure 1B; Supplementary Figure S1). PCA of the identified proteins showed that the ZIP8-WT and ZIP8-KO cells were generally closer to their biologically replicated counterparts (n = 2) but were more distant between different cell lines, indicating an overall dissimilarity of the two cell lines (Figure 1C). Also, hierarchical clustering based on Euclidean distance of the two cell lines showed similar results (Figure 1D).
GO enrichment analysis of differentially expressed proteins in the ZIP8-KO cell model
Among the 5,141 identified proteins, 286 were differentially expressed between the ZIP8-KO and ZIP8-WT cells (p ≤ 0.05 and expression fold-change ≥ 1.2 or ≤ −1.2) (Figure 2A; Supplementary Table S1). Specifically, the ZIP8-KO cells contained 206 downregulated and 80 upregulated proteins as compared to the ZIP8-WT cells, as shown in Figures 2A,B. Noteworthily, four of the 206 downregulated proteins were classified as the “uncharacterized” proteins: C1orf198, C9orf85, C17orf75, and CXorf38.
[image: Figure 2]FIGURE 2 | Identification of differentially expressed proteins and Gene Ontology (GO) enrichment analysis. (A) Volcano plot showing the differentially expressed proteins identified in the ZIP8-KO cells. Only proteins with p ≤ 0.05 and expression fold-change ≥ 1.2 or ≤ −1.2 are considered significant, and these proteins are highlighted in green (downregulated) or red (upregulated). Vertical lines on the x-axis represent 1.2 or −1.2 fold-change; dash line on y-axis represents p = 0.05. (B) Number of upregulated and downregulated proteins. (C–E) GO enrichment analysis of the differentially expressed proteins classified based on biological process (C), cellular component (D), and molecular function (E).
The differentially expressed proteins were subsequently classified using the GO categories (Figures 2C–E). Overall, results indicated that the most important biological processes of these proteins were related to fibroblast proliferation, neutrophil activation and degranulation, viral RNA replication, and receptor signaling pathways involving the regulations of steroid hormone, estrogen, Notch, and protein kinase B (Figure 2C; Supplementary Table S2). For GO cellular component enrichment analysis, it was revealed that most proteins were mainly associated with chromatin/chromosome, focal adhesion, replication fork, endoplasmic reticulum lumen, primary lysosome, azurophil granule, and complexes involving viral integration, ferritin, DNA topoisomerase type II, SWI/SNF superfamily-type, ATPase, and eukaryotic translation elongation factor 1 (Figure 2D; Supplementary Table S3). The GO terms of molecular function showed that the differentially expressed proteins mostly participated in the bindings of DNA-binding transcription factor, exogenous protein, histone, hormone receptor, modification-dependent protein, nuclear hormone receptor, nuclear receptor, nucleosome, and protein C-terminus, as well as activities of DNA ligase, DNA topoisomerase, histone kinase, isomerase, procollagen-proline 4-dioxygenase, sulfurtransferase, and virus receptor (Figure 2E; Supplementary Table S4). Furthermore, since ZIP8 was best known for its role in transporting divalent metal ions, we also looked at which GO categories related to “transporter regulation,” “metal response,” and “stress response” were significantly enriched, and these categories, along with their associated differential expressed proteins, were summarized in Supplementary Figure S2.
KEGG pathway, eggNOG annotation, and subcellular localization analyses of differentially expressed proteins
Further bioinformatics analyses were carried out on the differentially expressed proteins to better resolve the affected molecular pathways or biological systems in cells without the ZIP8 protein. Briefly, KEGG enrichment analysis indicated that alcoholism, necroptosis, biosynthesis of cofactors (e.g., ubiquinone), systemic lupus erythematosus, folate biosynthesis, microRNAs in cancer were among the most significantly enriched pathways (Figures 3A,B; Supplementary Table S5). In addition, other KEGG pathways that might also involve in ZIP8-KO including those that were related to viral carcinogenesis, EGFR tyrosine kinase inhibitor resistance, degradation of lysine, valine, leucine, and isoleucine, and signaling of FoxO, Rap1, and estrogen (Figure 3A).
[image: Figure 3]FIGURE 3 | Bioinformatics analyses of 286 differentially expressed proteins identified in the ZIP8-KO cell model. (A) Bubble plot of KEGG pathway enrichment analysis using KEGGPATHWAY database. (B) Heatmap of genes and their relative pathways analyzed using KEGG pathway enrichment analysis. (C) KOG annotation analysis using eggNOG database. (D) Main subcellular distribution of the differentially expressed proteins analyzed using BUSCA.
KOG annotation analysis revealed that the pathways of transcription, chromatin structure and dynamics, signal transduction mechanisms, posttranslational modification, protein turnover, and chaperones encompassing the highest numbers of differentially expressed proteins, whereas those involved in nuclear structure, cell motility, and cell wall/membrane/envelope biogenesis contained little to no proteins (Figure 3C; Supplementary Table S6). Most of the differentially expressed proteins were proteins mainly located in the cytoplasm, followed by the nucleus (Figure 3D; Supplementary Table S7). Only 6 (ALPI, CD109, CPM, EFNA1, NEGR1, and TCTN3), 4 (CCNB1, CISD1, MPC1, and MRS2), and 21 (ABCG2, ANPEP, ATP11A, ATP13A1, CD83, CD9, CEMIP2, CSPG4, DNAJB11, EGFR, HLA-B, ITGA5, ITGB1, PCSK9, PDGFRB, PTPRF, SCAMP1, SLC7A2, TFRC, TGFBR1, and TSC2) proteins were located in the anchored component of the plasma membrane, organelle membrane, and plasma membrane, respectively (Figure 3D).
PPI network analysis of differentially expressed proteins
We then assessed the PPIs among all the 286 differentially expressed proteins, and the results indicated that a total of 819 interactions were generated from 243 proteins (Figure 4A). The remaining 43 proteins, including three uncharacterized proteins (C1orf198, C17orf75, and CXorf38), did not directly interact with any of the analyzed proteins (not displayed in Figure 4A). However, another uncharacterized protein, C9orf85, was shown to interact with TMEM30A (Figure 4A). Furthermore, we found that a few proteins were able to interact with more than 30 different proteins, and these “super interactors” were CREBBP, EP300, EGFR, H2AFZ, H2AFX, PARP1, SMARCA5, and SRC (Figure 4A). On the other hand, we checked if ZIP8 could directly interact with any of the differentially expressed proteins and found that ZIP8 only interacted with one protein, the transferrin receptor protein 1 (TFRC) (data not shown). In addition, proteins that could interact directly with the four uncharacterized proteins, C1orf198, C9orf85, C17orf75, and CXorf38, were examined and shown in Supplementary Figure S3.
[image: Figure 4]FIGURE 4 | PPI network analysis of differentially expressed proteins identified in the ZIP8-KO cell model. Functional and physical interactions of all 286 (A) or 20 top-10 upregulated/downregulated (B) proteins were subjected to STRING analysis. Disconnected proteins are excluded in the network of (A) but included in (B). Proteins within five interactions (max number of interactors to show = <5) are included in (B). The thicker the line between two connected proteins indicates a higher confidence level of the interaction. Downregulated and upregulated proteins are highlighted in green and red, respectively; proteins highlighted in grey represent proteins that are not differentially expressed.
Top-10 upregulated and downregulated proteins associated with ZIP8-KO human cells
We then retrieved the proteins with the most significant changes in their expression based on fold-change values (p ≤ 0.05). The top-10 most upregulated proteins, from highest to lowest, were FTH1, FTL, CD9, PALM, DAB2, CRIP2, SYNGR1, ABCG2, COL15A1, and GUSB (Table 1). On the other hand, the top-10 most downregulated proteins, from lowest to highest, were KRT9, CXorf38, ITGA5, KRT1, CALML3, NT5C3B, CDKN2A, PPIAL4D, C9orf85, and HMGA1 (Table 2). Notably, two of the four uncharacterized proteins (C9orf85 and CXorf38) were among the top-10 most downregulated proteins.
TABLE 1 | Top-10 upregulated proteins identified in the ZIP8-KO cells.
