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Editorial on the Research Topic 
Ehlers-Danlos syndrome: from bedside to bench


The Ehlers-Danlos syndromes (EDS) comprise a genetically heterogeneous group of heritable connective tissue disorders, clinically characterized by skin hyperextensibility, joint hypermobility, and tissue fragility. The currently used nomenclature and classification, published in 2017, recognizes 13 types (Malfait et al., 2017), and several additional types have also been described (Malfait et al., 2020). The pathomechanisms of EDS include abnormalities in the genes for fibrillar collagen types I, III, and V; enzymes modifying or processing these collagens; enzymes involved in the biosynthesis of the glycosaminoglycan chains of proteoglycan; and proteins playing more complex roles in the maintenance of extracellular matrices. Furthermore, clinical overlaps among cases with different types as well as discoveries of EDS-like phenotypes with novel pathomechanisms have been described. The spectrum of EDS is considered to be much wider than expected, and it would help delineate this clinical and pathophysiological spectrum to describe and share clinical and pathophysiological findings of variable and valuable cases.
The scope of this Research Topic (https://www.frontiersin.org/research-topics/31359/ehlers-danlos-syndrome-from-bedside-to-bench/magazine) is to make clinical and pathophysiological delineation of the wide and complex spectrum of EDS. In total, 10 reports are published including four original research articles, five case reports, and one mini review.
Four reports attempted clinical and pathophysiological delineation of vascular EDS (vEDS), the most severe subtype of EDS. Ishikawa et al. described detailed ultrastructural findings as well as clinical features in patients with vascular EDS. Irregularity in the size of collagen fibrils was suggested in 27 patients with vEDS, and the variation tended to be lower in those with less serious vascular complications (Ishikawa et al.). Wei et al. described an association between digestion tract events and non-glycine missense variants from a Chinese family (Wei et al.). Hayashi et al. described a mildly affected Japanese patient found to be caused by a unique in-frame duplication variant in COL3A1 without alteration in the [Gly-X-Y] triplet repeat sequence of type Ⅲ collagen (Hayashi et al.). Angwin et al. introduced the first experience of pre-implantation genetic diagnosis with surrogacy in vEDS, which could provide a choice for women with vEDS wishing to have unaffected biological children without pregnancy/delivery-related critical events but also provide necessity of careful discussion considering hypothetical and potential risks of all relevant procedures based on ethical, legal, and social backgrounds of each community (Angwin et al.).
Two reports were about classical-like EDS caused by variants in the tenascin-X (TNX) gene (TNXB) (clEDS type 1). Yamaguchi et al. established a custom next-generation sequencing-based screening system for this subtype, and provided comprehensive clinical and molecular delineation of this subtype from a cohort comprising nine patients (Yamaguchi et al.). TNXA-derived variations were found in >75% and all patients had gastrointestinal complications including perforation, diverticulitis, gastrointestinal bleeding, intestinal obstruction, rectal/anal prolapse, and gallstones (Yamaguchi et al.). Okuda-Ashitaka and Matsumoto made a comprehensive review of experimental studies about TNX using TNX-deficient (Tnxb−/−) mice; they introduced mechanical allodynia in Tnxb−/− mice, inhibited by the anticonvulsant drug gabapentin and a mu-opioid agonist but not by a NSAID indomethacin, and also introduced studies suggesting various roles of TNX (e.g., tumor suppression, epithelial wound healing, liver fibrosis) (Okuda-Ashitaka and Matsumoto).
Two reports are about AEBP1-related EDS (classical-like EDS [clEDS] type 2), which represents the 14th subtype following the 13 subtypes according to the 2017 international classification of EDS (Malfait et al., 2017). Angwin et al. (Angwin et al.) and Yamaguchi et al. (Yamaguchi et al.) described additional patients with clEDS type 2; hair loss was recognized as a characteristic feature of this subtype, and importance of a few but critical complications such as vascular or bowel events was also stressed.
The other two reports were about periodontal EDS (pEDS). Angwin et al. described non-oral manifestations in 21 adult patients with periodontal EDS from two United Kingdom cohorts. Easy bruising, pretibial plaques, and brain white matter abnormalities were observed in more than 80% (Angwin et al.). Liao et al. reported the first transcriptomic analysis of patient-derived cells of periodontal EDS. Differential gene expression was found only in monocytes but not in gingival fibroblasts; genes in such biological processes as neutrophil-mediated immunity, response to bacterium, and TNF-α and IL-17 pathway were enriched; and disease ontology enrichment analysis suggested enrichment of genes related to periodontal host defense, inflammatory response, skin disease, and vascular development (Liao et al.).
All these reports are expected to make a substantial contribution in understanding complex clinical and pathophysiological characteristics of various subtypes of EDS. Hopefully, based on these evidences, international collaborative clinical and pathophysiological investigations will be conducted to make a further delineation of each subtype, to provide evidences in establishing better management of patients as well as to develop etiology-based therapies.
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Periodontal Ehlers–Danlos syndrome (pEDS) is a rare hereditary disorder characterized by severe early-onset periodontitis with premature tooth loss, pretibial hyperpigmentation, and skin fragility. It is caused by mutant variants in the C1R and C1S genes that result in C4 cleavage and local complement cascade activation, as well as other possible consequences. However, the exact functional consequences of this activation remain unclear. To shed light on molecular mechanisms underlying pEDS and to identify novel molecular targets that may expand treatment strategies, we performed transcriptome profiling by RNA sequencing of monocytes and gingival fibroblasts from two patients with pEDS. Compared to normal controls, differential expression of genes was found only in monocytes but not gingival fibroblasts. Most of the significant genes were enriched in biological processes such as neutrophil-mediated immunity, response to bacterium, TNF-α and IL-17 pathway which are related to inflammation response and immune response. In disease ontology enrichment analysis, genes related to periodontal host defense, inflammatory response, skin disease, and vascular development, including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6, were significantly enriched and also validated by qPCR and ELISA. Overall, the present study provides the transcriptomic data of pEDS for the first time and the distinct molecular features in monocytes of pEDS might serve as a tool to better understand the disease.
Keywords: Ehlers-Danlos syndrome, periodontitis, transcriptomics, monocytes, RNA-sequencing
INTRODUCTION
The Ehlers–Danlos syndromes (EDS) are a clinically and genetically heterogeneous group of heritable connective tissue disorders characterized by joint hypermobility, skin hyperextensibility, and tissue fragility (Malfait et al., 2017). In 2017, The International EDS Consortium proposed a revised EDS classification (Malfait et al., 2017), and currently, 14 subtypes of EDS are recognized (Blackburn et al., 2018). Among all subtypes of EDS, periodontal Ehlers–Danlos syndrome (pEDS) (also known as EDS type VIII, OMIM#130080) is a specific EDS subtype caused by autosomal dominant pathogenic variants in complement 1 subunit genes C1R and C1S, with early severe periodontitis as the predominant clinical feature (Kapferer-Seebacher et al., 2016). The other clinical manifestations of pEDS include lack of attached gingiva, pretibial hyperpigmentation, skin fragility with abnormal scars, and easy bruising (Malfait et al., 2017). Treatment of pEDS remains a huge challenge. Most of the current studies published have focused on describing the clinical features of the pEDS and/or identifying genetic variants (Wu et al., 2018; Kapferer-Seebacher et al., 2021). The pathogenesis of pEDS is only partly understood. From previous research (Kapferer-Seebacher et al., 2016), it is confirmed that pEDS is caused by pathogenic variants C1R (type 1, MIM 613785) and C1S (type 2, MIM 120580) genes, which encode the C1r and C1s subunits of the first step of the classical complement cascade, a major antimicrobial pathway of the innate immune system (G’al et al., 2009). Experimental evidence suggests that the C1R and/or C1S variants may cause extracellular presence of activated C1s without microbial triggers (Bally et al., 2019; Gröbner et al., 2019), which would lead to gingival hyperinflammation in response to mild biofilm accumulation, and subsequently rapidly progressing periodontal destruction. However, there are other pEDS clinical features unrelated to biofilm pathogens and apparently could not be explained by the above hypothesis and the detailed mechanisms remain largely unknown. To gain insights into altered gene expression patterns and dysregulated biological processes underlying molecular pathology of pEDS, we carried out transcriptome profiling by RNA sequencing of monocytes and gingival fibroblasts from two patients with pEDS compared with normal controls.
METHODS
Study Approval
This study was conducted according to the Declaration of Helsinki for Human Rights and all procedures were reviewed and approved by the Ethics Committee of Nanjing Stomatological Hospital, Medical School of Nanjing University (2018NL-037). All participants provided written informed consent before their enrollment in the present study. Samples were de-identified before analysis.
Participant Recruitment
Monocytes were obtained from two patients with pEDS from our previous study (Wu et al., 2018). Patients’ information was as follows: the proband IV-1 (male, 25 years old, referred as pEDS1 in this study) was found with both a missense mutation in C1R (c.265T > C) and a frameshift mutation in COL3A1 (c.1322delG); the proband’s mother III-2 (female, 48 years old), referred as pEDS2 in the present study, only had the same mutation in C1R. Normal controls were periodontal healthy adults who showed no BOP, PD ≤ 3 mm, and no CAL, who underwent crown lengthening surgery for the restorative purpose in the Department of Periodontology, Nanjing Stomatological Hospital, Medical School of Nanjing University and exclusions included acute illness, pregnancy, and other systemic diseases.
Gingival tissues were obtained from two pEDS patients during their tooth extraction surgery, while control gingival tissues were obtained from three periodontal healthy adults during the crown lengthening surgery. All participants in the present study underwent clinical examination, and the detailed clinical data of all individuals involved in this study were recorded.
Isolation and Culture of Monocytes Extracted from Human Blood Samples
Blood samples collected from two pEDS patients and three normal controls were used to extract peripheral blood mononuclear cells (PBMCs) using density gradient centrifugation. PBMCs of each group were added with RPMI1640 medium (Gibco) containing 2%FBS (Gibco) and incubated at 37°C with 5% CO2 for 2 h. Then the supernatant was harvested and stored for the later experiment of enzyme-linked immunosorbent assay (ELISA). The remained cells were isolated monocytes and washed twice by sterile PBS (Servicebio) gently. RPMI1640 medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin (HyClone) for further culture for 12 h.
Isolation and Culture of Human Gingival Fibroblasts
Gingival connective tissues were obtained from 2 pEDS patients during tooth extraction surgery and three normal controls during crown lengthening surgery. The collected gingival tissue was immersed in DMEM (Gibco) supplemented with 100 U/ml penicillin, and 100 μg/ml streptomycin (HyClone); and the tissue was cut into pieces, approximately 1 × 1 mm in size and placed in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin; tissue was then incubated at 37°C with 5% CO2, HGF at the [image: image] passage was harvested for future experiments.
Gene Expression Profiling
Total RNA was isolated from monocytes and gingival fibroblasts by TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The RNA samples were quality assessed and the mRNA is enriched using magnetic beads with Oligo (dT). The mRNA was then broken into short fragments by adding fragmentation buffer, and one-stranded cDNA was synthesized using random hexamers as templates, followed by the addition of buffer, dNTPs, and DNA polymerase I and RNase H. The double-stranded cDNA was purified with AMPure XP beads and was end-repaired, added with polyA tails and adapters sequences. After size selection, PCR amplification, and purification, the library was finally obtained. After the quality assessment of the library, RNA sequencing was performed on an Illumina HiSeq X Ten instrument. The raw reads were cleaned by removing adapter sequences, trimming low-quality ends, and filtering low-quality reads (Phred quality <20) using TrimGalore (version 0.6.5). Transcriptome quantification of transcript expression was carried out by using the mapping-based mode of Salmon (version 1.5.2) with the pre-built version of the full-decoy salmon index provided by Salmon.
RNA-Seq Data Analysis
Normalisation and differential expression between patients and normal controls were evaluated using DESeq2 (version 1.32.0) (Love et al., 2014), implemented in R (version 4.1.2). DESeq2 uses a count-based negative binomial model to detect differentially expressed genes (DEGs). DEGs were defined as genes with the adjusted p.value < 0.05 and the absolute value of fold change >1.5 [image: image] > 1.5).
Principal component analysis (PCA), dendrogram and hierarchical clustering heatmap were performed with the variance stabilization transformation values obtained by DESeq2 R package from the gene expression values: PCA was calculated for the whole dataset by using princomp function of R (Anders and Huber, 2010); The dendrogram was created by hclust function and ggplot2 package (version 3.3.5) (Wickham, 2016, p. 2); The hierarchical clustering heatmap was generated by ComplexHeatmap (version 2.10.0) package (Gu et al., 2016) using the top 100 DEGs.
Since there are only two pEDS samples and one of them was a rare case with both pEDS and vEDS, three-dimensional volcano plots were created with scatterplot3d (version 0.3–41) (Ligges & Mächler, 2003): the logarithm of fold change between pEDS1 and normal controls ([image: image]) was represented on the x axis, the logarithm of fold change between pEDS2 and normal controls ([image: image]) was represented on the y axis and the overall adjusted p.value was represented on the z axis. The filtering criteria included:1) The overall adjusted p.value <0.05; 2) | [image: image] |>1.5 and 3) | [image: image] |>1.5. The differential analysis in this step was performed with edgeR (version 3.36.0) (Robinson et al., 2010) and limma (version 3.50.0) (Ritchie et al., 2015).
For Over-Representation Analysis (ORA) and Gene Set Enrichment Analysis (GSEA), GO and KEGG enrichment analysis using detected DEGs and gene set enrichment analysis (GSEA) using ranked gene lists were performed with the software package clusterProfiler (Yu et al., 2012; Wu et al., 2021) (R-version 4.1.2, clusterProfiler_4.0.5) to identify enriched biological processes and molecular functions; The filtering standard for ORA and GSEA geneList is | [image: image] |>1.5. The query was carried out on all filtered DEGs by selecting a threshold of FDR-adjusted p-value less than 0.05. Similarly, the filtering adjusted p-value for GSEA should also be less than 0.05.
All the R packages we used in the analysis are listed in Supplementary Table S1.