[image: Table 1]TABLE 2 | Top-10 downregulated proteins identified in the ZIP8-KO cells.
[image: Table 2]We also performed a PPI network analysis on the top-10 upregulated and downregulated proteins, and the results indicated that these proteins generally did not interact with each other, with the exception of FTL–FTH1 and ITGA5–CD9 (Figure 4B). When proteins within five interactions were included in the PPI network analysis, five proteins (CDK4, CDK6, FN1, MDM2, and TP53) were identified as the “intermediate interactors” for some of the analyzed proteins (Figure 4B).
Relationships between essential micronutrients levels and uncharacterized proteins C9orf85 and CXorf38
Next, we investigated the potential role of micronutrients on the expressions of C9orf85 and CXorf38. Immunoblot analysis was performed to verify the iTRAQ data, and the results indicated that the protein levels of C9orf85 and CXorf38 were indeed lower in the ZIP8-KO cells compared with the HeLa parental cells (Figure 5A; Supplementary Figure S4). Then, ZIP8-KO cells were treated with various concentrations of micronutrients (Mn, Se, and Zn), and the expressions of C9orf85 and CXorf38 were assessed. Overall, we found that the expression of C9orf85 could be induced only briefly by Mn and Se, and it could not be influenced by Zn (Figures 5B–D). However, for CXorf38, its expression could be induced effectively by Mn (Figure 5B), not so effectively by Se (Figure 5C), and not induced by Zn (Figure 5D). These findings suggest that the downregulation of C9orf85 and CXorf38 may be associated with the dysregulation of intracellular micronutrient levels in the ZIP8-KO cells.
[image: Figure 5]FIGURE 5 | Immunoblot analysis of uncharacterized human proteins C9orf85 and CXorf38 treated with essential micronutrients (see Supplementary Figure S4 for full blot images). (A) Protein levels of C9orf85 and CXorf38 in HeLa parental cells (with WT ZIP8) and ZIP8-KO HeLa cells. (B–D) Protein levels of C9orf85 and CXorf38 in ZIP8-KO HeLa cells exposed to various concentrations of essential micronutrients Mn (B), Se (C), and Zn (D) for 24 h. Images are representative of independent experiments with similar expression trends of at least three independent experiments, and error bars represent mean ± SD of triplicate samples. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
Co-expression of ZIP8 and Top-10 upregulated or downregulated ZIP8-KO-associated protein genes in cancers
Lastly, we evaluated the possible connections between the gene expressions of ZIP8 and the top-10 upregulated or downregulated ZIP8-KO-associated protein genes in a range of cancers using the TCGA database. We have previously shown that upregulated ZIP8 (SLC39A8) gene expression was common across multiple cancer types (Liang et al., 2021). Here, to determine if the expression of ZIP8 is significantly correlated to the gene expressions of the top-10 upregulated or downregulated proteins in the ZIP8-KO cells, the following criteria must be met: a negative correlation between the ZIP8 and an upregulated protein gene; or a positive correlation between the ZIP8 and a downregulated protein gene. Based on the above criteria, we identified ZIP8-KO-associated protein genes that were significantly co-expressed with ZIP8 in different cancer types (Figure 6). Specifically, CXorf38 was significantly co-expressed with ZIP8 in 18 out of 40 cancer types, whereas C9orf85 was only in nine out of 40 cancer types (Figure 6).
[image: Figure 6]FIGURE 6 | Co-expression of ZIP8 (SLC39A8) and top-10 upregulated or downregulated ZIP8-KO-associated protein genes in 40 cancer types. Clinical data were obtained from TCGA database and analyzed by Spearman’s correlation. A Spearman’s correlation value greater than 0 indicates a positive correlation, and a value less than 0 indicates a negative correlation. Co-expressions that signify the proteome of ZIP8-KO were highlighted: negative correlations between the ZIP8 and upregulated protein genes (highlighted in red) or positive correlations between the ZIP8 and downregulated protein genes (highlighted in green). Only values with p ≤ 0.05 were shown. N/A: data not available; ns: non-significant.
DISCUSSION
Recent advances in omics technologies have enabled us to rapidly investigate the status of the biomolecules of interest in a selected biological system (Tan et al., 2018). Single-gene KO cell lines are useful models to study the function of a particular gene, and when an omics analysis (SGKOmics analysis) is performed on such cell models, the overall biophysiological effects of the gene on the entire cell can be revealed.
The ZIP8 is a transmembrane protein that involves in the uptake of Fe, Mn, Zn, and Se, and therefore, cells with impaired ZIP8 are often associated with dysregulated intracellular levels of these essential micronutrients (McDermott et al., 2016; Zang et al., 2016; Lin et al., 2017; Liang et al., 2021). Although studies have indicated that the expression of ZIP8 can be affected by different physiological conditions (e.g., during lactation, Cd exposure, ZnO nanoparticle treatment, and inflammation) (Kelleher et al., 2012; Gao et al., 2017; Xu et al., 2017; Pan et al., 2020; Hatano et al., 2021), it is largely unclear how impaired ZIP8 will affect the cells other than having an impact on the intracellular homeostasis of micronutrients.
Here, using an iTRAQ-based quantitative proteomics approach, the proteome of a ZIP8-KO cell model was examined for the first time. This ZIP8-KO stable cell line was previously established from the HeLa cells using the CRISPR/Cas9 genome editing technology (Liang et al., 2021). An endogenous KO of the ZIP8 gene could allow us to study the functions of this gene more explicitly by mimicking the conditions of patients with non-functional ZIP8—the physiological roles of ZIP8 in relation to a range of human diseases have been extensively reviewed (Zang et al., 2016; Fujishiro and Himeno, 2019; Nebert and Liu, 2019). However, only a ZIP8-KO cell model cannot fully demonstrate or explain the connections between ZIP8 and human diseases. Thus, further research should be carried out on additional ZIP8-KO cell and animal models, as well as patient samples with impaired ZIP8.
Bioinformatics analysis of the proteomic changes in the ZIP8-KO cells revealed proteins and their associated pathways that were potentially affected by the dysregulation of intracellular micronutrient levels, including a range of signaling pathways that are long-known for their roles in human diseases. For example, the FoxO-related signaling pathway is involved in sarcopenia (a skeletal muscle disorder) and cancer development, especially upon nutrient starvation (Jiramongkol and Lam, 2020; Liu et al., 2021); Signaling pathway of estrogen is highly regulated by the nutrient availability, and the abnormal actions of estrogen can lead to various metabolic syndromes as well as affect the immune and inflammatory conditions of the cells (Mauvais-Jarvis et al., 2013); Notch-related signaling pathway is involved in the regulation of neurogenesis and central nervous system, which is linked to neurological disorders (e.g., Parkinson’s disease and Alzheimer’s disease) and neuroendocrine tumors (e.g., glioma) (Kim et al., 2020; Zhou et al., 2022).
In the ZIP8-KO cells, it was shown that many of the differentially expressed proteins were viral infection-related, as pathways such as viral RNA replication, integration, carcinogenesis, and receptor activity were significantly enriched. Evidence is clear that an imbalanced level of intracellular micronutrients can disrupt normal immune function and increase the risk of microbial infection (Gombart et al., 2020). It has also been suggested that ZIP8 is one of the key proteins in the pathogenesis of viral infections, especially during respiratory viral infections, since ZIP8 is highly expressed in the human lungs (Sadeghsoltani et al., 2022). Among the ZIP8-transportable essential micronutrients, Zn and Se are the two main elements that exhibit antiviral properties and play vital roles in the immune response against viral infections (Kar et al., 2019; Tan et al., 2020). In addition to preventing viral infection, Se and many Se compounds are also potent anticancer agents that can be utilized in cancer prevention and therapy (Tan et al., 2019). Furthermore, previous studies have suggested that ZIP8 is associated with the development of cancers, probably due to disrupted Se homeostasis (Liu et al., 2018; Liang et al., 2021). However, the intertwining relationships between the differentially expressed proteins identified in the ZIP8-KO cells, intracellular micronutrient levels, and human diseases have remained unclear and warrant further studies.