STRING Network Analysis
STRING networks can provide information on the molecular mechanism underlying clinical features. A STRING network of DEGs involved in periodontitis and genes involved in the classical complement activation pathway was constructed using the STRING protein query (Szklarczyk et al., 2021) (STRING Version 11.5) and Cytoscape software (Shannon et al., 2003; Doncheva et al., 2019) (Cytoscape Version 3.8.2). The lines represent interaction associations between nodes and line thickness indicates the strength of data support. Selected DEGs were mapped to STRING to identify the interactive relationships among those genes. A confidence score of 0.4 was set as the cut-off criterion, and the node size in periodontitis-related genes is mapped to the logFC values of gene expression value in monocytes. Additionally, an extended STRING network showing the interaction between classical complement pathway and all DEGs in this study was also created, which could be found in Supplementary Figure S2A. We also identified the top 10 hub genes and sub-networks by using a Cytoscape plugin cytoHubba (Supplementary Figure S2B) (Chin et al., 2014).
Quantitative Reverse Transcription PCR for Validation
Relative expression levels of a series of selected DEGs (MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6) identified by RNA sequencing were confirmed by RT-qPCR using different RNA extractions obtained from monocytes cultures of corresponding pEDS and normal controls. 3 µg of total RNA were reverse-transcribed with random primers by standard procedure. RT-qPCR was performed with SYBR Green qPCR Master Mix (Life Technologies), 10 ng of Cdna, and with 10 [image: image]M of each primer set. The experiment was performed using the ABI PRISM 7500 Real-Time PCR System by standard thermal cycling conditions: Preincubation for 30 s at 95°C, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. GAPDH and CYC1 reference genes were amplified for normalization of Cdna loading. All specific primers used in the present study were summarized in Supplementary Table S2.
Enzyme-Linked Immunosorbent Assay
Enzyme-linked Immunosorbent Assay (ELISA) based quantification of IL-1β (Neobioscience Technology) concentration was measured using concentrated supernatants that we collected in monocytes isolation steps, following the supplier’s instructions.
Statistics
For RT-qPCR, relative mRNA expression levels were normalized to the geometric mean of these reference genes and analyzed using the [image: image] method. Results were expressed as the mean value of relative quantification [mean (SD)]. Statistical significance between groups was determined using unpaired Student’s t-test (ns = not significant, * = p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) with the R package ggpubr (Kassambara, 2020) (R-version 4.1.2, ggpubr_0.4.0). For ELISA, statistical significance between groups was determined with the R package ggpubr (Kassambara, 2020) (R-version 4.1.2, ggpubr_0.4.0). Results were tested for normality with Shapiro-Wilk’s test. Since not all sample groups passed the normality test, we applied the unpaired, non-parametric Wilcoxon test (ns = not significant, * = p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
RESULTS
Participant Enrollment
Two pEDS patients and three periodontal healthy adults (two males at 25 and 28 years old as normal1 and normal2 respectively; one female at 25 years old as normal3) were recruited in this study. The detailed clinical data of all individuals involved in this study were summarized in Table 1, oral photographs of all individuals were available in Supplementary Figure S1. As described in our previous work (Wu et al., 2018), it is worth noting that pEDS1 also carried a frameshift variant in COL3A1 and thus might be affected by vascular EDS (vEDS).
TABLE 1 | The clinical findings of all individuals including age, gender, gingiva specimen sampling position, and periodontal examination results.
[image: Table 1]Quality Assessment of Transcriptome Profiling
The correlation between pEDS and control group was evaluated by quality assessment methods including principal component analysis (PCA) and dendrogram. For the monocytes, PCA shows two principal components that could account for 73.8% of the variability between the samples (Figure 1A). The dendrogram of hierarchical clustering (Figure 1B) show a clear clustering of the controls and the pEDS patients based on gene expression values. However, for the HGF, no significant pattern can be found in the clustering of gene expression values between different samples (Figures 1C,D). The normalized count matrix files of monocyte and fibroblast can be found in Supplementary Tables S3, S4.
[image: Figure 1]FIGURE 1 | The correlation between pEDS and control group was evaluated by quality assessment methods including principal component analysis (PCA) and dendrogram. (A) PCA shows 73.8% of the variability within the monocyte samples is accounted by two principal components. Note the clustering of pEDS (green) vs. normal controls (red); (B) For monocytes, dendrogram shows a clear clustering of the controls and the pEDS subjects based on gene expression values; (C,D) As for HGF samples, the first two principal components can not separate pEDS (green) from normal controls (red); and samples from same group do not cluster. Dendrogram, consistent with PCA result, does not show a significant clustering pattern.
Differential Expression Analysis
Differentially expressed genes (DEGs) were identified by DESeq2 R package according to the filtering criteria. Approximately 3% of the detected transcriptome showed differential expression in monocytes and there were 338 DEGs in pEDS patient-derived monocytes, of which 246 genes were up-regulated and 92 genes were down-regulated. The complete list of DEGs could be found in Supplementary Table S5. Hierarchical heatmaps of the top 100 differential expressed genes within the monocyte and gingival fibroblast samples were shown in Figures 2A,B, which implied that a significant pattern can only be observed in monocytes but not in gingival fibroblasts. In addition, it should be noted that C1R and C1S were not differentially expressed in both monocytes and gingival fibroblasts from pEDS group.
[image: Figure 2]FIGURE 2 | Three dimensional volcano plot and hierarchical heatmap of the DEGs found within the monocyte and gingival fibroblast samples. (A,B) Hierarchical heatmap of the top 100 differential expressed genes within the monocyte and gingival fibroblast samples. Red denotes increased expression, and green denotes decreased expression. A significant pattern can only be observed in monocytes but not in gingival fibroblasts. (C,D) Three-dimensional volcano plots for monocytes and fibroblasts: [image: image] was represented on the x axis, [image: image] was represented on the y axis and the overall adjusted p.value was represented on the z axis. The filtering criteria included:1) The overall adjusted p.value <0.05; 2) | [image: image] |>1.5 and 3) | [image: image] |>1.5. Orange triangle denotes DEGs, gray point denotes not differentially expressed genes. DEGs were only found in monocytes.
Since one of two pEDS patients was a rare case with both pEDS and vEDS, three-dimensional volcano plots were created to present the DEGs (Figures 2C,D): A total of 92 DEGs were identified in monocytes but no DEGs could be found in HGF. It should also be noted that 45 DEGs could be identified between sample pEDS1 and pEDS2 but no significant result was identified in the subsequent ORA and GSEA analysis (data not shown).
Over-Representation Analysis and Gene Set Enrichment Analysis of Differentially Expressed Genes in Monocytes.
With the identified 338 DEGs, GO and KEGG enrichment analysis, as well as GSEA, were performed using the software package clusterProfiler (Version 4.0.5) (Yu et al., 2012; Wu et al., 2021). Most of the significant results are enriched in up-regulated genes (Figure 3B), especially in the pathway of biological processes, which are mainly related to inflammation response and immune response (Figure 3A). This finding is consistent with GSEA results (shown in Figure 3C), which are also highly enriched in pathways with positive enrichment scores (NES). Combined with differential expression analysis, it could be identified that some DEGs, i. e, RETN, DEFA1, ANXA3, LTF, and LCN2, are specifically involved in neutrophil, myeloid cell activation, and mediated immunity events. The complete list of GO-GSEA results were summarized in Supplementary Table S6. For the KEGG enrichment analysis, the most significant results were focused on the IL-17 signaling pathway and TNF signaling pathway. The complete enriched results of GO and KEGG analysis are summarized in Supplementary Table S7.
[image: Figure 3]FIGURE 3 | The Biological Processes GO Enrichment Result and GSEA result of DEGs in pEDS patients’ monocytes. (A) Biological processes related to inflammation response and immune response are significantly enriched; (B) Most of the significant results are contributed by upregulated genes, which also have higher Fold Enrichment (defined as GeneRatio/BgRatio in clusterProfiler) compared to downregulated genes; (C) The GSEA analysis result also showed similar enriched result in pathways related to immunity, inflammation, IL-17 pathway and TNF-α pathway.
The Disease Ontology Enrichment Analysis of DEGs in Monocytes and Validation by Reverse Transcription-qPCR and Enzyme-Linked Immunosorbent Assay
The detailed mechanism behind complement pathway disruption and related pEDS clinical manifestations is not yet explained. Disease Ontology (DO) was developed to create a consistent description of gene products with disease perspectives, and accurate disease descriptions can discover new relationships between genes and disease (Schriml et al., 2012). Thus, we performed DO analysis with upregulated DEGs to help us to better understand the relationship between the mutant variants and pEDS. As shown in Figure 4A, the DO enriched results can be divided into several categories, which is separately related to different aspects of clinical features of pEDS: periodontal destruction, skin fragility, vascular complication, and joint hypermobility [Colors represent different clinical features of pEDS; Horizontal axis represent Fold Enrichment of each DO category, which is defined as GeneRatio/BgRatio in clusterProfiler (Yu et al., 2015)]. Besides, to identify genes related to the pathogenesis of pEDS, the overlapping between DO categories of periodontal destruction, vascular complications, and skin disease were selected (Figure 4B). The complete list of DO terms of upregulated DEGs is shown in Supplementary Table S8. The selected DEGs including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6 were identified and validated by RT-qPCR. All 7 genes are significantly expressed in the pEDS group compared to controls (Figure 5A). MMP9, IL10, IL1A, IL1B, IL6 were also measured as the top 10 hub genes (Supplementary Figure S2B) by cytoHubba (Chin et al., 2014), confirming their important roles in pathomechanism of pEDS. ELISA was also performed to measure the IL-1 [image: image] concentration of supernatants collected in monocytes isolation steps (Figure 5B). Similar to the qPCR result, the IL-1β concentration was also significantly higher in the monocytes of pEDS patients.
[image: Figure 4]FIGURE 4 | The Disease Ontology Enrichment Analysis Result of DEGs in pEDS patients’ monocytes and the overlapped enriched genes between DO categories of periodontal destruction, vascular complication, and skin disease in pEDS patients’ monocytes. (A) The DO results can be divided into four categories which are separately related to different clinical features of pEDS: periodontal destruction, skin fragility, vascular complication, and joint hypermobility (Colors represent different clinical features of pEDS; Horizontal axis represent Fold Enrichment of each DO category, which is defined as GeneRatio/BgRatio in clusterProfiler); (B) seven genes including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6 have been found as the overlapped genes in three different DO categories and all of them were significantly upregulated in monocytes of pEDS.
[image: Figure 5]FIGURE 5 | RT-qPCR of the overlapped genes and the ELISA result of IL-1β expression in pEDS patients’ monocytes were performed to validate the RNA sequencing results of pEDS patients. (A) In RT-qPCR analysis, gene expression levels were measured in four independent replicates per subject, and t-tests were performed (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All seven genes including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6 are significantly expressed in pEDS group (p < 0.01); (B) For ELISA experiment, data are expressed as mean (SD). (ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). IL-1β concentration was also significantly higher in the monocytes of pEDS patients (p < 0.05).
STRING Network
As shown in Figure 6, the STRING network shows the relationship between genes involved in the classical complement activation pathway and the DEGs related to periodontitis. The overlapped genes from DO analysis including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, IL6 are also in the STRING networks and showed closer interaction among the nodes. The pathogenic mutant variant, C1R/C1S were located the upstream of STRING network and not directly connected to the periodontitis-related genes. Additionally, in the extended STRING network consisted of classical complement pathway and DEGs in this study (Supplementary Figure S2A), the nodes of C1R/C1S only connected to other complement components but not any DEG, which implied that the extracellularly active C1s protein might have other potential targets that has yet been found (Bally et al., 2019).
[image: Figure 6]FIGURE 6 | STRING network showing periodontitis-related proteins that possibly interacted with the classical complement pathway in monocytes of pEDS patients. The lines represent interaction associations between nodes and line thickness indicates the strength of data support. The node size in periodontitis-related genes is mapped to the logFC values of gene expression value in monocytes of pEDS patients.
DISCUSSION
Transcriptomics have been utilized to disclose the key alterations of biological processes triggering human diseases, thus offering novel instruments useful not only for the comprehension of their underlying mechanisms but also for their molecular diagnosis and clinical therapy (Casamassimi et al., 2017). Previous studies (Chiarelli et al., 2016, 2018, 2019; Lim et al., 2019) performed transcriptome analysis on other EDS subtypes, which succeeded in revealing some of the mechanisms underlying these rare diseases. Up until now, the pathophysiology of pEDS is not well understood, and the current study described the first molecular evidence of significant gene expression changes in pEDS cells (monocytes and gingival fibroblasts) that could provide insights into the pathogenesis of the disease. Although the sample size is small and the findings will therefore need to be confirmed in other patients, our results provide a step forward towards understanding of the complex pathogenetic basis of pEDS. Multiple DEGs were identified only in monocytes but not in gingival fibroblasts. Approximately 3% of the detected transcriptome showing differential expression in monocytes and a total of 338 DEGs were identified in monocytes compared to normal control. ORA and GSEA analysis observed changes in neutrophil-mediated immunity, response to bacterium, humoral immune response, IL-17 pathway, and TNF-α pathway, of which are related to immune response and inflammatory response; DO analysis also identified potential target genes including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6, which may be related to periodontal destruction, vascular complication, and skin disease of pEDS; In addition, STRING network analysis showed the relationship between genes involved in the classical complement activation pathway and the DEGs related to periodontitis. The overlapped genes from DO analysis are also in the STRING networks and some of them are considered as hub genes which highly interacted with other DEGs. This finding implied that these genes might play important roles in the pathophysiology of pEDS.
IL-17 Pathway and Periodontal Destruction
In ORA and GSEA, genes related to the IL-17 pathway were enriched in pEDS monocytes. Previous studies has reported that, IL-17, IL-17–producing lymphocytes and innate immune cells are potentially important players in the pathogenesis of periodontitis (Hajishengallis, 2014). Besides, elevated expression level of IL-17 has been closely related to periodontitis (Ohyama et al., 2009; Darveau, 2010). Overall, IL-17 is a double-edged sword when it comes to inflammatory illnesses like periodontitis (Zenobia & Hajishengallis, 2015).
On the one hand, IL-17 has been demonstrated to protect against extracellular pathogens (Khader et al., 2009; Hernandez-Santos and Gaffen, 2012) and can trigger the generation of antimicrobial peptides (Liang et al., 2010), which are assumed to be protective in periodontitis (Diamond et al., 2008; Gorr, 2009). On the other hand, through upregulating matrix metalloproteases and RANKL, IL-17 can also facilitate connective tissue degradation and bone resorption (Lubberts, 2008). IL-17 could also facilitate neutrophil recruitment and increase inflammation by downregulating the endogenous anti-inflammatory molecule Del-1 (Eskan et al., 2012).
IL17 can also be involved in periodontitis development through the complement pathway. Complement and IL-17 are both involved in the regulation of neutrophil recruitment, which is an important mechanism in maintaining periodontal homeostasis (Eskan et al., 2012; Hajishengallis and Hajishengallis, 2014). It is also reported that single nucleotide polymorphisms in the components C5 and IL-17 have been linked to a higher risk of periodontal disease (Chai et al., 2010a; Corrêa et al., 2012; Kadkhodazadeh et al., 2013), implying that both molecules may play a role in the illness’s development. Although complement has a complex effect on IL-17 expression, it has been observed that complement, in collaboration with Toll-like receptors, can increase IL-17 synthesis in murine periodontal tissue (Abe et al., 2012). Mice lacking either C5Ar or Toll-like receptor-2, on the other hand, are protected from experimental periodontitis (Hajishengallis et al., 2011; Liang et al., 2011). In pEDS, the extracellularly activated C1s can activate the classical complement cascade and cleave more C4 and C2, which are components of the C3 convertase complex in the classical pathway (Bally et al., 2019). This disruption might ultimately induce the production of C5a (Ricklin and Lambris, 2013). With the support of Toll-like receptor-2 (TLR2 is also one of the upregulated DEGs and top 10 hub genes found in monocytes), abundant C5a may activate C5aR and upregulate IL-17, IL-1, IL-6, and TNF (Abe et al., 2012). Ultimately, IL-17 could facilitate neutrophil recruitment and result in periodontal destruction in synergy of other cytokines (Abe et al., 2012).
Selected DEGs and Periodontal Destruction
Apart from IL-17, other upregulated genes we identified in DO analysis also can be potential players in the periodontal destruction of pEDS. For upregulated MMP9, it has been suggested that matrix metalloproteinases (MMPs) are key proteases involved in destructive periodontal diseases (Buduneli and Kinane, 2011; Sorsa et al., 2011). The most prevalent MMPs in periodontal tissues are MMP-8 and MMP-9, which reflect the severity, development, and treatment response of periodontal disease (Mäntylä et al., 2006). MMP-9 has been linked to periodontal soft tissue degradation and has been found to work with MMP-13 in alveolar bone resorption and periodontal tissue distruction (Hernández et al., 2006; Hernández et al., 2011).
IL-1α, IL-1β and IL-6 are proinflammatory cytokines that are thought to play a role in periodontitis development. Nonsurgical periodontal therapy has been shown to result in a statistically significant reduction in overall levels of these cytokines in gingival crevicular fluid (GCF) (Reis et al., 2014). Nonetheless, IL-6 and IL-10 polymorphisms are found to be potential risk factors for periodontitis (Scapoli et al., 2012). In addition, Afacan et al. reported that the concentrations of VEGF and TNF-α in GCF were significantly higher in the periodontitis group than in the gingivitis and healthy groups (Afacan et al., 2018). Total amounts of VEGF and TNF-α in GCF were positively correlated with the site-specific clinical periodontal parameters and with each other. Increased GCF VEGF and TNF-α levels in both chronic and aggressive forms of periodontitis might suggest the role of the TNF-α/VEGF pathway in the pathogenesis of periodontal diseases (Afacan et al., 2018). In conclusion, the up-regulation of these selected DEGs is strongly connected to the pathogenesis of periodontitis and has the potential to be the possible pharmacological target.
Classical Complement Pathway and Periodontitis
The gain-of-function C1R and/or C1S variants are now recognized to be the essential element in the pathogenesis of pEDS. The extracellular presence of activated C1s can activate the conventional complement cascade without the presence of other signals (Gröbner et al., 2019). In vitro studies suggests that the production or release of active C1r serine protease may promote gingival hyperinflammation in response to mild biofilm, leading to severe periodontal damage (Bally et al., 2019; Gröbner et al., 2019).
The potential role of complement in human periodontitis was first recognized in the 1970s and 1980s when researchers looked into the GCF under different periodontal statuses (Attstroum et al., 1975; Courts et al., 1977; Schenkein and Genco, 1977). GCF samples from periodontitis patients were found to have complement-dependent hemolytic activity, indicating that GCF contains a functional complement system (Courts et al., 1977; Boackle, 1991). Recent studies also suggest an association between complement and periodontitis. A rare case of aggressive periodontitis with gingival angioedema was linked to deficiency of the C1INH (Roberts et al., 2003). People with periodontitis had a significantly higher occurrence of a single nucleotide polymorphism affecting C5 (rs17611), compared to healthy controls (Chai et al., 2010b). Another study identified C3 as one of the top 21 most promising candidate genes involved in periodontal disease using microarray experiments (Zhan et al., 2014). As for C5, it was reported that C5a can induce the activation of C5Ar in a murine periodontal disease and cause significant bone loss with the help of cytokines like IL-17, IL-1β, IL-6, and TNF (Abe et al., 2012). Conversely, C4 might have a protective effect against periodontitis since partial C4 gene deficiencies are significantly more common in periodontitis patients than in healthy individuals (Seppänen et al., 2007).
In this study, STRING network analysis showed a close relationship between genes involved in the classical complement pathway and DEGs in this study. C3, as previously reported, was located as the central element in the complement pathway (Ricklin and Lambris, 2013) and also showed closer links to other nodes in the STRING network. Meanwhile, C1R and C1S were upstream of the classical complement pathway and not directly connected to DEGs according to the evidences provided by STRING. Several DEGs such as MMP9, VEGFA, IL10, IL1A, IL1B, and IL6 that validated by RT-qPCR were also included in the STRING network and showed close connections to the complement pathway, which implied that they may play as important regulators between C1R/C1S mutation and downstream periodontal phenotypes. However, further research is necessary to confirm the relationship between genes involved in the classical complement pathway and our selected DEGs.
Limitations
Firstly, we acknowledged that our study has a small sample size (due to patient cohort size), which may affect the power of some observations. In addition, only two pEDS patients were enrolled and one of them was affcted by both pEDS and vEDS, which means our result need to be confirmed in other patients in further research. Besides, compared to previous transcriptomic profiling of other EDS subtypes (Chiarelli et al., 2016, 2018, 2019), we used gingival fibroblasts rather than skin fibroblasts. It is not certain that other ECM producing cells, i.e., vascular smooth muscle cells, and skin fibroblasts, would show the same results in terms of gene expression profile. Finally, in the present study, we only validated the RNA-sequencing result by RT-qPCR and ELISA. Further research must be designed and performed to validate the results we found in this study.
CONCLUSION
In conclusion, our approach illustrates global Mrna profiling changes of several genes and related biological processes that could offer novel insights into the pEDS pathophysiology. Approximately 3% of the detected transcriptome showed differential expression and were identified only in monocytes but not in gingival fibroblasts, multiple DEGs were enriched in neutrophil-mediated immunity, response to bacterium, humoral immune response, IL-17 pathway, and TNF-[image: image] pathway. Potential target genes including MMP9, VEGFA, IL10, IL1A, IL1B, IL2RA, and IL6 were significantly upregulated in monocytes which related to periodontal destruction, vascular complication, and skin disease. However, additional functional work is required to verify whether these up-regulated factors are essential in the pEDS mechanism.
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Case report: Mild phenotype of a patient with vascular Ehlers–Danlos syndrome and COL3A1 duplication mutation without alteration in the [Gly-X-Y] repeat sequence
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Background: Vascular-type Ehlers–Danlos syndrome (vEDS) is an autosomal dominant inherited disorder caused by a deficit in collagen III as a result of heterogeneous mutations in the α1 type III collagen gene (COL3A1). Patients with vEDS often experience the first major complications in their early 20s and >80% have at least one complication by their 40s, reducing their average life expectancy to 48 years. Most commonly, vEDS variants are heterozygous missense substitutions of a base-pair encoding a glycine (Gly) residue of the [Gly-X-Y] repeat of the COL3A1 protein. When a peptide chain derived from a mutant allele is present in the procollagen triple helical structure, the helical structure cannot be maintained. Therefore, typically, the mutated collagen peptide induces a dominant negative effect on procollagen production. We reported the case of a patient with vEDS and a unique novel duplication mutation without alteration in the [Gly-X-Y] triplet repeat sequence.
Case presentation: A 58-year-old man developed a sudden disorder of consciousness and abdominal pain and was consequently taken to a nearby hospital, where an intra-abdominal aneurysm was found, in addition to mild small joint hypermobility and acrogeria. There has been no history of spontaneous pneumothorax, dislocation, or subcutaneous hematoma. The analysis of genomic DNA from a blood sample identified a likely pathogenic in-frame duplication mutation in the COL3A1 gene coding region. Interestingly, this mutation is not expected to alter the [Gly-X-Y] triplet repeat sequence. We verified the mutation’s pathogenicity by performing an analysis of synthetic procollagen from cultured skin fibroblasts, electron microscopy, and mRNA expression analysis of unfolded protein response sensors for endoplasmic reticulum (ER) stress.
Conclusion: Although the clinical findings of the case were mild, when compared to typical vEDS, decreased α1 collagen III levels and morphological abnormalities of the collagenous bundles were observed in the patient samples when compared with the normal control samples. Our evidence supports the conclusion that this variant is pathogenic. However, unlike the common vEDS, ER stress was not observed, and the mild phenotype presentation was suggested to be due to the unique mutation, allowing the triple helical structure to be maintained to a certain extent.
Keywords: Vascular Ehlers–Danlos syndrome, COL3A1, triplet repeat sequence, endoplasmic reticulum stress, unfolded protein response, in-frame mutation
INTRODUCTION
Vascular-type Ehlers–Danlos syndrome (vEDS) is an autosomal dominant inherited disorder with a frequency of 1:100,000–250,000 (Byers et al., 2017). vEDS is caused by a deficit in collagen III that results from heterogeneous mutations in the α1 type III collagen gene (COL3A1). The reduction in collagen III can affect the hollow organ walls, such as those of the uterus, intestines, and medium- and large-sized arteries, and the fragility of the connective tissues. In addition to various characteristic manifestations, such as translucent skin, easy bruising, characteristic facial appearance, small joint hypermobility, acrogeria, and others, vEDS patients occasionally also experience fatal complications, such as macrovascular rupture, intestinal perforation, and uterine rupture during pregnancy (Shimaoka et al., 2010; Malfait et al., 2017). Patients with vEDS often experience their first major complication in their early 20s and >80% of them have at least one complication by their 40s, reducing their average life expectancy to 48 years (Pepin et al., 2000).
Collagen proteins comprise a triple helical structure from three peptide chains, and this distinctive structure provides strong stability to the protein. To achieve a triple helical structure, three rich amino acids, namely, glycine (Gly), proline, and modified proline called hydroxyproline, are required. Gly should be one of the three consecutive amino acids to maintain the triple helical structure (Kramer et al., 1999). Most commonly, vEDS variants are heterozygous missense substitutions at a Gly-coding residue in the context of [Gly-X-Y] repeats, and secondly, vEDS are splice-site mutations in COL3A1 (Frank et al., 2015). The mutant collagen peptide induces a dominant negative effect on procollagen production. Procollagen is organized as a triple helical structure formed by three peptide chains (Frank et al., 2015). When a peptide chain derived from the mutant allele is present in the procollagen triple helical structure, the helical structure cannot be maintained (Malfait et al., 2017). The expression level of collagen III produced by fibroblasts of the patients is extremely low, approximately 10%–20% when compared to normal healthy individuals (Shimaoka et al., 2010).
Here, we report the case of a patient with vEDS and a unique novel duplication mutation without alteration in the [Gly-X-Y] triplet repeat sequence. This case shows a mild phenotype, suggesting that the triple helical structure of collagen III chains may have been maintained with this particular mutation to some extent.
CASE PRESENTATION
At presentation, a 58-year-old man developed a sudden disorder of consciousness and abdominal pain and was taken to a nearby hospital, where multiple intra-abdominal aneurysms were found. The aneurysm was under control owing to the administration of antihypertensive drugs, but the patient was referred to our facility because of suspected hereditary connective tissue disease due to the presence of joint hypermobility. The patient’s parents are deceased and had not undergone genetic testing prior to death. Upon patient interview, it was revealed that neither parent had any symptoms attributed to vEDS. Furthermore, informed consent was obtained from the patient for the publication of clinical photographs. No remarkable vEDS facial feature, subcutaneous blood vessel permeability, or skin hyperextension was observed (Figures 1A–C). Contrarily, mild small joint hypermobility and acrogeria were observed (Figures 1D,E). The patient had no history of spontaneous pneumothorax, dislocation, or subcutaneous hematoma. Additionally, no known relatives, including his two daughters, had symptoms of suspected vEDS. The in-frame duplication mutation in the COL3A1 gene was identified through the sequencing analysis of genomic DNA from the blood sample (see below).
[image: Figure 1]FIGURE 1 | Clinical findings. No remarkable findings in terms of vEDS facial features (A), no permeability of subcutaneous blood vessels (B), and no skin hyperextension (C) were observed. Mild small joint hypermobility (D) and acrogeria were observed (E).
The patient was suspected of having vEDS; however, the onset at old age and good clinical course presentation are atypical for vEDS. Thus, we proceeded with the verification of the pathogenicity of the gene mutation identified in this case after obtaining an informed consent from the patient.
After the analysis, the patient understood that the symptoms were probably due to vEDS. The patient had two asymptomatic daughters in their 20s. It is a given that the identified mutation could lead to a mild phenotype if inherited and symptoms could develop in his daughters in the future even if they have been currently asymptomatic. The patient was informed regarding the importance of genetic testing for his daughters, but they declined to undergo the recommended evaluation. During the clinical course, the prescribed antihypertensive drug was switched to celiprolol, and no serious complications occurred during the 8 years after the diagnosis.