Humans have approximately 22,000 protein-coding genes, which could be translated into hundreds of thousands of proteins through alternative splicing (Wilhelm et al., 2014). To date, the characteristics of many proteins have remained uninvestigated, and they are collectively known as the “uncharacterized” protein and commonly named as the “open reading frame (ORF)” proteins (Duek and Lane, 2019). Early studies of uncharacterized proteins usually focused only on whether the atypical ORF regions found within the genome could be translated into proteins. Further research on uncharacterized proteins, especially those encoded by short-ORFs, showed that they were indeed involved in diverse biological processes, including but not limited to cell proliferation (Galindo et al., 2007), DNA damage repair (Slavoff et al., 2014), muscle activities (Anderson et al., 2015; Nelson et al., 2016), cell signaling (Chng et al., 2013), mRNA degradation (D'Lima et al., 2017), and phagocytosis (Pueyo et al., 2016). Therefore, uncharacterized proteins have attracted increasing attention in recent years, but systemic research on these proteins is still lacking (Delcourt et al., 2018; Wu et al., 2022).
In the current study, one of the most interesting findings in the altered proteome of ZIP8-KO cells was the discovery of two uncharacterized proteins among the top-10 significantly downregulated proteins: C9orf85 and CXorf38. Although we did not test the potential biological functions of these two uncharacterized proteins, we did find that their expressions could be induced by either Mn or Se, thus unveiling the possible roles of these proteins in nutrition. These findings also indicate that C9orf85 and CXorf38 have the potential to be targeted as biomarkers and/or therapeutic targets for micronutrient deficiency diseases. Nevertheless, further studies are required to investigate the functions of these two uncharacterized proteins in human diseases.
CONCLUSION
To conclude, this study shows that a functional ZIP8 is important in maintaining normal cellular physiology. In particular, the differentially expressed proteins (e.g., C9orf85 and CXorf38) identified in the ZIP8-KO cells could be potential targets for diagnosing and/or treating a wide range of human ZIP8-associated diseases, including but not limited to malnutrition, viral infection, and cancers.
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Molecular peptides play an extensive range of functions in the human body. However, no previous study has performed placental peptidome profiling. In the present study, 3,941 peptides from human placental tissues were identified using peptidomics. Compared to healthy pregnant women, there were 87 and 129 differentially expressed peptides (DEPs) in the mild and severe preeclampsia groups, respectively. In the mild PE group, 55 and 34 DEPs had high and low expressions, respectively. In comparison, in the severe PE group, 82 and 47 DEPs had high and low expressions, respectively. Functional analysis of the precursor proteins of DEPs by gene ontology suggested that they are primarily involved in focal adhesion, extracellular matrix-receptor interaction, tight junction, and extracellular matrix. Network analysis using ingenuity pathway analysis software showed that the precursor proteins of DEPs were primarily related to the transforming growth factor-β (TGF-β)/Smad signaling pathway. Further molecular docking experiments showed that the AASAKKKNKKGKTISL peptide (placenta-derived peptide, PDP) derived from the precursor protein IF4B could bind to TGF-β1. Therefore, our preliminary results suggest that the actions of PDP may be mediated through the TGF-β1/Smad signaling pathway. Our results demonstrate that the placental bioactive peptides may regulate the placental function during PE progression.
Keywords: peptides, placenta, preeclampsia, peptidomics, TGF-β/Smad signaling pathway
INTRODUCTION
Preeclampsia (PE) is characterized by hypertension and proteinuria after 20 weeks of gestation (Rana et al., 2019). PE is the leading cause of maternal and fetal diseases and death. PE affects 5%–8% of pregnant women in developing countries (Ramos et al., 2017). The progression of PE to eclampsia is associated with severe complications, leading to adverse maternal and fetal outcomes. There is no effective treatment for eclampsia and its definitive treatment is the termination of pregnancy (Phipps et al., 2019). Premature birth and even abortion caused by premature termination of pregnancy are associated with significant burden on the family and society. Therefore, it is necessary to develop additional treatments for PE. PE is prevented by the use of aspirin (Atallah et al., 2017); however, studies indicate that 30%–40% of high-risk pregnant women develop PE despite the use of aspirin (Walsh et al., 2020). Due to the late onset of symptoms and limited treatment options for PE, biomarkers are being developed for earlier detection and treatment (Ma’ayeh and Costantine 2020).
In the previous decade, several studies have focused on the development of diagnostic markers of PE (Stepan et al., 2020). Placental ischemia triggers the pathogenesis of PE and stimulates the release of placental anti-angiogenic factors, such as soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (Herraiz et al., 2018). Given the importance of Flt-1 in pregnancy, the Flt-1 gene may serve as a genetic marker for PE susceptibility. Placental protein 13 (PP13) levels are also elevated in PE (Wu et al., 2021). In addition, blood pressure during pregnancy is positively related to the level of pregnancy-associated plasma protein A (PAPP-A) (Serra et al., 2020). However, it is still unknown whether these markers are effective for screening for PE.
In recent years, endogenous peptides, a class of naturally occurring bioactive molecules, were identified. Several studies have reported their wide tissue distribution and strong biological effects (Czuba et al., 2018). As important regulators of cardiovascular homeostasis, endogenous peptides enter the blood by autocrine or paracrine pathways, participate in blood pressure regulation, and protect the body and reduce injury in pathological states. Human β-defensin 2 selectively acts on calcium-activated potassium (BK) channels to reduce the diastolic and systolic blood pressure and blood flow velocity; because of these effects, β-defensin 2 is expected to be useful as a new drug treatment of hypertension (Liu et al., 2013). Glucagon-like peptide 1 (GLP-1) improves vascular endothelial cell injury and treats diabetic atherosclerosis by regulating the NF-Kb signal pathway (Ma et al., 2021). So far, no study has examined the difference in placental peptidome between normotensive pregnant women and those with mild and severe PE. PE is resolved with the delivery of the placenta (Shaheen et al., 2020), indicating that the placenta is the primary contributor to the pathogenesis of PE (Wang et al., 2019). Therefore, it is essential to screen placental bioactive peptides.
In this study, placental tissues from women with a healthy pregnancy, mild PE, and severe PE were used for peptidomics. The purpose was to screen the differentially expressed peptides (DEPs) of PE and identify the functional peptides that may be useful for the prevention and treatment of PE.
MATERIALS AND METHODS
Sample collection
This study was approved by the ethical research committee of Shanghai Tongren Hospital (2018-060-01). The median age of the patients was 31 years (range: 28–33). The study participants were pregnant singleton women, without previous organic diseases or hypertensive disorders before the pregnancy. The patients fulfilled the criteria for mild or severe PE proposed by the guidelines of the Chinese Society of Obstetrics and Gynecology. PE refers to high blood pressure (systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg on two consecutive occasions) occurring after 20 weeks of pregnancy in women with preterm babies. The control group included healthy women with no signs of hypertension or proteinuria. The placental tissues from three patients with severe PE (n = 3), mild PE (n = 3), and healthy, gestational age-matched pregnant women (n = 3) were collected from the department of Obstetrics and Gynecology at Shanghai Tongren Hospital and stored at −80°C until analysis.