METHODS
Determination of the base sequence on the genomic DNA extracted from the blood samples was performed using the Sanger sequencing method as previously reported (Shimaoka et al., 2010). Observation of the tissues obtained by skin biopsy with transmission electron microscopy (TEM) and real-time reverse-transcription polymerase chain reaction (RT-PCR) was performed according to a previously reported protocol (Ishikawa et al., 2021). The analysis of synthetic procollagen from cultured skin fibroblasts was conducted according to a protocol described elsewhere (Shimaoka et al., 2010). Briefly, dermal fibroblasts were cultured to confluence in 100 × 20-mm dishes in DMEM containing 10% FBS. Furthermore, the fibroblasts were incubated with DMEM containing 1% FBS and 5 μCi·ml−1 of 2,3-[3 H] proline in the presence of 50 μg·ml−1 of L-ascorbic acid 2-phosphate for 24 h. The labeled proteins secreted into the culture medium were precipitated by the addition of 5% trichloroacetic acid, and the precipitate was dissolved in 0.05 mol·L−1 acetic acid and digested with pepsin. Moreover, the labeled proteins were separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis in the presence or absence of 2-mercaptoethanol. The radioactive bands were detected by fluorography. We compared these samples with the samples of a single normal control (a 65-year-old man) and a vEDS disease control (a 53-year-old man having c.3365 + 1G>A in COL3A1 in genome DNA), who were matched by age and sex. The following sequences reported in the past were used as the primers used in real-time RT-PCR (Li et al., 2016). ATF6B: forward 5′-GAG​TCA​TCG​CGT​CTC​TCC​AC, reverse 5′-GGC​CTC​AGA​GTT​GAC​GGA​AG, CHOP: forward 5′-AAG​GCA​CTG​AGC​GTA​TCA​TGT, reverse 5′-TGA​AGA​TAC​ACT​TCC​TTC​TTG​AAC​A, and GAPDH: forward 5′-GGC​CTC​CAA​GGA​GTA​AGA​CC-3′, reverse 5′-CTG​TGA​GGA​GGG​GAG​ATT​CA-3′.
Tukey’s test was implemented for the statistical analysis of the real-time RT-PCR data. p-values of ≤0.05 were considered significant. The data are presented as the mean ± standard error of the mean. Statistical comparisons were performed using the Statistical Package for the Social Sciences version 18 (SPSS, Inc., Chicago).
RESULTS
Results of the genetic analysis point to an in-frame duplication in the α1 type III collagen gene as the source of vascular-type Ehlers–Danlos syndrome pathology
By performing Sanger sequencing on the patient’s genome DNA, the [heterozygous] mutation (NM_000090.3:c.2299_2316dup (p.Ile767_Pro772dup) was detected in the COL3A1 gene, encoding α1 type III collagen. This 18-bp in-frame variant maintained the common collagen motif of the [Gly-X-Y] triplet repeat sequence (Figure 2A). This mutation was not registered in the dbSNP of the National Center for Biotechnology Information and the gnomAD. The mutation was predicted as “deleterious” on the basis of the in silico pathogenic prediction using MutationTaster. However, the pathogenicity of this in-frame variant could not be assessed by annotation with the others in multiple in silico programs. Therefore, it was difficult to determine the pathogenicity based only on the genetic analysis.
[image: Figure 2]FIGURE 2 | Mutation analysis of the COL3A1 genomic DNA identified a variant (NM_000090.3:c.2299_2316dup). The repeating sequence of [Gly-X-Y] is retained in the variant allele. “*” indicates Gly positioned in a triplet repeat sequence. “⁑” indicates GT, indicating the beginning of the intron (A). RNA sequencing is shown in (B). mRNA obtained from the fibroblasts of the patient was converted to cDNA using reverse transcriptase, and Sanger sequencing analysis of the cDNA was performed. There are no abnormal nucleotides in the border of exons 33–34. Both alleles have the normal subsequently transcribed exon 34 without an exon skip.
To address the possibility of this duplication mutation leading to a splicing anomaly, the mRNA obtained from the fibroblasts of the patient was converted to cDNA using reverse transcriptase, and Sanger sequencing analysis of the cDNA was performed. Evidence for the presence of a splicing variant was not found (Figure 2B).
Results of the collagen analysis suggest that the mutation affects α1 type III collagen gene protein expression
Procollagens from the cultured skin fibroblasts were electrophoresed and analyzed using our previously reported methods (Shimaoka et al., 2010). vEDS is caused by the inhibition of the synthesis of functional proteins due to a dominant negative effect. The synthesis of collagen III is predicted to be extremely low in patients with vEDS. As expected, in the disease control, α1 collagen III was barely visible, although it was apparent in the normal control. Contrarily, the expression of α1 collagen III in the patient’s sample was at an intermediate level between those of the normal and disease control samples, demonstrating a deficiency in expression (Figure 3A).
[image: Figure 3]FIGURE 3 | Synthetic analysis of procollagen and electron microscopy of collagenous bundles. Procollagen from cultured skin fibroblasts was electrophoresed and analyzed (A). In the disease control, α1 collagen III is barely visible, but in the normal control, it is apparent. Contrarily, the expression in this case’s sample is at an intermediate level between the normal and disease control samples, suggesting a deficiency in expression. Observation of collagenous bundles under TEM (B), bar; 0.5 µm). Numerous small collagenous bundles were found in the disease control, and as a result, the size difference was conspicuous. However, the size was similar to that of the normal control. In the present case, the size difference was milder than it was in the disease control, owing to the structural abnormalities observed when compared with the normal control.
Collagenous bundles show intermediate morphology between typical vascular-type Ehlers–Danlos syndrome and healthy samples
TEM showed numerous small collagenous bundles in the disease control, and as a result, the size difference was conspicuous. However, the size was similar to that of the normal control. This finding is in line with the characteristic findings in vEDS (Smith et al., 1997; Ishikawa et al., 2021). Contrarily, in the present case, the degree of size difference in the collagenous bundles was lesser than it was in the disease control, but the collagenous bundles were observed to exhibit structural abnormalities when compared with those of the normal control (Figure 3B).
Endoplasmic reticulum stress is not apparent in the case
Endoplasmic reticulum (ER) stress is a state in which abnormal proteins of a higher-order structure or proteins that are not normally modified accumulate in the ER lumen, and this can be observed as an expansion of the ER under TEM (Ishikawa et al., 2021). Since ER stress damage cells, cells are equipped with a system to avoid this, which is referred to as the unfolded protein response, wherein CHOP and ATF6 expressions increase (Wu et al., 2007; Li et al., 2016). ER stress is observed in vEDS (Muller et al., 2012; Ishikawa et al., 2021). In this study, TEM showed no dilation of the ER in the normal control, but dilations of the ER were confirmed in the images of the disease control. Contrarily, in the present case, the expansion of the ER was not noticeable (Figure 4A). In real-time RT-PCR using mRNA extracted from the cultured fibroblasts, PCR was performed on four technical replicates of each mRNA sample, and the averages of the results were determined. ATF6 and CHOP were highly expressed in the disease control when compared to the normal control; however, their expression levels in the present case were almost the same as those of the normal control (Figure 4B).
[image: Figure 4]FIGURE 4 | Endoplasmic reticulum (ER) stress and real-time reverse-transcription polymerase chain reaction (RT-PCR) for unfolded protein response sensors. Fibroblasts showed no dilation of the ER in the normal control, but images showing dilated fibroblasts of the ER were obtained in the disease control. In the present case, the expansion of the ER was not noticeable (arrowheads indicate ER (A); bar, 0.5 µm). In real-time RT-PCR using mRNA extracted from cultured fibroblasts, PCR was performed on four technical replicates of each mRNA sample, and the results were averaged. ATF6 and CHOP were highly expressed in the disease control when compared to the normal control; however, their expression levels in the present case were almost the same as those of the normal control (B), error bar: standard error, ns: not significant, *p < 0.05).
DISCUSSION AND CONCLUSION
According to the American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015), PM2 (not registered in the database) and PM4 (in-frame variant) corresponded to the patient’s variant. In silico analysis with multiple programs has been difficult to assess in in-frame variants. Since neither parent had symptoms of vEDS, this variant was presumably the de novo variant; however, the parent’s genes could not be confirmed. Therefore, the evaluation of the ACMG guidelines remains at “Variant of Unknown Significance (VUS).” However, the clinical findings were mild in the present case and were consistent with the symptoms caused by abnormalities in COL3A1, and a decreased collagen III was also confirmed in vitro. In the TEM analysis, morphological abnormalities of collagenous bundles were apparent when compared with those of the normal control. We attributed these findings to abnormalities in COL3A1, although VUS was assessed at the ACMG. Contrarily, this case interestingly showed no evidence of ER stress.
In vEDS cases with the commonly reported Gly mutations in the [Gly-X-Y] repeats or splice-site mutations, the aberrant peptide chains produced by the mutant alleles inhibit the formation of normal peptide triple helices. Practically, the expression level of collagen III is reduced to nearly 10% that of healthy people, which is known as a dominant negative effect (Mao and Bristow, 2001; Shimaoka et al., 2010; Malfait et al., 2017). In collagen fibers, the repeating sequence of [Gly-X-Y] is critically important for maintaining the triple helical structure; if even one of the three peptide chains has an abnormality in the repeating sequence, the triple helical structure cannot be maintained (Mao and Bristow, 2001). Adverse effects of pathogenic gene mutations do not manifest themselves only in protein synthesis processes. Moreover, aberrant peptide chains those fail to construct a triple helical structure due to protein folding in the ER accumulate in the ER (Malfait et al., 2017; Ishikawa et al., 2021), causing ER stress and consequent cell damage (Schroder and Kaufman, 2005).
Conversely, epidemiological studies have already shown that vEDS patients with nonsense mutation display a mild phenotype (Pepin et al., 2014). In nonsense mutations, the abnormal alleles stop producing the peptide chains, which is called haploinsufficiency. Therefore, the peptide chain produced is only from the normal allele, and the dominant negative effect is avoided. Theoretically, collagen III levels were reduced to 50% when compared to the normal control with less major detrimental effects. Furthermore, it is expected that the nonsense variant also has a reduced ER stress response because there is no accumulation of any aberrant peptide chains in the ER (Muller et al., 2012).
In patients with vEDS, although collagen III must be theoretically extremely low from birth, serious complications occur more frequently in adulthood and later, which are rarely seen during infancy (Malfait et al., 2017). Although the pathophysiology of vEDS is still not fully explained, it is considered that the various symptoms in vEDS are caused by a hybrid of two factors: the direct effect of the decrease in collagen III and damaged fibroblasts caused by ER stress (Ishikawa et al., 2021). However, hypothetically, if an in-frame mutation that does not affect the order of [Gly-X-Y] occurs, as in this case, the folding phenomenon in the ER would be mostly normal. Then, the triple helical structure can be maintained in the ER. The absence of an ER expansion might be an indication of avoidance of the dominant negative effects. On the other hand, the mutation in the present case involves the incorporation of two more [Gly-X-Y] residues into the helix. In the collagenous bundles, collagen III would be composed of peptide chains of different lengths (normal length and two [Gly-X-Y] residues as long length) in this case. Presumably, such collagenous bundles are unstable in the extracellular matrix and fragile outside the cell. In this case, the mildly reduced collagen expression, minor morphological abnormalities of the collagenous bundles, and near-normal ER stress support this hypothesis. The lack of ER stress would be associated with a mild phenotype. We have previously reported a case of a gene mutation that does not affect the [Gly-X-Y] repeats, which was a 9-bp deletion. That case was also confirmed to show a mild phenotype (Hayashi et al., 2020). Although there are a few reports of such gene mutations, which are in-frame duplications/deletions in multiples of nine, there is a possibility that such mild phenotypes may not cause serious symptoms. Moreover, patients with such cases may have not gone through genetic examinations at a medical institution due to overlooked vEDS. Thus, there may be undiagnosed patients.
Unfortunately, it is not easy to clearly determine whether the triple helical structures are composed of different lengths of peptide chains in combinations of wild-type and mutant alleles (not affecting the [Gly-X-Y] repetitions) in the extracellular matrix. Furthermore, there are many individual differences in ER stress responses due to the influence of epigenetics (Ramos-Lopez et al., 2018); thus, there is no conclusive evidence to conclude that just the absence of ER stress is associated with dominant negative avoidances. Therefore, this study has its limitations and cannot go beyond the hypothesis.
In conclusion, in the present study, our analyses has indicated that the identified mutations, which are in-frame duplications/deletions in multiples of nine, might underlie the pathogenesis observed in vEDS with a mild phenotype. Identifying the pathogenicity of this unique variant, which has morphological abnormalities in the collagenous bundles despite lower ER stress, is very important for elucidating the pathophysiology of vEDS in the future. The age at onset and severity of vEDS greatly vary regardless of the variant present among the patients, and it is important to investigate the role of ER stress in this clinical difference.
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Tenascin-X (TNX) is an extracellular matrix glycoprotein for which a deficiency results in a recessive form of classical-like Ehlers-Danlos syndrome (clEDS), a heritable connective tissue disorder with hyperextensible skin without atrophic scarring, joint hypermobility, and easy bruising. Notably, patients with clEDS also suffer from not only chronic joint pain and chronic myalgia but also neurological abnormalities such as peripheral paresthesia and axonal polyneuropathy with high frequency. By using TNX-deficient (Tnxb−/−) mice, well-known as a model animal of clEDS, we recently showed that Tnxb−/− mice exhibit hypersensitivity to chemical stimuli and the development of mechanical allodynia due to the hypersensitization of myelinated A-fibers and activation of the spinal dorsal horn. Pain also occurs in other types of EDS. First, we review the underlying molecular mechanisms of pain in EDS, especially that in clEDS. In addition, the roles of TNX as a tumor suppressor protein in cancer progression have been reported. Recent in silico large-scale database analyses have shown that TNX is downregulated in various tumor tissues and that high expression of TNX in tumor cells has a good prognosis. We describe what is so far known about TNX as a tumor suppressor protein. Furthermore, some patients with clEDS show delayed wound healing. Tnxb−/− mice also exhibit impairment of epithelial wound healing in corneas. TNX is also involved in liver fibrosis. We address the molecular mechanism for the induction of COL1A1 by the expression of both a peptide derived from the fibrinogen-related domain of TNX and integrin α11.
Keywords: tenascin-X, Ehlers-Danlos syndromes, clEDS, pain, tumor suppressor, fibrosis
INTRODUCTION
The Ehlers-Danlos syndromes (EDS) comprise a group of rare heritable connective tissue disorders mainly characterized by a variable degree of joint hypermobility, hyperextensible skin and fragility of connective tissues. Currently, 14 EDS are classified according to typical clinical features, and 20 causal genes that are mainly responsible for collagen and extracellular matrix (ECM) synthesis and maintenance have been identified (Malfait et al., 2020). Among the 14 types of EDS, non-collagenous classical-like EDS (clEDS) is the result of tenascin-X (TNX) deficiency with homozygous or compound heterozygous mutations in its gene (TNXB) (Burch et al., 1997; Schalkwijk et al., 2001; Malfait et al., 2017). The major clinical features of clEDS are generalized joint hypermobility, hyperextensible velvety skin without atrophic scarring, and easy bruising (Malfait et al., 2017) (Figure 1A).
[image: Figure 1]FIGURE 1 | Clinical features of TNX-related clEDS (A) and clEDS-related phenotypes of Tnxb−/− mice (B). Symptoms in many patients with TNX-related clEDS are shown in (A) (van Dijk et al., 2022). Major clEDS-related phenotypes exhibited in Tnxb−/− mice are shown in (B) (Matsumoto and Aoki, 2020). Complaints associated with pain are highlighted by red letters in (A) and (B).
A causal gene for clEDS, TNXB, was identified serendipitously as an opposite strand gene (OSG) with its 3′ genomic overlap with the steroid 21-hydroxylase gene (CYP21A2) in the human major histocompatibility complex (MHC) class III region (Morel et al., 1989). Further independent analyses of the MHC class III region revealed a novel gene having the highest homology with tenascin-C (TNC) and the OSG is the portion of the 3’ region of the gene, naming the novel gene TNXB (Matsumoto et al., 1992a; Matsumoto et al., 1992b; Bristow et al., 1993; Erickson, 1993). TNX is the largest glycoprotein in the tenascin family with a size of roughly 450 kDa and is composed of characteristic structural domains with a tenascin assemble region, heptad repeats, epidermal growth factor (EGF)-like repeats, fibronectin type III (FNIII)-like repeats, and a fibrinogen (FBG)-related domain (Bristow et al., 1993; Ikuta et al., 1998).
TNX is expressed prominently in a variety of tissues including the heart, skin, skeletal muscle, peripheral nerves, ligaments, tendons and the digestive tract, while there are very low expression levels in immune tissues such as the thymus, bone marrow and lymphocytes (Matsumoto et al., 1994; Geffrotin et al., 1995). Brain-derived neurotrophic factor (BDNF) has been identified as an up-regulator of TNX expression (Takeda et al., 2005) and glucocorticoids have been identified as a down-regulators of TNX expression (Sakai et al., 1996).
TNX has physiological functions in collagen deposition (Mao et al., 2002; Minamitani et al., 2004a), collagen stability (Mao and Bristow, 2001), physical property of collagen (Margaron et al., 2010) and collagen fibrillogenesis (Minamitani et al., 2004b; Egging et al., 2007). Several phenotypes tied to the function of TNX have been revealed by using Tnxb−/− mice (Matsumoto and Aoki, 2020) (Figure 1B).
In this review, we focus on the function of TNX in pain related to a characteristic of clEDS as well as in tumor suppression and fibrosis.
CLINICAL CHARACTERISTICS OF TNX-RELATED CLEDS
TNX-related clEDS was identified in 56 individuals from 44 families so far (van Dijk et al., 2022). The major clinical characteristics of TNX-related clEDS are skin hyperextensibility with velvety skin texture and absence of atrophic scaring (100% of patients), generalized joint hypermobility with or without recurrent dislocations (100%), and easy or spontaneous bruising of the skin including hematomas and ecchymoses (91%), as shown in Figure 1A (Malfait et al., 2017; van Dijk et al., 2022). It has been considered that the absence of atrophic scaring is a characteristic of clEDS, distinguish it from classical EDS, but mild atrophic scarring was observed in seven clEDS patients (Chen et al., 2016; Green et al., 2020). Additional musculoskeletal presentations of TNX-related clEDS are foot abnormalities including broad/plump forefoot, brachydactyly with excessive skin, pes planus, hallux valgus, and painful soles of the feet (81%), edema in the legs in the absence of cardiac failure (25%), hand anomalies (20%), and complaints of fatigue (53%) (van Dijk et al., 2022). Cardiovascular presentations of TNX-related clEDS are vascular fragility (27%), mild valvular abnormality (16%), and cardiomyopathy (5%) (van Dijk et al., 2022). Vascular fragility has been reported to cause major medical events such as rupture of the brachial vein and aneurysmal abdominal arteries (Demirdas et al., 2017; Micale et al., 2019). Neuromuscular presentations of TNX-related clEDS are subjective muscle weakness (37%), axonal polyneuropathy (14%), and atrophy of muscles in the hands and feet (4%) (van Dijk et al., 2022). Voermans et al. (2009) reported that TNX-deficient EDS patients show muscle weakness, myalgia, easy fatigability, and limited walking distance. Physical examination revealed mild-to-moderate muscle weakness, hypotonia, reduction of vibration sense, hyporeflexia, and impairment of mobility. Furthermore, clinical neurological studies showed axonal polyneuropathy and mild abnormal motor unit action potentials, and muscle ultrasound showed increased echo intensity and atrophy (Voermans et al., 2009). Interestingly, neuromuscular features have been observed in adults but not in children (Demirdas et al., 2017). Other presentations of TNX-related clEDS are gastrointestinal fragility including esophageal, small bowel and/or large bowel ruptures (16%), vaginal/uterus/rectal prolapse (21%), and other types of fragility including trachea rupture after intubation and defect of nasal cartilages after nose blowing (4%) (van Dijk et al., 2022).
PAIN IN CLEDS DUE TO TNX DEFICIENCY
Pain is a common and severe symptom in patients with various types of EDS (Chopra et al., 2017; Syx et al., 2017; Malfait et al., 2021). Pain initially occurs as acute and localized musculoskeletal nociception in different joints and limbs in relation to hypermobility, subluxations, dislocations, soft-tissue injury, myalgias, and surgery (Chopra et al., 2017). However, pain related to EDS gradually becomes chronic (lasting for longer than 3 months) and assumes a more generalized distribution (Chopra et al., 2017; Syx et al., 2017). Among the various types of EDS, chronic pain is most frequent in hypermobile EDS. Chopra et al. (2017) reported that pain in patients with hypermobile EDS occurs in various forms including generalized body pain (incidence of 90%), soft-tissue pain (90%), dislocations (78%), and joint pain including pain in the shoulders (80%), hands (75%), knees (71%), temporomandibular joints (71%), spine (67%), and elbows (43%). In addition to musculoskeletal pain, patients with hypermobile EDS suffer from chronic fatigue (95%), neuropathic pain (68%), headaches (75%), gastrointestinal pain (86%), dysmenorrhea (73%), and vulvodynia/dyspareunia (42%). Pathological chronic pain is also caused by a lesion or disease of the somatosensory nervous system, and that pain is called neuropathic pain (Jensen et al., 2011). There is a high frequency of neuropathic pain in patients with EDS who have chronic pain (Chopra et al., 2017). Neuropathic pain occurs as spontaneous pain such as shooting, and burning, or stabbing pain, an increased response to normally noxious stimuli (hyperalgesia), and pain due to normally innocuous stimuli (allodynia) (Colloca et al., 2017).
It has been reported that TNX-related clEDS patients complain of chronic pain including joint pain, myalgia, back pain, abdominal pain, and fatigue (Figure 1A) (Schalkwijk et al., 2001; Voermans et al., 2009; Demirdas et al., 2017; Green et al., 2020; van Dijk et al., 2022). We first reported pain responses in a murine TNX-deficient EDS model (Okuda-Ashitaka et al., 2020). Our studies with Tnxb−/− mice showed increased sensitivity to innocuous mechanical stimuli but not to thermal stimuli such as cold and heat, suggesting that TNX deficiency is involved in the development of mechanical allodynia, a major feature of neuropathic pain (Figure 1B) (Okuda-Ashitaka et al., 2020). Furthermore, Tnxb−/− mice also exhibited hypersensitization of myelinated Aδ- and Aβ-fibers, but not unmyelinated C fibers, by using transcutaneous sine wave stimuli (Figure 2). TNX is highly expressed in tendons, ligaments, and peripheral nerves (Geffrotin et al., 1995). TNX exists in the perineurium, endoneurium, and Schwann cells in the sciatic nerve (Matsumoto et al., 2002; Sakai et al., 2017; Okuda-Ashitaka et al., 2020). Electron microscopy analysis of the sciatic nerve showed modestly smaller inner and outer diameters of myelinated fibers and reduced collagen fibril density in the endoneurium in Tnxb−/− mice (Voermans et al., 2011), whereas there was no significant difference in the numbers of axons or thickness of the myelin sheaths in Tnxb−/− mice (Matsumoto et al., 2002). Moderate changes of myelinated fibers and hypersensitization of myelinated Aδ- and Aβ-fibers in Tnxb−/− mice may be correlated to the axonal polyneuropathy in TNX-deficient EDS (Voermans et al., 2009). Axonal polyneuropathy is thought to be one of the mechanisms of neuropathic pain in EDS (Voermans et al., 2011). Furthermore, Tnxb−/− mice showed increased levels of anatomical neuronal activation markers, phosphorylated extracellular signal-regulated kinase and neuronal nitric oxide in the spinal dorsal horn, indicating that TNX deficiency induces spinal central sensitization, namely, another mechanism of neuropathic pain (Okuda-Ashitaka et al., 2020). Similar to pain responses in Tnxb−/− mice, a murine classical EDS model, type V collagen (COL5A1) haploinsufficient (Col5a1+/−) mice, showed mechanical allodynia but not thermal hyperalgesia (Syx et al., 2020). Col5a1+/− mice showed a disorganization of Nav1.8-expressing fibers including above 90% C-fibers, with less fibers crossing the epidermis of footpad glabrous skin. These results indicated that pain in both TNX-related clEDS and COL5A1-related classical EDS corresponds to neuropathic pain associated with hypersensitization of myelinated Aδ- and Aβ-fibers, disorganization of Nav1.8-expressing fibers, and central sensitization of the spinal cord.
[image: Figure 2]FIGURE 2 | Model of pathogenesis for mechanical allodynia in Tnxb−/− mice. Somatosensory information is detected in the primary afferent fibers extending to the skin, which in turn is transmitted to the spinal cord and then to the brain. Unmyelinated C-fibers and lightly myelinated Aδ-fibers conduct noxious and thermal signals, whereas myelinated Aβ-fibers conduct innocuous signals such as touch and pressure (Moehring et al., 2018). Tnxb−/− mice exhibited increased sensitivity to innocuous mechanical stimuli but not thermal stimuli, indicating the induction of mechanical allodynia (Okuda-Ashitaka et al., 2020). Likewise, Tnxb−/− mice showed hypersensitization of myelinated Aδ- and Aβ-fibers but not C-fibers. Furthermore, levels of activated neuron markers, phosphorylation of extracellular signal-related kinase and NADPH-diaphorase activity of neuronal nitric oxide were increased in the spinal dorsal horn of Tnxb−/− mice compared to those in wild-type mice. Thus, TNX deficiency is involved in mechanical allodynia associated with hypersensitization of myelinated Aδ- and Aβ-fibers and central sensitization of the spinal cord.
Additionally, TNX influences neuronal functions in gut tissues including abdominal pain (Figure 1A). Tnxb−/− mice show hypersensitivity of colonic nociceptive afferents and increased sensory neuron sprouting in the mucosa (Aktar et al., 2018). Tnxb−/− mice also exhibited gastric dysfunction associated with accelerated gastric emptying and hypersensitivity of gastric vagal mechanoreceptors (Figure 1B) (Aktar et al., 2019), which are consistent with TNX-related clEDS patients (Schalkwijk et al., 2001; Lindor and Bristow, 2005).
TNX WITH TUMOR SUPPRESSIVE FUNCTION
Previously, we demonstrated that Tnxb−/− mice bearing aggressive B16-BL6 melanoma cells exhibit promotion of tumor invasion and metastasis due to upregulation of matrix metalloproteinases Mmp2 and Mmp9 followed by enhanced activities of the MMPs (Matsumoto et al., 2001; Matsumoto et al., 2004). Conversely, overexpression of TNX in fibroblasts downregulated the expression of Mmp2 (Matsumoto et al., 2004). In addition, silencing of long non-coding RNA (LncRNA) LINC01305 inhibited the progression of lung cancer by activating the TNX-mediated phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway (Yan et al., 2020). Moreover, it has been revealed that a functional variant in the TNXB promoter is associated with risk of esophageal squamous-cell carcinoma (ESCC) in the Chinese population, leading to the expression of TNXB being downregulated in ESCC tissues (Chang et al., 2018; Yang et al., 2020). Knockout of TNXB significantly increased cell proliferation of ESCC cells (Yang et al., 2020). These results suggest that TNX has a tumor suppressor role. Interestingly, when carcinoma cells were transplanted into the skin of nude mice, the expression of TNX was downregulated substantially not only in the transplanted tumor cells themselves but also in the surrounding tumor stroma (Sakai et al., 1996).
In conjunction with a tumor suppressor role of TNX, the expression of TNX was shown to be downregulated in most tumor tissues such as the lung, breast, prostate, colon, stomach, liver, kidney, skin melanoma, and leiomyoma by using in silico large database studies of the Gene Expression Omnibus (GEO) and The Cancer Genomic Atlas (TCGA) (Liot et al., 2020), although there are some discrepancies in the expression pattern of TNX in glioma and ovarian cancer compared with those of previous published data (Hasegawa et al., 1997; Kramer et al., 2015). In another study using the TCGA database for ECM gene dysregulation in cancer, 58 out of 249 ECM genes were identified as cancer-associated ECM genes and TNXB was found to be the most significantly downregulated among those genes in cancers (Chakravarthy et al., 2018). Even more interesting is that TNXB expression is inversely correlated with tumor progression and that a high level of TNX in tumor tissues predicts a good prognosis (Liot et al., 2020).
Meanwhile, as an exception, the expression of TNX is upregulated in malignant mesothelioma (Yuan et al., 2009; Davidson, 2011; Nakayama et al., 2019). This evidence suggests that TNX is applicable as a diagnostic marker of malignant mesothelioma since most other tumors are negative for TNX expression.
INVOLVEMENT OF TNX IN FIBROSIS AND WOUND HEALING
Alcaraz et al. (2014) showed that a fibrinogen (FBG)-related domain of TNX (TNX-FBG) interacts with small latent TGF-β complex (SLC) and elicits the activation of its latent form into a bioactive form with integrin α11β1, leading to epithelial-to-mesenchymal transition in mammary epithelial cells. On the other hand, Liang et al. (2022) recently demonstrated that TNX-FBG interacts with mature TGF-β and impedes it from binding to its receptor, mediating flow-inducing suppression of endothelial-to-mesenchymal transition and atherosclerosis.