Preparation of samples for LC-MS/MS
Tris-HCl was added at a volume ratio of 1:3, boiled for 10 min, and then cooled in an ice bath. Next, a 100-Hz ultrasonic wave was administered for 5 s with an interval of 5 s followed by 2 min of ultrasonic wave. The sample tube was filled with glacial acetic acid at a final concentration of 1 M, followed by 2 min of vortex oscillation. The supernatant was collected and frozen. A solution of 80% acetone was added, vortexed, shaken, and added to the water bath. Then, the solution was subjected to ultrasonic waves for 2 min at 4°C and 20,000 rpm. Next, the solution was subjected to high-speed centrifugation for 30 min. The supernatant was collected, transferred to a clean centrifugal tube, and freeze-dried. Next, 200 μl of 0.1% TFA solution was added to the solution and desalting was performed on a C18 column using a sample loading of 80 μg. The sample was freeze-dried and subsequently analyzed by LC-MS.
LC-MS/MS analysis
Mass spectrometry was performed using Q Exactive with C18 (3 μm, 150 mm × 5 µm). Mass spectrometry: positive ion detection mode, first-order resolution of 70,000, AGC set to 3e6, and scanning range of 300–1,400 m/z. Top 20 ions were selected for MS/MS analysis. The secondary resolution was 17,500, AGC was set to 5e4, and the isolation window was 3 m/z. For liquid chromatography, the chromatographic column was C18 (3 μm, and 250 mm × 75 µm). The mobile phase A was 0.1% formic acid; mobile phase B was acetonitrile with 0.1% formic acid. The flow rate was 300 nl/min and the injection volume was 6 µl. The mobile phase gradient was 0–8 min for 6%–10% B, 8–60 min for 8%–30% B; 60–79 min for 30%–42% B; 79–80 min for 42%–95% B; 80–85 min for 95% B; 85–86 min for 95%–6% B; and 86–90 min for 6% B. The total running time was 90 min.
Bioinformatics
MAXQUANT (Bruker Daltonics) was used to process the data. Mascot (version 2.5.1) and Swissprot Homo sapiens database were used for the database search, considering the Oxidation (M) Acetyl (Protein N-term) as variable modifications. The search was conducted to identify non-specifc peptides with at least six amino acids. Other parameters were set as default. There were 3,941 peptide matches. The peak intensity values were normalized by summing the peaks in each sample. The Mann-Whitney U test was used to estimate the differences in peptide representation among the groups. The data were uploaded to the website (http://bioinformatics.psb.ugent.be/webtools/venn/) to construct a Venn diagram. Volcano plots and heatmaps were constructed using the R package. Using the R package, principal component analysis (PCA) was performed to create a classification model: control, mild PE, and severe PE.
Function analyses
Gene ontology (GO) was used to analyze the properties and functions of precursor proteins of DEPs in terms of biological processes (BPs), molecular functions (MFs), and cellular components (CCs). The KEGG pathway database was used to identify the most important signaling pathways and metabolic pathways related to the precursor proteins. The interaction analysis of precursor proteins of DEPs was carried out using IPA software. The interaction network of precursor proteins was constructed, and the enrichment analysis of related signal pathways was carried out.
Molecular docking
The peptide (AASAKKKNKKGKTISL) structure was obtained from Maestro 11.9. Then the peptide was imported to the Chem3D software for optimize and minimize the energy by using the MM2 module, and saved as a sdf file as a ligand molecule for molecular docking. The TGF-β1 (PDB ID: 6P7J) protein structure was downloaded from the RCSB database (https://www.rcsb.org/). The protein structure is processed on Maestro11.9 platform. The protein is processed with Schrodinger’s Protein Preparation Wizard to remove crystal water, add missing hydrogen atoms, repair missing bond information, and repair missing peptide segments. Finally, the protein was then minimized using the OPLS3 force field. The processing and optimization of molecular docking was completed by Glide module in Schrödinger Maestro software (Schrödinger, New York, NY, United States). While performing the docking of this peptide to TGF-β1, five poses of the ligand, were produced by the SP mode of Glide. The ligand interaction diagram module of Glide was used to analyze ligand-protein interactions.
RESULTS
Identification of differentially expressed peptides
We identified 3,941 peptides. These data were used for multivariate analysis. The three groups were separated by PCA analysis, as shown in Figures 1A,B. Compared to healthy pregnant women, 51 peptides were increased, whereas 36 were decreased, in patients with mild PE (fold change > 2, p < 0.05; Supplementary Table S1). Additionally, 82 peptides were increased and 47 peptides were decreased in patients with severe PE (fold change > 2, p < 0.05; Supplementary Table S2). Compared to healthy pregnant women, 78 peptides were upregulated and 74 peptides were downregulated in severe PE patients (fold change > 2, p < 0.05; Supplementary Table S3). A heatmap and Volcano map were used to display the DEGs (Figures 1C–F). Compared to healthy pregnant women, 18 peptides were significantly changed both in mild and severe PE groups, as shown in the Venn plot and heatmap (Figures 2A,B). Only one peptide (GHFTEEDKATI) was significantly altered in the abovementioned three comparisons (Table 1). GO analyses revealed that many peptides were related to the negative regulation of the apoptotic process, translational initiation, translation, and other extracellular matrices (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | (A,B) The PCA score plot of severe PE/control groups, mild PE/control groups; L, mild PE. H, severe PE; N, control group; (C) Heatmap of DEPs in the comparison of severe PE, mild PE and control groups; L, mild PE. H, severe PE; N, control group. (D) Volcano plot of DEPs in the comparison of mild PE/control group; (E) Volcano plot of DEPs in the comparison of severe PE/control group; (F) Volcano plot of DEPs in the comparison of severe PE/mild PE; each point in the figure represents a peptide. The red region is the upregulated peptide, and the green region is the downregulated peptide.
[image: Figure 2]FIGURE 2 | (A) Venn diagram showing the overlap of DEPs in the comparison of severe PE/control groups, mild PE/control group and severe PE/mild PE; (B) Heatmap analysis of 18 DEPs both in the comparison of severe PE/control group and mild PE/control group. L, mild PE; H, severe PE; N, control group.
TABLE 1 | DEPs both in the comparison of mild PE/control and severe PE/control.
[image: Table 1]Bioinformatics
The CCs related to the DEPs included extracellular exosome, focal adhesion, extracellular space, extracellular region, and extracellular matrix. The precursor proteins of DEPs were enriched in oxidative phosphorylation, arrhythmogenic right ventricular cardiomyopathy, oxidative phosphorylation, hypertrophic cardiomyopathy, dilated cardiomyopathy, and tight junction, as well as with the occurrence of PE (Figure 3). The contents of the related PEPs in these pathways among different groups are shown in Figure 4.
[image: Figure 3]FIGURE 3 | Venn diagram showing the overlap of the enriched biological pathways identified using GO and KEGG pathway databases. (A), Venn diagram of the overlap of significant regulated molecular function categories; (B), Venn diagram of the overlap of significant regulated biological process categories; (C), Venn diagram of the overlap of significant regulated cellular component categories; (D), Venn diagram of the overlap of significant regulated KEGG pathway categories. L/N, mild PE/control; H/N, severe PE/control group; H/L, severe PE/mild PE.
[image: Figure 4]FIGURE 4 | Violin plots of DEPs in the mild PE, severe PE and control group. L, mild PE; H, severe PE; NC, control group. *, represent p < 0.05 compared to the control group #, represent p < 0.05 compared to the mild PE group.