Previously, our group revealed that Tnxb−/− mice fed a high-fat and high-cholesterol diet with high levels of phosphorus and calcium (HFCD) exhibit less fibrotic characteristics in livers than those in wild-type mice, indicating the involvement of TNX in hepatic fibrosis (Yamaguchi et al., 2017). Fibrosis is a pathological sign of wound healing that replaces damaged tissue with collagen-rich scar tissue. We attempted to disclose the molecular mechanism by which TNX induces in vitro fibrosis such as the induction of type I collagen 1α (COL1A1) expression. Initially, we speculated that TGF-β and TNX-FBG with integrin α11β1 are involved in the induction of COL1A1 expression since interaction of the TNX-FBG domain and TGF-β was reported previously (Alcaraz et al., 2014) and TGF-β is a well-known central mediator of fibrosis (Dewidar et al., 2019). However, contrary to our initial expectation, we found that the Yes-associated protein 1 (YAP1) signaling pathway through integrin α11β1 plays a major role in the induction of COL1A1 expression by expression of the TNX-FBG domain in human hepatic stellate LX-2 cells and that the minimum 15-amino acid (aa) sequence derived from the TNX-FBG domain is required for the induction of COL1A1 expression in the LX-2 cells (Matsumoto et al., 2022). Since integrin α11β1 is known to be a receptor for type I collagen (COL1) and type II collagen (Zhang et al., 2003), it is yet to be determined whether interaction of the TNX-FBG domain with integrin α11β1 is direct or indirect for the induction of COL1A1expression.
According to previous reports, 41% of patients with TNX-deficient clEDS showed delayed wound healing (Demirdas et al., 2017). Notably, the corneas of Tnxb−/− mice that underwent epithelium debridement exhibited impairment of epithelial wound healing due to increased neutrophil infiltration and activation of reactive oxygen species (Sumioka et al., 2021). TNX might also be involved in the angiogenetic process during wound healing. Injury-induced corneal stromal angiogenesis in Tnxb−/− mice was impaired (Sumioka et al., 2018).
CONCLUSION AND PERSPECTIVES
In this review, we described the molecular mechanisms of pain caused by TNX deficiency as well as by mutation of collagens mimicking the characteristics of EDS, the function of TNX as a tumor suppressor, and the involvement of TNX in fibrosis.
Concerning pain associated with malfunction of the ECM, the contribution of TNX-deficient clEDS and COL5A1 haploinsufficiency-related classical EDS to the development of neuropathic pain has been revealed by using a murine EDS model. Patients with EDS take large amounts of medications such as acetaminophen, non-steroid anti-inflammatory drugs (NSAIDs), anticonvulsants, antidepressants, opioids, and lidocaine; however, current managements are inadequate (Demes et al., 2020; Whalen and Crone, 2022). Interestingly, mechanical allodynia in Tnxb−/− mice was inhibited by the anticonvulsant drug gabapentin and the mu-opioid agonist [D-Ala2, N-MePhe4, Gly-ol5]-enkephalin (DAMGO) but not by the NSAID indomethacin (Okuda-Ashitaka et al., 2020). In the future, more efficacious approaches in line with the mechanisms causing pain in patients with EDS are expected.
Concerning tumor progression associated with TNX expression, the increased expression of TNX in malignant mesothelioma is very interesting, despite its expression being downregulated in most tumor tissues. Yuan et al. (2009) showed some splice variants of TNX are observed in malignant mesothelioma. The splice variants of TNX might be involved in the malignancy of mesothelioma. In the future, analyses of not only splice variants of TNX itself but also proteins that interact with their splice variants are needed to reveal the specific function of TNX in malignant mesothelioma.
Finally, we showed that COL1A1 expression was induced by expression of both the 15-aa peptide in the TNX-FBG domain and integrin α11 in hepatic stellate LX-2 cells in vitro (Matsumoto et al., 2022). Further experiments are needed to determine whether expression of the 15-aa peptide from the TNX-FBG domain in liver can induce COL1A1 expression leading to hepatic fibrosis in vivo.
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Introduction: Vascular Ehlers–Danlos syndrome (vEDS) is an autosomal dominant inherited connective tissue condition, characterized by generalized tissue fragility with an increased risk of arterial dissection and hollow organ rupture. In women with vEDS, pregnancy and childbirth carry significant risks of both morbidity and mortality. The Human Fertilisation and Embryology Authority has approved vEDS for pre-implantation genetic diagnosis (PGD), given the potential for life-limiting complications. PGD avoids implantation of embryos that are affected by specific disorders by carrying out genetic testing (either for a familial variant or whole gene) and selecting unaffected embryos prior to implantation.
Case: We present an essential clinical update to the only published clinical case of a woman with vEDS undergoing PGD with surrogacy, initially through stimulated in vitro fertilization (IVF) and in vitro maturation (IVM) and subsequently through natural IVF.
Discussion: In our experience, a subset of women with vEDS do wish to have biological, unaffected children through PGD despite being aware of the risks of pregnancy and delivery. Given the clinical heterogeneity in vEDS, these women could be considered on a case-by-case basis for PGD. Controlled studies with comprehensive patient monitoring evaluating the safety of PGD are essential to equitable healthcare provision.
Keywords: pre-implantation genetic diagnosis, vascular, Ehlers–Danlos syndrome, in vitro fertilization, surrogacy
1 INTRODUCTION
Pre-implantation genetic diagnosis (PGD) is available for many inherited conditions. Vascular EDS (vEDS), an inherited tissue condition characterized by generalized tissue fragility, is an accepted indication for PGD approved by the Human Fertilisation and Embryology Authority (HFEA) (HFEA, 2010). However, there is only one documented case of PGD in a woman diagnosed with vEDS (Bergeron et al., 2014); we present her medical history with an update on important clinical update on her reproductive history. In addition, the current European Society of Cardiology (ESC) guidance on pregnancy in cardiovascular disease patients and outcomes of pregnancy in women with vEDS will be discussed.
Ehlers–Danlos syndrome (EDS) is a heterogeneous group of connective tissue disorders characterized by joint hypermobility, skin and vessel fragility, and generalized tissue friability (Malfait, 2018). VEDS is a rare inherited connective tissue disorder that, in most cases, results from heterozygous pathogenic variants in the COL3A1 gene encoding type III collagen (Malfait et al., 2017).
Major criteria for a diagnosis of vEDS consist of i) a family history of vEDS with a documented causative variant, ii) arterial rupture at a young age, iii) spontaneous sigmoid colon perforation in the absence of known pathology, iv) uterine rupture during the third trimester in the absence of previous C-section and/or severe peripartum tears, and v) carotid-cavernous sinus fistula formation in the absence of trauma (Malfait et al., 2017).
Depending on the specific underlying COL3A1 gene variant, there will be decreased collagen type III production; this amount can vary from 50% to 87.5% (Malfait et al., 2020). Genotype–phenotype relationships have been observed with heterozygous protein-altering variants, accounting for earlier and more severe onset of symptoms than heterozygous null variants which cause a 50% reduction of collagen type III (Frank et al., 2015; Malfait et al., 2020). Intra and interfamilial variability have been noted in families with vascular EDS with regard to the age of onset and type of clinical events (Jørgensen et al., 2015).
For women with inherited disorders who wish to become pregnant, there are a variety of options including invasive prenatal diagnosis; however, only pre-implantation genetic diagnosis allows parents to have an unaffected, biological child without the risk of termination of pregnancy when the fetus is affected (NHS England, 2014). PGD is carried out through in vitro fertilization (IVF) of oocytes and spermatocytes from the parents, subsequent genetic testing of early embryos for the familial pathogenic variant(s), and selection of unaffected embryos via genetic testing (in this case of the COL3A1 gene) prior to transfer to the uterus (NHS England, 2014). PGD does not screen embryos for other inherited conditions, and the fetus would be at a population risk of being affected by any other disorders (NHS England, 2014).
In women with vEDS, pregnancy does not only hold the 50% risk of having an affected child but also carries risk to maternal health including arterial events, uterine rupture, and death (5% risk of death) (Pepin et al., 2000; Byers et al., 2017; Malfait et al., 2017). In women affected by vEDS, these risks can be avoided through surrogacy. However, in surrogacy, the vEDS status of the fetus can still affect the pregnancy, for example, with increased rates of premature birth for fetuses affected by vEDS (Stephens et al., 2022). Surrogacy with PGD is an additional option where unaffected embryos can be transferred to an unaffected surrogate, reducing risk to the fetus and to the surrogate. However, altruistic surrogacy often requires expenses to be paid which may exclude this option for families and still carries the population-level risks of pregnancy and childbirth for the surrogate and fetus unaffected by vEDS (UK Government, 2021).
Current ESC guidance advises that pregnancy should be avoided in all women with vEDS, given the complication risks (European Society of Cardiology, 2018). However, there are no guidelines discussing assisted reproductive techniques in these women.
2 CASE REPORT
The original report (Bergeron et al., 2014) followed a 33-year-old woman, who had been diagnosed with vEDS due to a de novo heterozygous pathogenic COL3A1 variant (c.2492G>A, p. Gly831Asp). She had a desire to have children while minimizing both the risk to herself from pregnancy-related complications and of her children inheriting the pathogenic variant and being affected with vEDS. We have detailed her medical history in the following paragraphs.
She was born with a unilateral congenital hip dislocation. At the age of 9, she suffered a left anterior cruciate ligament rupture while dancing. At 27, she had a hemorrhagic rupture of a liver cyst. The following year, she developed a right peroneal arterial aneurysm, which triggered genetic testing, and was molecularly confirmed to have vEDS. At age 29, she experienced a right coronary artery dissection complicated by a right iliac artery dissection post-angiogram.
At age 30, she started pre-conception counseling for PGD with surrogacy. Standard IVF protocols were commenced at age 32; however, during the first round of hormonal stimulation, egg retrieval was delayed over the weekend, and she had a splenic artery aneurysm rupture. This was her first exposure to IVF hormonal stimulation, and she was advised to avoid further doses after concerns regarding possible hormonal effects on vasculature. She developed a left-sided deep vein thrombosis (DVT) shortly after discharge, which was managed with standard anti-coagulation protocols, and developed a liver hematoma a month later. At the age of 33, she started natural (unstimulated) IVF and underwent four cycles with successful oocyte retrieval but unsuccessful implantation. After these cycles, she began the previously reported in vitro maturation (IVM) cycles and underwent six cycles with successful retrieval but unsuccessful implantation (Bergeron et al., 2014).
In addition to the publication of her medical history by Bergeron et al., a different surrogate was used and the patient continued natural IVF at age 35, undergoing six cycles to create four embryos. Implantation was successful, and her son was born and confirmed with prenatal testing and postnatal testing to be negative for the familial COL3A1 variant. She continued natural IVF and underwent 20 cycles and 19 egg retrievals (after ovulating prior to one retrieval). All egg retrievals were transvaginal under sedation and carried out by a trained gynecologist. There was no reported organ damage or significant bleeds directly associated with the transvaginal egg retrievals. During this time, she had further vEDS-related complications; at age 38, she developed a spontaneous dissection of the infrarenal aorta below the inferior mesenteric artery complicated by sigmoid volvulus which was managed endoscopically. At age 41, another implantation was successful with the same surrogate; her daughter was born and confirmed to be negative for the familial COL3A1 variant during prenatal and postnatal genetic testing (Figure 1).
[image: Figure 1]FIGURE 1 | Timeline of clinical events recorded in the proband. IVF, in vitro fertilization; IVM, —in vitro maturation; vEDS, —vascular Ehlers–Danlos syndrome; PGD, —pre-implantation genetic diagnosis. Implantation and births via surrogate.
3 DISCUSSION
The reported patient, who had experienced a number of arterial events throughout her lifetime, underwent IVF with PGD and surrogacy and, as a result, had two children unaffected by vEDS. This involved a single cycle of hormonally stimulated IVF, followed by vascular complications, then four natural (without hormonal stimulation) IVF cycles and six IVM (in vitro maturation, collection, and maturation of oocytes in vitro) cycles without complication, and finally, 26 cycles of natural IVF with vascular complications midway through these cycles, unrelated to any procedures. As the only report in the literature of assisted conception in a woman with a molecularly confirmed diagnosis of vEDS, this report is relevant for a number of reasons. First, assisted conception and surrogacy could be considered a reproductive option for women with vEDS. Second, the sequence of serious arterial events prior to and following her single cycle of stimulated IVF questions the hypothesis that the first arterial event occurred purely due to ovarian hyperstimulation. Third, this patient underwent multiple (n = 33) transvaginal egg retrievals without complications, suggesting that this procedure may cause relatively low risks in women with vEDS. However, further investigations and formal studies are required to fully evaluate the risk of assisted conception in individuals with vEDS.
There is some evidence that hormonal treatments can exacerbate vascular fragility, alter the hemodynamic state, and precipitate cardiovascular events in susceptible patients (Iyasere and Potdar, 2022). Natural IVF involves close monitoring of natural ovulation cycles with no exogenous hormonal treatments but still requires manual egg retrieval.
General recommendations from the ESC regarding IVF in women with any cardiovascular disease include careful consideration of hormone dosages to manage or avoid prothrombotic conditions such as ovarian hyperstimulation syndrome and consideration of natural IVF (European Society of Cardiology, 2018). The ESC guidance makes no specific recommendations regarding egg retrieval risks or surrogacy in cardiovascular disease (European Society of Cardiology, 2018). General recommendations for cardiologists from the ESC advise that pregnancy is avoided in all women with a vEDS diagnosis (European Society of Cardiology, 2018). However, in reality, many female patients with vEDS continue to have pregnancies and are offered regular surveillance throughout. The lack of published data on PGD with or without surrogates in women with vEDS is important, given that there are women with vEDS who are aware of their diagnosis before they start a family and that vascular EDS is an accepted indication for PGD. Women with vEDS may potentially be discouraged from PGD as the risk from assisted reproductive techniques is unknown and pregnancy is deemed too risky. The most recent data on risks in pregnancy for women with vEDS are presented in the following paragraphs; however, it is important to note that not all individuals were diagnosed prior to pregnancy, and use of monitoring and current treatments (which are improving the life expectancy for this patient group) was not consistent (Frank et al., 2019).