Network analysis using IPA showed that the changes in precursor proteins of DEPs were mainly related to the TGF-β/Smad signaling pathway (Figure 5). Further molecular docking experiments showed that the AASAKKKNKKGKTISL peptide (PDP) derived from the precursor protein IF4B could bind to TGF-β1, suggesting that TGF-β1 may be the target protein of PDP (Figure 6). The docking score of PDP was −28.57 kcal/mol. PDP could be docked with the molecule of TGF-β1 Serine residue at the position of ASN 224.
[image: Figure 5]FIGURE 5 | Precursor protein of DEPs analysis by Ingenuity Pathway Analysis (IPA); Red and blue dots represent the significantly up- and downregulated DEPs related Precursor Proteins, respectively; “CP” is an abbreviation for “canonical pathway,” which represents a signaling pathway related to the highly linked molecules. Indirect relationships are represented by dotted lines and direct relationships by solid lines.
[image: Figure 6]FIGURE 6 | Molecular docking study of PDP to TGF-β1. (A) The 3D structure of docked molecule binding to TGF-β1; (B), Binding sites of PDP and TGF-β1, the binding site amino acid residue ASN (224); (C,D); Close-up view of binding site of PDP docked with TGF-β.
DISCUSSION
Peptidomics is used to study the peptides in biological samples, which are important because the soluble molecules can provide valuable information about an individual’s physical status, changes in behavior, and severity of illness (Foreman et al., 2021). Several studies have evaluated the urine and serum peptides in pregnant women with PE (Law et al., 2015; Dai et al., 2017; Qian et al., 2017; Kononikhin et al., 2020; Starodubtseva et al., 2020). However, no previous study has investigated placental peptides. PE is resolved with the delivery of the placenta (Shaheen et al., 2020); thus, the placenta is the primary contributor to the pathogenesis of PE (Wang et al., 2019). There is evidence that placenta and placental peptides may play an important role in PE. Thus, it is worth investigating the peptidome profiles in the placenta of PE patients.
In our study, several biologically active peptides derived from 480 precursor proteins were altered during PE development. Compared to a previous study, a greater number of peptides was identified in the placenta than in the serum and urine of PE patients (Kononikhin et al., 2020). This may be due to the release of a greater number of endogenous peptides from the placenta, indicating that the greater number of peptides may provide additional options for PE treatment. Compared to healthy pregnant women, those with mild PE showed upregulation of 51 peptides and downregulation of 36 peptides. In patients with severe PE, 82 peptides were upregulated and 47 peptides were downregulated. Of these DEPs, 18 peptides were altered between the severe and mild PE compared to the control groups. The panel peptides were derived from six protein precursors: ANXA1, CAV1, IF4B, RS11, HBA, and TAGL2.
Notably, IENEEQEYVQTVK was increased in severe and mild PE patients; this protein was derived from the protein Annexin A1 (ANXA1). A previous study revealed that the level of the anti-inflammatory protein ANXA1 was also increased in early PE (Perucci et al., 2015; Feng et al., 2018). In our study, the level of the peptide IENEEQEYVQTVK derived from AnxA1 was higher in mild and severe PE compared to healthy pregnant women. The increased AnxA1-derived peptide level may counter the inflammatory response in PE patients. No previous study has evaluated the AnxA1-derived peptide in the placenta from PE and normotensive patients. A prospective study is required to explore the use of AnxA1-derived peptide as a PE biomarker.
The pathways significantly associated with the precursor protein of DEPs primarily included “focal adhesion”, “tight junction”, and “extracellular matrix”. Evidence indicates that PE develops due to the presence of the placenta (Lim et al., 2015; Mohammadpour-Gharehbagh et al., 2018). Placenta maintains the transport between the fetus and mother (Jena et al., 2020; Melchiorre et al., 2022). For fetal development and placental embedding, extravillous trophoblasts must invade the decidua of the mother, while it can be disrupted in conditions related to pregnancy, such as PE (Ma et al., 2020). Abnormal placentation caused by impaired trophoblast function causes pregnancy-associated syndromes, such as PE (Schoots et al., 2018). There is growing evidence to suggest that ECM interactions play a significant role in trophoblast proliferation and differentiation (Wong et al., 2018). In trophoblasts, ECM thickness affects the production of mRNA and proteins related to fusion. Abnormal expression of placental ECM components is associated with abnormal migration/invasion of human trophoblast cells (Romanowicz and Galewska 2011; Ma et al., 2020; Liu et al., 2021; Parameshwar et al., 2021). Consequently, PE may develop due to ECM changes.
To uncover the potential efficacy of peptides in PE, network analysis was performed using IPA, which showed that the changes in the precursor proteins of DEPs were mainly related to the TGF-β/Smad signaling pathway. Further molecular docking experiments showed that AASAKKKNKKGKTISL peptide (PDP) derived from the precursor protein IF4B could bind to TGF-β1, suggesting that TGF-β1 may be the target protein of PDP. Thus, targeting the TGF-β/Smad signal pathway is an effective strategy for the treatment of PE. Ligand binding activates the receptors, and TGF-β phosphorylates Smad2 and Smad3 (Xu et al., 2016). Activated Smad2 and Smad3 bind to Smad4 to regulate the transcription of several genes that contribute to trophoblast invasion and proliferation (Brkić et al., 2020). PDP is an endogenous peptide that was identified by peptidomics screening; no functional report has evaluated PDP so far. PDP may act as a potential bioactive peptide to improve PE by acting on the TGF-β signal pathway. PDP has the advantages of low molecular weight, high stability, good lipophilicity, and easy entry into cells and nuclei. PDP may be a new method for the clinical treatment of PE. Therefore, future studies are required to study its function and mechanism.
CONCLUSION
In the present study, we identified DEPs from the placenta of patients with mild and severe PE. Functional analysis suggested that the precursor proteins of DEPs were mainly involved in PE progression. Further molecular docking experiments showed that PDP peptides derived from the precursor protein IF4B could bind to TGF-β1, suggesting that PDP may play its biological function by affecting the TGF-β1/Smad signaling pathway. Our results suggest some strategies for the discovery of active peptides, which may be helpful for the diagnosis and treatment of PE.
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Protein Protein name Fold- p-value Description
(UniProt ID) change
FTHI (P02794) Ferritin heavy chain 16552 00000 @ Stores iron in a soluble, non-toxic, readily available form
 Important for iron homeostasis shows ferroxidase activity
FTL (P02792) Ferritin light chain 16216 00000 @ Stores iron in a soluble, non-toxic, readily available form
© Important for iron homeostasis
CD9 (P21926) CD9 antigen 15677 00014 @ Involves in cell adhesion, cell motility, and tumor metastasis
PALM (075781) Paralemmin-1 15455 00007 @ Involves in plasma membrane dynamics and cell process formation
DAB2 (P98082) Disabled homolog 2 14864 00000 @ Expression is downregulated in numerous aggressive cancers (e.g,
prostate cancer and medulloblastoma)
 Involves in several processes such as innate immune response,
inflammation and cell growth inhibition, apoptosis, cell survival,
angiogenesis, cell migration, and maturation
© Induces GO/GI cell cycle arrest and promotes apoptosis
CRIP2 (P52943) Cysteine-rich protein 2 14234 00001 ® Zinc ion binding
SYNGRI (043759)  Synaptogyrin-1 1.3960 00001  Regulates exocytosis
ABCG2 (QYUNQO)  Broad substrate specificity ATP-binding 13884 00026 ® Regulates multidrug resistance
cassette transporter ABCG2 ® Acts as human drug efflux transporter
COLI5A1 (P39059)  Collagen alpha-1 (XV) chain 13633 00001 © Structural protein that stabilizes microvessels and muscle cells, both in
the heart and in skeletal muscle
 Associates with drug resistance
GUSB (P08236) Beta-glucuronidase 13351 00010 @ Degradation of dermatan and keratan sulfates
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(UniProt ID)

KRT9 (P35527)

CXorf38 (Q8TB03)
ITGAS (P08648)

KRT1 (P04264)

CALMLS3 (P27482)

NTSC3B (Q969T7)

CDKN2A (Q8N726)

PPIAL4D (F5H284)

Corfs5 (Q96MD7)
HMGAL (P17096)

Protein name

Keratin, type I cytoskeletal 9

Uncharacterized protein CXorf38
Integrin alpha-5

Keratin, type II cytoskeletal 1

Calmodulin-like protein 3

7-methylguanosine phosphate-
specific 5'-nucleotidase

Tumor suppressor ARF

Peptidyl-prolyl cis-trans isomerase
Adlike 4D

Uncharacterized protein C9orf85

High mobility group protein HMG-1/
HMG-Y

Fold-
change

-24219

-19912
~19599

-1.9039

~1.8770

~18717

~1.8563

-1.8258

~1.7043
-16915

p-value

0.0001

0.0397
0.0004

0.0003

0.0375

0.0336

0.0044

0.0018

0.0005
0.0010

Description

® Involves in keratin filament assembly
A cytoskeleton intermediate filament protein

© Unknown biological function

@ Belongs to the integrin alpha chain family
© Vital for promoting cancer cell invasion and metastasis

© May regulate the activity of kinases such as PKC and SRC via binding to
integrin beta-1 (ITB1) and the receptor of activated protein C kinase 1
(RACK1)

 May function as a specific light chain of unconventional myosin-10 (MYO10)

© Enhances MYO0 translation, possibly by acting as a chaperone for the
emerging MYO10 heavy chain protein

 May compete with calmodulin by binding, with different affinities, to cellular
substrates

@ Promotes JNK1/2 and ERK1/2 pathway

© Plays a role in inflammation and tissue remodcling
 May result in airway wall thickening

© Acts as a negative regulator of the proliferation of normal cells by interacting
strongly with CDK4 and CDKG, inhibiting their ability to interact with
cyclins D

© A tumor suppressor gene

© Accelerates the folding of proteins

© Catalyzes the cis-trans isomerization of proline imidic peptide bonds in
oligopeptides

© Unknown biological function

A coactivator and coregulator of transcriptional activity
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Sequence

AASAKKKNKKGKTISL
ADIQTERAYQKQPTIFQNKKRVLL
AHVDDMPNALSA
ANRGPAYGLSREVQQKI
DQEAIQDLWQWRKSL
DVFLGMFLYEYAR

GHFTEEDKATI

IENEEQEYVQTVK
IENPGFEASPPAQGIPEAKVRHPLS
LDPITGRSRGFGFVLE
QMGTNRGASQAGMTGYGMPRQIL
SGDAAIVDMVPGKPM
SGGKYVDSEGHL
SLSPFYLRPPSFLRA
SRNGMVLKPHFHKDWQRRVATWF
STMAFKQMEQISQFLQAAERY
VETRDGQVINETSQ

VSESSDVLPK

Entry
name

IF4B
RSI11
HBA
TAGL2
NPM
ALBU
HBGI
ANXAL
VISTA
HNRPD
TAGL2
EFIAL
CAV1
CRYAB
RL13
TAGL2
VIME
K2C8

Log
ratio (L/N)

-11.10
-L12
2,60
-6.76
237
-216
1.94
222
-7.73
~7.96
-2.14
-627
6.07
-196
-376
-6.14
172
157

p-value
(L/N)

8.53E-06
4.00E-02
1.44E-02
2.09E-03
255E-02
4.09E-03
271E-02
2.60E-02
121E-02
147E-03
3.80E-02
6.52E-04
1.33E-03
491E-02
8.76E-03
9.99E-03
3.02E-02
442E-02

Log
ratio (H/N)

~10.69
-1.35
351
-6.34
221
-355
4.12
295
-7.31
-2.53
-255
-5.85
025
-213
-1.90
-572
255
117

p-value
(H/N)

8.54E-06
4.02E-03
7.54E-03
2.12E-03
2.86E-02
2.25E-03
8.84E-04
5.68E-03
1.22E-02
1.72E-02
1.53E-02
6.63E-04
4.43E-01
3.10E-02
3.07E-02
1.02E-02
4.94E-03
4.16E-01

Log
ratio (H/L)

042
-023
090
042
-0.16
-139
217
073
042
543
-041
042
-5.82
-0.17
1.86
042
084
-0.40

L/N, represent the comparison of mild PE/normal; H/N, represent the comparison of severe PE/normal; H/L, represent the comparison of severe PE/mild PE.

p-value
(H/L)

0.15
069
0.06
0.15
054
007
0.00
0.05
0.15
037
085
0.15
0.00
0.94
027
0.15
001
061
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Class

Whole chromosome
gain

Chromosomal arm
gain

Whole chromosome
loss

Chromosomal arm
loss

Other changes

Cytogenetic alteration

Trisomy 2
Trisomy 8
Trisomy 11
Trisomy 13
Trisomy 14
Tetrasomy 14
Trisomy 19
Tetrasomy 21

Trisomy 22

add(1q)
add(5p)
add(5q)
add(6p)
add(6q)
add(7p)
add(7q)
add(8p)
add(11q)
add(16q)
add(19p)
add(22q)

del(5p)

del(5q)

del(6q)

del(7p)

del(7q)

del(8q)

del(11p)

del(11q)

del(13q)

del(16q)

del(17p)

del(17q)

del(20q)

del(22q)

+der(1)t(1; 7)
der(3)t(3:3) (p25p10)
+der(5)t(5:7)
der(7)1(157) (q23:36)
der(14) t(1;14) (q24~25;p11)
der(17)t(1517) (q25:925)

der(21) (qter- > q22.1:p11.2-
> qter)

der(X)t(X;1) (q28925)
inv (9) (p11:q12)
isochromosome (7q)
random aberrations
4(3:17) (q25:q25)
(512) (p15:q21)