Data were analyzed from 526 women with vEDS as an update to a previous cohort (Pepin et al., 2000), comparing 243 nulliparous women against a cohort of 283 women who had had at least one pregnancy (Murray et al., 2014). Women with vEDS had a pregnancy-related death rate of 4.9%. When stratified for the variant type, protein-altering variants resulted in a 5.3% death rate per delivery (30 deaths in 256 women across 565 delivered pregnancies), while there were no deaths in those women with heterozygous null variants. Importantly, Kaplan–Meier survival curve analysis showed no significant difference in survival between nulliparous and parous women with vEDS (Murray et al., 2014). In contrast, pregnancy-related mortality in the United States in 2017 was 0.02% across the entire population (Centres for Disease Control and Prevention, 2020). Within this study, a smaller cohort of 38 women with vEDS were interviewed about pregnancy-related complications; only 10.6% had a diagnosis of vEDS prior to conception, and three had null variants. Patients with null variants had a preterm delivery and third-degree and fourth-degree lacerations (Murray et al., 2014). The 35 women with protein-altering variants delivered 76 pregnancies, of which 49% (n = 35) of planned deliveries were uncomplicated. Complications included maternal death (n = 5), non-fatal vEDS-related complications (n = 5) (e.g., coronary artery dissection), and other complications (n = 46) including preterm delivery, third- or fourth-degree lacerations (only seen in vaginal deliveries), hemorrhage, and placenta previa or abruption (Murray et al., 2014).
The Registry of Pregnancy And Cardiac disease (ROPAC) has released data on pregnancy in women with thoracic aortic disease. This group contained four individuals with vEDS, one of whom had had a previous type B aortic dissection; all vEDS individuals underwent caesarean sections without complication (Campens et al., 2021).
Specific variants in COL1A1 and COL3A1 can result in overlapping phenotypes between classical EDS (thought to have a lower risk of vascular events) and vascular EDS. A recent study of 26 pregnancies in individuals with these variants reported no severe pregnancy-related complications (six perineal tears and one multiple miscarriage) (Colman et al., 2022). However, arterial events have been reported in this cohort during pregnancy, including a brachial artery dissection at 26 weeks in an individual with an atypical COL3A1 variant (Ghali et al., 2019). Haploinsufficient variants in vEDS are thought to result in a milder phenotype, and a recent report of two haploinsufficient individuals did not identify any pregnancy-related complications (Kempers et al., 2022). Variation in phenotype severity may mean that pregnancy-related risk is also variable and could be assessed on a case-by-case basis (Frank et al., 2015; Jørgensen et al., 2015; Malfait et al., 2020).
Investigation of the frequency of complications related to fetal vEDS status found that premature birth was more commonly seen in affected rather than unaffected fetuses and that this was not impacted by the maternal vEDS status (Stephens et al., 2022). PGD with or without surrogacy, therefore, shows potential to reduce both maternal and fetal risks.
An alternative to PGD which ensures an unaffected child is invasive prenatal diagnosis (IPD), which would involve termination of any affected fetus (NHS England, 2014). ESC guidance discusses termination of pregnancy and recommends that for any women with high-risk cardiovascular disease, surgical termination in an experienced center is more appropriate, and medical terminations should be considered only up to 9 weeks using reduced dosages (European Society of Cardiology, 2018). However, prenatal testing can only be performed accurately after 11 weeks (Alfirevic et al., 2017). In women with vEDS, non-invasive prenatal diagnosis (NIPD) is currently not possible as the maternal variant will prevent differentiation from the fetus (Jenkins et al., 2018). Therefore, women with vEDS would have the option of a surgical termination only, which, given their generalized tissue fragility, would be considered a high-risk procedure. Additionally, the procedure of prenatal diagnosis is not without risk, particularly in the context of disorders of tissue fragility, and is also not acceptable to some individuals. Together, these concerns make prenatal diagnosis a potentially risky route and may discourage women with connective tissue disorders and vascular involvement from seeking prenatal genetic diagnosis as it would only be offered to those who would consider termination (a 50% risk for a woman with vEDS). There are no current published data on the safety of termination in women with vEDS.
In our experience, many women with vEDS remain keen to have their own biological children. Lack of communication regarding reproductive options and safety may put this group of patients at further risk as their ability to make an informed decision around reproduction is reduced and may, at worst, result in an unmonitored pregnancy. This is highlighted by the vEDS Research Collaborative members, who have recently published a research agenda which has pregnancy management as one of four important areas of focus (Sage et al., 2020).
4 CONCLUSION
We think that there is a place for considering each woman with vEDS for PGD with or without surrogacy on an individual basis, including medical history regarding events related to vEDS, family history, and specific underlying genetic cause. It is important to ensure that all women with vEDS who wish for biological children are counseled, informed of up-to-date risks, and have a clear understanding regarding the advantages and disadvantages of all available options including natural and hormonal IVF, PGD, and surrogacy.
We hope for a discussion regarding reproduction in women with vEDS despite the increased risk of death or complications in pregnancy in comparison to the general population. PGD offers the only route for families wishing to have unaffected biological children without the 50% risk of termination of pregnancy; if couples are well-informed of the hypothetical and potential risks, it may be that this could be offered on an individual case-by-case basis. Controlled studies with comprehensive patient monitoring evaluating the safety of PGD in these women are essential to equitable healthcare provision and patient counseling.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
CA: first authorship, data collection, and manuscript drafting; NG: patient information collection and manuscript supervision; FS: last authorship, patient information collection, and manuscript supervision.
FUNDING
We have open access funding for the publication of this paper (Imperial College London, PO number: 4550140).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alfirevic, Z., Navaratnam, K., and Mujezinovic, F. (2017). Amniocentesis and chorionic villus sampling for prenatal diagnosis. Cochrane Database Syst. Rev. 9 (9), CD003252. doi:10.1002/14651858.CD003252.pub2
 Bergeron, M. E., Child, T., and Fatum, M. (2014). In vitro maturation and surrogacy in patients with vascular-type Ehlers-Danlos syndrome--a safe assisted reproductive technology approach. Hum. Fertil. (Camb) 17 (2), 141–144. doi:10.3109/14647273.2014.903002
 Byers, P. H., Belmont, J., Black, J., De Backer, J., Frank, M., Jeunemaitre, X., et al. (2017). Diagnosis, natural history, and management in vascular Ehlers-Danlos syndrome. Am. J. Med. Genet. C Semin. Med. Genet. 175 (1), 40–47. doi:10.1002/ajmg.c.31553
 Campens, L., Baris, L., Scott, N. S., Broberg, C. S., Bondue, A., Jondeau, G., et al. (2021). ROPAC investigators group. Pregnancy outcome in thoracic aortic disease data from the Registry of Pregnancy and Cardiac disease. Heart 107 (21), 1704–1709. doi:10.1136/heartjnl-2020-318183
 Centres for Disease Control and Prevention (2020); Pregnancy mortality surveillance system, Available at: https://www.cdc.gov/reproductivehealth/maternal-mortality/pregnancy-mortality-surveillance-system.htm; (Accessed 20/04/2020)
 Colman, M., Castori, M., Micale, L., Ritelli, M., Colombi, M., Ghali, N., et al. (2022). Atypical variants in COL1A1 and COL3A1 associated with classical and vascular ehlers-danlos syndrome overlap phenotypes: Expanding the clinical phenotype based on additional case reports. Clin. Exp. Rheumatol. 40134(5):46–62. doi:10.55563/clinexprheumatol/kzkq6y
 European Society of Cardiology (2019), ESC Guidelines for the management of cardiovascular diseases during pregnancy. Rev. Esp. Cardiol. Engl. Ed. 72(2):161. doi:10.1016/j.rec.2018.12.003
 Frank, M., Adham, S., Seigle, S., Legrand, A., Mirault, T., Henneton, P., et al. (2019)Vascular ehlers-danlos syndrome: Long-term observational study, J. Am. Coll. Cardiol. 73. 1948–1957. doi:10.1016/j.jacc.2019.01.058
 Frank, M., Albuisson, J., Ranque, B., Golmard, L., Mazzella, J. M., Bal-Theoleyre, L., et al. (2015). The type of variants at the COL3A1 gene associates with the phenotype and severity of vascular Ehlers-Danlos syndrome. Eur. J. Hum. Genet. 23 (12), 1657–1664. doi:10.1038/ejhg.2015.32
 Ghali, N., Baker, D., Brady, A. F., Burrows, N., Cervi, E., Cilliers, D., et al. (2019). Atypical COL3A1 variants (glutamic acid to lysine) cause vascular Ehlers-Danlos syndrome with a consistent phenotype of tissue fragility and skin hyperextensibility. Genet. Med. 21 (9), 2081–2091. doi:10.1038/s41436-019-0470-9
 Human Fertilisation and Embryology Authority (2010). HFEA licence committee meeting. Available at: https://www.hfea.gov.uk/pgt-m-conditions. 
 Iyasere, C., and Potdar, N. (2022). Spontaneous coronary artery dissection associated with infertility treatment. Cureus 14 (9), e29587. doi:10.7759/cureus.29587
 Jenkins, L. A., Deans, Z. C., Lewis, C., and Allen, S. (2018). Delivering an accredited non-invasive prenatal diagnosis service for monogenic disorders and recommendations for best practice. Prenat. Diagn 38 (1), 44–51. doi:10.1002/pd.5197
 Jørgensen, A., Fagerheim, T., Rand-Hendriksen, S., Lunde, P. I., Vorren, T. O., Pepin, M. G., et al. (2015). Vascular Ehlers-Danlos Syndrome in siblings with biallelic COL3A1 sequence variants and marked clinical variability in the extended family. Eur. J. Hum. Genet. 23 (6), 796–802. doi:10.1038/ejhg.2014.181
 Kempers, M. J., Wessels, M., Van Berendoncks, A., van de Laar, I. M., de Leeuw, N., and Loeys, B. (2022). Phenotype of COL3A1/COL5A2 deletion patients. Eur. J. Med. Genet. 65 (10), 104593. doi:10.1016/j.ejmg.2022.104593
 Malfait, F., Francomano, C., Byers, P., Belmont, J., Berglund, B., Black, J., et al. (2017). The 2017 international classification of the Ehlers-Danlos syndromes. Am. J. Med. Genet. C Semin. Med. Genet. Mar. 175 (1), 8–26. doi:10.1002/ajmg.c.31552
 Malfait, F. (2018). Vascular aspects of the ehlers-danlos syndromes. Matrix Biol. 71-72, 380–395. doi:10.1016/j.matbio.2018.04.013
 Malfait, F., Castori, M., Francomano, C. A., Giunta, C., Kosho, T., and Byers, P. H. (2020). The Ehlers-Danlos syndromes. Nat. Rev. Dis. Prim. 6, 64. doi:10.1038/s41572-020-0194-9
 Murray, M. L., Pepin, M., Peterson, S., and Byers, P. H. (2014). Pregnancy-related deaths and complications in women with vascular Ehlers-Danlos syndrome. Genet. Med. 16 (12), 874–880. doi:10.1038/gim.2014.53
 NHS England (2014). NHS England clinical reference group for medical genetics, clinical commissioning policy: Pre-implantation genetic diagnosis (PGD). Available at: https://www.england.nhs.uk/. 
 Pepin, M., Schwarze, U., Superti-Furga, A., and Byers, P. H. (2000). Clinical and genetic features of Ehlers-Danlos syndrome type IV, the vascular type. N. Engl. J. Med. 342 (10), 673–680. doi:10.1056/NEJM200003093421001
 Sage, L., Russo, M. L., Byers, P. H., Demasi, J., Morris, S. A., Puryear, L. N., et al. Vascular Ehlers-Danlos Syndrome Research Collaborative (2020). Setting a research agenda for vascular Ehlers-Danlos syndrome using a patient and stakeholder engagement model. J. Vasc. Surg. 72 (4), 1436–1444.e2. doi:10.1016/j.jvs.2019.12.043
 Stephens, S. B., Russo, M., Shalhub, S., Beecroft, T., Weigand, J., Milewicz, D. M., et al. (2022). Evaluating perinatal and neonatal outcomes among children with vascular Ehlers-Danlos syndrome. Genet. Med. 24 (10), 2134–2143. doi:10.1016/j.gim.2022.07.010
 UK Government (2021). Surrogacy: Legal rights of parents and surrogates. Available at: https://www.gov.uk/legal-rights-when-using-surrogates-and-donors/maternity-leave (accessed March, 2021). 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Angwin, Ghali and Stephanie van Dijk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		CASE REPORT
published: 18 April 2023
doi: 10.3389/fgene.2023.1148224


[image: image2]
Case report: Two individuals with AEBP1-related classical-like EDS: Further clinical characterisation and description of novel AEBP1 variants
Chloe Angwin1,2, Neeti Ghali1,2 and Fleur Stephanie van Dijk1,2*
1National Ehlers-Danlos Syndrome Service, London North West University Healthcare NHS Trust, London, United Kingdom
2Genetics and Genomics Division, Department of Metabolism, Digestion and Reproduction, Imperial College London, London, United Kingdom
Edited by:
Tomoki Kosho, Shinshu University, Japan
Reviewed by:
Shujiro Hayashi, Dokkyo Medical University, Japan
Nadia Akawi, United Arab Emirates University, United Arab Emirates
Hiromi Sanai, Yamaguchi Grand Medical Center, Japan
* Correspondence: Fleur Stephanie van Dijk, fleur.dijk@nhs.net
Specialty section: This article was submitted to Genetics of Common and Rare Diseases, a section of the journal Frontiers in Genetics
Received: 19 January 2023
Accepted: 23 March 2023
Published: 18 April 2023
Citation: Angwin C, Ghali N and van Dijk FS (2023) Case report: Two individuals with AEBP1-related classical-like EDS: Further clinical characterisation and description of novel AEBP1 variants. Front. Genet. 14:1148224. doi: 10.3389/fgene.2023.1148224

Introduction: AEBP1-related classical-like EDS (clEDS type 2) is a rare type of Ehlers–Danlos syndrome (EDS) that was first reported in 2016. There are overlapping clinical features with TNXB-related classical-like EDS (or clEDS type 1), including skin hyperextensibility, joint hypermobility, and easy bruising. There are currently nine reported individuals with AEBP1-related clEDS type 2. This report confirms previous findings and provides additional clinical and molecular data on this group of individuals.
Materials and methods: Two individuals (P1 and P2), with features of a rare type of EDS, were clinically assessed in the London national EDS service and underwent genetic testing.
Results: Genetic testing in P1 revealed likely pathogenic AEBP1 variants: c.821del:p. (Pro274Leufs*18) and c.2248T>C:p. (Trp750Arg). In P2 pathogenic AEBP1 variants, c.1012G>T:p. (Glu338*) and c.1930C>T:p. (Arg644*) were identified.