Frequency of alterations in various

studies n (%)

1141 (0.7)

9/141 (6.4); 1/7 (14.3); 4/24 (16.7)
1/141 (0.7); 2/24 (8.3)
3/141 (2.1)

3/141 2.1)

1/7 (143)

2/141 (1.4); 1/24 (4.2)

9/141 (6.4); 1/7 (14.3); 1/24 (4.2); 1/7 (14.3)

1/141 (0.7); 1/24 (42)

4/141 (2.8)
1/24 (42)
1/24 (42)
1/141 (0.7)
1/141 (0.7)
2/24 (8.3)
2/141 (14)
1/141 (0.7)
1/141 (0.7)
2/141 (14)
1141 (0.7); 1/24 (4.2)
1/24 (4.2)

1/24 (42)
1/24 (42)
1/7 (143)
1/24 (42)

5/24 (20.8)
1/24 (4.2); /7 (143)
1/7 (143)

1/24 (42)

1/141 (0.7)
3/141 (2.1); 1/7 (14.3)
2/141 (14); 17 (14.3); 1/24 (4.2)
5/141 (35)
2/141 (1.4); 1/24 (42)
1/7 (14.3)
2/141 (1.4); 1/24 (4.2)
124 (42)

2/141 (14)
6/141 (43)
30141 (2.1)
3/141 (2.1)

1/24 (42)

1/141 (0.7)

1/24 (42)

1/24 (42)

1/24 (42)

1/24 (42)

1/141 (0.7)

124 (42)

1141 (0.7)

1/24 (42)
1/7 (143)

1/7 (14.3); 1/24 (42)
2/7 (28.6)
1141 (0.7)

1/24 (42)
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HSA21 genes

ERG

EST2

RUNX1

BACHI
SON
C210RF66
GABPA

DYRKIA

RCANI
HMGN1

CHAFIB

miR-99a

miR-125b

miR-155

Classification

Transcription
factor

Transcription
factor

Transcription
factor

Transcription
factor

Transcription
factor

Transcription
factor

Transcription
factor

Signaling effector
Signaling effector
Epigenetic
modulator
Epigenetic
modulator

miRNA

miRNA

miRNA

Function in hematopoiesis/leukemogenesis

Causes megakaryoblastic expansion; involved in megakaryocytic
leukemia; cooperates with GATALS to drive TAM/ML-DS

Regulates megakaryopoiesis; cooperates with GATAI to drive
TAM/ML-DS

Involved in the pathogenesis of megakaryoblastic leukemia;
causes abnormal megakaryocytic differentiation in cooperation
with ERG, ETS2 and GATAIs; involved in TAM/ML-DS
development

Inhibits megakaryocyte differentiation and platelet production

Regulates hematopoicsis; represses megakaryocytic
differentiation in megakaryoblastic leukemia

Unknown

Regulates hematopoiesis and involved in CML development; role
in TAM/ML-DS unknown

Promotes TAM/ML-DS in human and murine models; co-
operates with GATAIs to increase megakaryoblastic proliferation
through NFAT inhibition

Promotes megakaryopoiesis by inhibiting calcineurin-NFAT
pathway

Regulates myeloid differentiation; promotes leukemic stem cell
activity by increasing H3K27 acetylation

Regulates hematopoiesis; impairs myeloid differentiation and
promotes myeloid leukemia through binding of chromatin and
interference with transcription factors such as CEBPA

Increases predisposition toward TAM but not ML-DS; has
oncogenic function

Increases predisposition toward TAM; regulates
megakaryopoiesis; has oncogenic function; synergizes with
GATALs to induce megakaryoblastic leukemia

Increases predisposition toward TAM but not ML-DS

References

Rainis et al. (2005); Salek-Ardakani et al. (2009); Stankiewicz
and Crispino (2009); Carmichael et al. (2012); Stankiewicz
and Crispino (2013); Banno et al. (2016)

Rainis et al. (2005); Ge et al. (2008); Stankiewicz and Crispino
(2009); Banno et al. (2016)

Elagib et al. (2003); Yanagida et al. (2005); Banno et al. (2016)

Toki et al. (2005)

Belmonte et al. (2021); Vukadin et al. (2021)
Reymond et al. (2001); Bourquin et al. (2006)
Yang et al. (2013); Manukjan et al. (2015)

Malinge et al. (2012)

Zaslavsky et al. (2013)
Cabal-Hierro et al. (2020)

Volk et al. (2018)

Zhang et al. (2013); Si et al. (2016); Wagenblast et al. (2021)

Klusmann et al. (2010); Alejo-Valle et al. (2021); Wagenblast
etal. (2021)

Elton et al. (2010); Sas et al. (2020); Wagenblast et al. (2021)





OPS/images/fgene-13-891214/fgene-13-891214-t002.jpg
Class

Cohesin complex and
associated
components

Epigenetic regulators

Tyrosine kinases

RAS

Transcription factors

Others

Mutant
genes

CTCF

NIPBL

RAD21

SMCIA

SMC3

STAG2

ASXL1

BCOR

DNMTI1

DNMT3A

EED

EP300

EZH2

KANSLI

KAT6A

KDM6A

KMT2C

NAT6
svziz2

TET2

FLT3

GNBI

JAK1

JAK2

JAK3

KIT

MPL

NTRK3

PI3KC2A

PTEN

PTPRD

SH2B3

KRAS

NF1

NRAS

PTPN11

CREBBP

GATA2

Myc

RUNX1

TALI

TP53

WTI

CARDI1

CHEK2

CSF2RB

CSF3R

DCAF7

DLECI
DHX29

ETNK1

PML

POLE
PRPF40B

SF3B1

SRSF2

WRN

Frequency of mutations
in various studies n (%)

16/141 (11.3); 10/49 (20.4); 5/
44 (11.4)

5/141 (3.5); 3/49 (6.1)

16/141 (11.3); 11/49 (22.4); 6/
44 (13.6)

9/141 (6.4); 2/49 (4.1); 1/
44 (23)

1/141 (0.7); 149 (2.0); 1/44
(2.3) 1/7 (14.3)

19/141 (13.5); 9/49 (18.4); 4/
44 (9.1)

1/49 (2.0); 1/44 (2.3)

2/141 (1.4); 2/49 (4.1); 1/
44 (23)

1/44 (23)

1/49 (2.0)

1/141 (0.7)

1/141 (0.7)

10/141 (7.1); 16/49 (32.7); 1/44
(23); 1/7 (14.3)

17/141 (12.1); 3/49 (6.1)

1/44 (23)

1/141 (0.7)
1/141 (0.7)
1/141 (0.7)
9/141 (6.4); 1/49 (2.0); 1/

44 (2.3)

2/141 (1.4); 3/44 (6.8)

1/44 (2.3); 1/7 (14.3); 2/7 (28.6)

1/141 (0.7)

6/141 (4.3); 2/49 (4.1); 3/44
(68); 1/7 (14.3)

14/141 (9.9); 4/49 (8.2); 4/44
(9.1); 1/7 (14.3)

19/141 (13.5); 6/49 (12.2); 12/44
(27.3); 1/7 (14.3); 1/11 (9.1); 1/3
(33.3); 1/14 (7.1)

2/141 (1.4)

10/141 (7.1); 3/49 (6.1); 1/
44(23)

1/44 (2.3)

1/7 (143)

1/141 (0.7)

1/141 (0.7)

4/141 (2.8); 4/49 (8.2); 2/
44 (4.5)

7/141 (5.0); 4/49 (8.2); 2/
44 (45)

4/141 (2.8)

6/141 (4.3); 4/49 (8.2); 4/
449.0)

1/49 (2.0)

1/141 (0.7)

1/44 (2.3)

1/141 (0.7); 1/44 (2.3)

3/141 (2.1)

1/44 (23)

5/141 (3.5); 3/49 (6.1); 2/44
(4.5) 2/11 (18.2)

1/141 (0.7); 2/49 (4.1); 1/

44 (2.3)

1/44 (23)

2/44 (4.5)

7/141 (5.0)

1/44 (23)

1/141 (0.7); 2/49 (4.1)

1/7 (14.3)
117 (14.3)

1/44 (23)

1/44 (23)

1/7 (14.3)
1/44 (23)

3/141 (2.1)

12/141 (8.5); 1/49 (2.0)

1/44 (23)

Function in hematopoiesis/
leukemogenesis; pathway to which it
contributes

Tumor suppressor; involved in chromatin
organization, gene regulation, RNA splicing,
myeloid cell growth and differentiation;
contributes to leukemogenesis

Cohesin regulator; regulates myeloid cell
differentiation; contributes to leukemogenesis

Cohesin subunit; regulates gene expression,
epigenetic modulation, HSPC self-renewal and
differentiation; contributes to leukemogenesis

Cohesin subunit; regulates gene expression,
genome organization; contributes to
leukemogenesis

Cohesin ATPase subunit; contributes to
hematopoictic failure and leukemogenesis

Cohesin subunit; regulates gene expression,
epigenetic modulation, HSPC self-renewal and
differentiation; contributes to leukemogenesis

Regulates histone modifications; impairs
hematopoicsis; involved in leukemogenesis

Transcription factor; PRC1 component; leads to
myeloid progenitor expansion; regulates myeloid
differentiation; contributes to leukemogenesis
Involved in DNA methylation; regulates
hematopoiesis; contributes to leukemogenesis

Involved in DNA methylation; causes HSC
expansion and impairs differentiation

PRC2 subunit; increases HSPC proliferation and
impairs differentiation; contributes to
leukemogenesis

Transcriptional cofactor; chromatin modifier;
increases HSCs self-renewal and impairs
differentiation; contributes to leukemogenesis

Tumor suppressor; PRC2 subunit; chromatin
modifier; regulates histone modifications;
inhibits megakaryocyte differentiation;
contributes to leukemogenesis

Regulates histone acetylation; contributes to
leukemogenesis

Oncogene; regulates histone acetylation; impairs
myeloid differentiation; contributes to
leukemogenesis

Regulates histone modifications; regulates
hematopoiesis; contributes to leukemogenesis
Tumor suppressor; regulates histone
modifications; involved in myelopoiesis;
contributes to leukemogenesis

Regulates actin acetylation

PRC2 subunit; tumor suppressor; chromatin
modifier; regulates histone modifications and
HSCs activity; contributes to leukemogenesis

Involved in DNA methylation; causes HSC
expansion and impairs differentiation

PI3K-PKB; MAPK; regulates hematopoiesis;
contributes to leukemogenesis

PI3K-PKB; MAPK

JAK-STAT; regulates hematopoiesis; contributes
to leukemogenesis

JAK-STAT; regulates hematopoiesis; contributes
to leukemogenesis

JAK-STAT; regulates hematopoiesis; contributes
to leukemogenesis

Kit signaling; regulates hematopoiesis;
contributes to leukemogenesis

MPL signaling; JAK-STAT; regulates
megakaryopoiesis; contributes to
leukemogenesis

Oncogene; JAK-STAT; PI3K/PKB; MAPK;
contributes to leukemogenesis

PI3K member; insulin signaling; human
cytomegalovirus virions production

Tumor suppressor; PI3K/PKB/mTOR; regulates
‘hematopoiesis; contributes to leukemogenesis

Tumor suppressor; contributes to
leukemogenesis

JAK-STAT, PKB, MAPK; regulates
thrombopoiesis; contributes to leukemogenesis

Oncogene; RAS signaling; KRAS/RACI/ROS/
NLRP3/IL-1§; regulates hematopoiesis;
contributes to leukemogenesis

Tumor suppressor; RAS signaling; regulates
‘hematopoiesis; contributes to leukemogenesis
Oncogene; RAS signaling; regulates

hematopoesis; contributes to leukemogenesis

Oncogene; RAS signaling; regulates
‘hematopoiesis; contributes to leukemogenesis

“Tumor suppressor; transcriptional coactivator;
Iysine acetyltransferase enzyme; regulates
hematopoesis; contributes to leukemogenesis

Transcription factor; regulates early
hematopoiesis (HSPC generation and function);
contributes to leukemogenesis

Oncogene; transcription factor; regulates
hematopoiesis; contributes to leukemogenesis

Transcription factor; master-regulator of
hematopoiesis; regulates megakaryopoiesis;
contributes to leukemogenesis

Oncogene; transcription factor; regulates HSC;
contributes to leukemogenesis

Tumor suppressor; transcription factor;
regulates hematopoiesis; contributes to
leukemogenesis

Transcriptional activator or repressor; regulates
hematopoiesis; contributes to leukemogenesis

Oncogene; TCR and BCR signaling; regulates
hematopoiesis; contributes to leukemogenesis

DNA damage response gene; contributes to
leukemogenesis

Oncogene; JAK-STAT; PI3K-PKB- mTOR;
MEK/ERK; regulates megakaryocytic
proliferation and differentiation; contributes to
leukemogenesis

Oncogene; JAK-STAT; regulates granulocyte
progenitor differentiation; contributes to
leukemogenesis

Scaffold protein or adaptor protein; interacts
with ERCC1-XPF, DYRKIA, DYRK1B, MEKK1,
and HIPK2

Tumor suppressor

RNA helicase; RNA co-sensor for anti-
encephalomyocarditis virus immunity; regulates
translation initiation

Kinase; involved in ethanolamine
phosphorylation, ROS production, and DNA
damage

Tumor suppressor; regulates hematopoiesis;
contributes to leukemogenesis

DNA replication; cancer-predisposing gene

RNA splicing machinery; contributes to
leukemogenesis
RNA splicing machinery; contributes to
leukemogenesis
RNA splicing machinery; contributes to
leukemogenesis

Helicases; DNA replication and repair
machinery; contributes to leukemogenesis
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Reader Trend Tumor Regulatory pathway/Gene References
YTHDF1 1 HCC Cell cycles Zhao et al. (2018)
1 GC Wnt/B-catenin, FZD7 Pi et al. (2021)
1 CRC RhoA Signaling, ARHGEF2 Wang et al. (2022)
1 NSCLC CDK2, CDK4, cyclin D1 Shi et al. (2019)
TNBC ITGA6 Jin D. et al. (2019)
T GBM Xu et al. (2020)
YTHDE2 1 HCC OCT4, SOCS2 Zhang et al. (2020); Chen et al. (2018)
1 GC Cell cycle, apoptosis Zhang et al. (2017)
1 NSCLC 6-PGD Sheng et al. (2020)
1 BCa SETD7, KLF4 Zheng et al. (2021); Xie et al. (2020)
1 GBM LXRa, HIVEP2 Fang et al. (2021)
YTHDE3 i CRC GASS, YAP Ni et al. (2019)
1 TNBC ZEB1, EMT Lin et al. (2022)

GBM, glioma; BCa, bladder cancer.