Discussion: These two individuals increased the reported number of individuals with AEBP1-related clEDS to 11 (six females and five males). There are shared features with previously reported individuals, including hypermobility (11/11), skin hyperextensibility (11/11), presence of atrophic scarring (9/11), and easy bruising (10/11). In P1, a chronic right vertebral artery dissection, mild dilatation of the splenic artery, aberrant subclavian artery, and tortuous iliac arteries were observed at the age of 63 years. Cardiovascular disease has been reported, including mitral valve prolapse (4/11), peripheral arterial disease (1/11), and aortic root aneurysm requiring surgical intervention (1/11). Hair loss has been reported in 6/11 individuals (five females and one male), only one of which was documented to have a formal diagnosis of androgenetic alopecia, while other individuals were described as having thinning of hair, male pattern hair loss, or unspecified alopecia.
Conclusion: The clinical features of individuals with AEBP1-related EDS have not been fully elucidated yet. Hair loss is present in 6/11 individuals with AEBP1-related clEDS and appears to be a feature of this condition. This is the first time hair loss has been formally reported as a characteristic feature in a rare type of EDS. Cardiovascular surveillance seems warranted in this condition because 2/11 individuals have evidence of arterial aneurysm and/or dissection. Further descriptions of affected individuals are necessary to update diagnostic criteria and management guidelines.
Keywords: classical-like EDS type 2, Ehlers–Danlos syndrome, hair loss, AEBP1, connective tissue disease
1 INTRODUCTION
Classical-like EDS (clEDS) is a rare type of Ehlers–Danlos syndrome (EDS), termed type 1 or 2 according to the underlying genetic cause. Recessive variants in the gene TNXB encoding tenascin-X result in type 1 clEDS (Malfait et al., 2017), and recessive variants in the AEBP1 gene encoding aortic carboxypeptidase-like protein (ACLP) result in type 2 clEDS (Ritelli et al., 2019).
Major diagnostic criteria for clEDS type 1 are as published in the 2017 International Classification of the Ehlers–Danlos syndromes: (i) skin hyperextensibility without atrophic scarring, (ii) generalised joint hypermobility, and (iii) easy bruising (Malfait et al., 2017). Minor diagnostic criteria for clEDS type 1 include (i) foot deformities, (ii) lower limb oedema, (iii) mild proximal and distal muscle weakness, (iv) axonal polyneuropathy, (v) atrophy of muscles in hands and feet, (vi) acrogeric hands, brachydactyly, clinodactyly, mallet finger, and (vii) vagina/uterus/rectal prolapse (Malfait et al., 2017). The minimal suggestive diagnostic criteria included all three major criteria and a family history suggestive of autosomal recessive transmission; confirmatory molecular testing is obligatory (Malfait et al., 2017).
Recessive variants in the AEBP1 gene were first reported and associated with clEDS in two siblings (Alazami et al., 2016). (Alazami et al., 2016) (Alazami et al., 2016; Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019; Syx et al., 2019) (Malfait et al., 2020) AEBP1 encodes the aortic carboxypeptidase-like protein (ACLP), which is an extracellular matrix (ECM) protein identified in dermis, periosteum, vessel walls, and lung basement membrane with fundamental roles in embryogenesis and ECM repair and maintenance (Blackburn et al., 2018; Vishwanath et al., 2020). AEBP1 variants, as a cause of clEDS type 2, were firmly established by Blackburn et al. in their 2018 paper, who described two individuals in addition to Alazami’s two individuals (Alazami et al., 2016; Blackburn et al., 2018). There are currently nine reported cases of clEDS as a result of variants in AEBP1 (Alazami et al., 2016; Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019; Syx et al., 2019). Following these reports, distinctions have been drawn between clEDS type 1 and type 2, with type 2 including the presence of atrophic scarring and early-onset osteopenia (Malfait et al., 2020). This case summary presents two women with clEDS type 2 due to bi-allelic variants in AEBP1.
2 CASE DESCRIPTIONS
2.1 Proband 1
At the time of writing, the proband (P1) was 65 years old. P1 was born at term after a normal pregnancy. At 18 months of age, bilateral dislocations of the hips were identified, requiring multiple surgeries continuing until the age of 10 years. As a child, P1 had significant joint hypermobility and required extractions for dental overcrowding. Joint dislocations after moderate trauma occurred throughout P1’s lifetime, with recurrent falls due to ankle instability and ongoing, progressive joint pain in her neck, back, and shoulders requiring regular analgesia. At age 55 and 60, P1 required a left hip replacement and a left knee replacement, respectively. P1 suffers from fatigue. From a young age, the proband bruised easily and severely after mild trauma, for example, large thigh haematomas from holding a baby on the proband’s lap. P1’s wound healing was normal and has reported heat intolerance due to reduced sweating, although this has not been further investigated.
P1 has had two children via caesarean section; both deliveries required blood transfusions due to haemorrhage, and one resulted in a large haematoma post-operatively. No other family members have a similar combination of clinical features. As a young child, hair loss was observed as a single occipital patch, which progressed to complete scalp hair loss after the birth of her first child at age 20, beginning with thinning over the vertex of the scalp and progressing to include the majority of the scalp.
At the time of examination, age 62, (see Figure 1, patient’s consent has been gained for the use of all clinical photographs), P1 had a high arched palate (however, with no abnormally shaped teeth and no bifid uvula), with a scoliosis of the spine convex to the left. Earlobes were notched bilaterally. Pes planus was observed bilaterally, with hammer toes and bilateral hallux valgus. The skin was observed to be hyperextensible and lax, which was thin with translucent veins particularly over the chest. Bruising and discolouration of the arms was observed. Atrophic scars were observed over the knees and at the site of the left hip surgery. Thin scars observed over the forehead and at the site of the left knee surgery. P1’s Beighton score was 3/8. Hair loss was observed over the vertex and crown of the head. Body hair was also reduced including arms, legs, axillary, and pubic hair, while eyebrows and eyelashes were retained.
[image: Figure 1]FIGURE 1 | Proband 1: (A) increased palmar wrinkling, bruising, discolouration, and thinning of the skin over the forearms; (B) bruising and discolouration of shins; (C) skin over the chest is translucent with visible veins; (D) feet show pes planus with hammer toes and bilateral hallux valgus; (E) knees show mildly atrophic scars; (F) thin, discoloured skin over the dorsum of the hands; (G) increased palmar wrinkling and wasting of the thenar eminence; and (H) soles of the feet show an abnormal callus formation.
2.2 Investigations
A spine X-ray, at age 57, showed spondylotic changes, narrowing at C4-5 and C6-7 with severe degenerative change to the lumbar spine from L2 to L5. An echocardiogram conducted at age 54 was normal; however, at age 63, repetitive echocardiogram showed mild dilatation of the ascending aorta. A CT angiogram confirmed mild dilatation of the isthmus and ascending aorta (34 mm), as well as chronic right vertebral artery dissection, mild dilatation of the splenic artery, aberrant subclavian artery, and tortuous iliac arteries. P1 does not have cardiovascular risk factors (normotensive, BMI 22, and non-smoker).
Transmission electron microscopy of skin biopsy taken from the inner upper arm showed abundant collagen flowers (see Figure 2).
[image: Figure 2]FIGURE 2 | Proband 1: transmission electron microscopy (TEM) of the skin showing collagen flowers. TEM accelerating voltage at 80.2 kv and magnification ×20,000; scale bar shows 200 nm.
Historical diagnostic DNA analysis including MLPA for classical and arthrochalasia EDS (COL5A1, COL5A2, COL1A1, and COL1A2), classical-like EDS type 1 (TNXB), and vascular EDS (COL3A1 and COL1A1) showed no abnormalities. Therefore, at the age of 64, P1 was included in the United Kingdom national 100,000 Genomes Project, where likely pathogenic recessive compound heterozygous variants in AEBP1 were identified via panel-based whole genome sequencing including all known genetic genes of rare EDS types, namely, c.821del; p. (Pro274fs) (PVS1, PM2, and PP4_str) and c.2248T>C p. (Trp750Arg) (PM2 and PP4_str), classified as ACMG class 4 (Richards et al., 2015; Caulfield et al., 2020).
2.3 Proband 2
At the time of writing, the proband (P2) was 41 years old. P2 was born prematurely at 35 weeks, with a low birth weight (2 kg and 25th centile) and was found to have bilateral talipes equinovarus, managed conservatively. P2 was hypermobile as a child with stretchy skin and had a left shoulder dislocation at the age of 1 year. P2 bruised easily and severely, including occasional haematomas which resolved spontaneously and required no drainage. P2’s skin is not particularly fragile. P2 has had two pregnancies with vaginal deliveries, where she sustained third-degree tears (obstetric anal sphincter injury), although these healed well. In the late twenties, P2 began to develop gradually worsening lumbar and hip pain, and fatigue with poor-quality sleep. Slow growing hair and generalised thinning of the hair on the scalp were also observed in P2’s 20s but were not treated. P2 has recently been diagnosed with high blood pressure, underactive thyroid, and pre-diabetes and has been prescribed clopidogrel, following a transient ischaemic attack. This was diagnosed following an episode of unilateral visual loss in the right eye, with no identified abnormalities on the echocardiogram or ultrasound of the neck. Investigative cardiac rhythm monitoring identified a short period of atrial flutter. An MRI of the head detected a small, old left temporal lacunar infarct, with no evidence of acute infarction. P2 is known to have osteopenia with reduced bone mineral density, along with some sites of osteoarthritis on further imaging of the joints.
On examination at age 34, (see Figure 3, patient’s consent has been gained for the use of all clinical photographs), P2 was observed to have no skeletal abnormalities. Earlobes were notched bilaterally. P2 had bilateral pes planus, with prominent piezogenic papules over both heels. The swas hyperextensible with thinning over the chest and papyraceous scarring over the right knee. Multiple subcutaneous spheroids were observed. Follicular keratosis of the skin of the neck and axillae was also observed. On examination, P2 had a single papyraceous scar on the knee, thin skin, and hair thinning over the scalp. There was generalised hypermobility (Beighton score 9/9) plus distal hypermobility of the small joints. P2’s hair was observed to be generally thin on the scalp; however, body hair was retained.
[image: Figure 3]FIGURE 3 | Proband 2: (A) bilateral hallux valgus, (B) atrophic scarring on the right knee, (C) piezogenic papules and pes planus, (D) bilateral patellar misalignment, (E) hair thinning around the frontal hairline and vertex, and (F) hypermobility in the hands.
2.4 Investigations
Genetic testing at the age of 36 for COL1A1, COL3A1, COL5A1, and COL5A2 including MLPA showed no abnormalities. Transmission electron microscopy of skin biopsy taken from the inner, upper arm showed clumps of collagen fibres with large collagen flowers in the papillary dermis, with normal elastic fibres (see Figure 4). At the age of 38, P2 consented to participate in the 100K project (Caulfield et al., 2020); however, sequencing from the proband’s sample unfortunately failed. As such, sequencing of the United Kingdom EDS next-generation sequencing gene panel was arranged, which included ADAMTS2, AEBP1, ALDH18A1, ATP6V0A2, ATP6V1A, ATP7A, B3GALT6, B4GALT7, BGN, C1R, C1S, CBS, CHST14, COL12A1, COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, COL6A1, COL6A2, COL6A3, DSE, EFEMP2, ELN, FBLN5, FBN1, FBN2, FKBP14, GORAB, LOX, LTBP4, PLOD1, PRDM5, PYCR1, RIN2, ROBO3, SKI, SLC39A13, SMAD2, SMAD3, TGFB2, TGFB3, TGFBR1, TGFBR2, TNXB, and ZNF469. Recessive variants were identified in AEBP1 (NM_001129.4) c.1012G>T; p. (Glu338*) (PM2, PVS1, and PM3_sup) and c.1930C>T, p. (Arg644*) (PM2, PVS1, and PM3_sup), classified as ACMG class 5 (Richards et al., 2015).
[image: Figure 4]FIGURE 4 | Proband 2: transmission electron microscopy (TEM) of the skin showing collagen flowers. TEM accelerating voltage at 80.2 kv and magnification ×20,000; scale bar shows 200 nm.
3 DISCUSSION
Recently, clEDS has been stratified into two types (1 and 2), according to the underlying genetic cause (recessive deleterious variants in TNXB or AEBP1). ClEDS type 1 was originally defined to differentiate classical EDS (cEDS), which is associated with atrophic scarring, from clEDS where scarring tends to be normal. Although there are some clinical similarities between the two clEDS types, including joint hypermobility, easy bruising, hyperextensible skin, and foot abnormalities, clEDS type 2 is reported to have additional features, including atrophic scarring and early-onset osteopenia (Malfait et al., 2020). The two individuals presented here share similar clinical features to each other, including joint hypermobility, fatigue, severe and easy bruising, hyperextensible skin with mild atrophic scarring to normal scarring, and generalised hair thinning over the scalp. Both individuals have collagen flowers on TEM, which has previously been observed in this cohort of patients (Blackburn et al., 2018).
ClEDS type 2 appears to be rare, with only nine reported individuals (Alazami et al., 2016; Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019; Syx et al., 2019), and 11 (six females and five males), including the two cases presented here, with the mean age being 38 (range 12–65) (see table 1). There are shared features with other previously reported individuals, particularly hypermobility (11/11), skin hyperextensibility (11/11), atrophic scarring (reported in 9/11), and easy bruising (10/11) (Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019). Cardiovascular disease has been reported as an aortic root aneurysm, requiring surgical intervention in one (1/11) person at age 36, without known cardiovascular risk factors. This individual also had a bowel rupture at a young age and suffered with significant scarring and incisional hernias (Blackburn et al., 2018). Other cardiovascular complications include mitral valve prolapse (4/11) that was discovered at ages 33, 35, 39, and 58, and peripheral arterial disease (1/11) diagnosed at age 53 (Blackburn et al., 2018; Ritelli et al., 2019). In P1, the eldest patient reported, a chronic right vertebral artery dissection, mild dilatation of the splenic artery, aberrant subclavian artery, and tortuous iliac arteries were observed at age 63 (Ritelli et al., 2019) (Hebebrand et al., 2019; Syx et al., 2019) (Blackburn et al., 2018). Osteopenia was identified in 6/11 patients including proband 2 (aged 12, 24, 33, 35, 53, and 41 years at the time of reporting) from this paper, three of whom had had fractures (Blackburn et al., 2018; Ritelli et al., 2019).
TABLE 1 | Summary table of currently reported cases (Alazami et al., 2016; Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019; Syx et al., 2019); F: female; M: male.
[image: Table 1]3.1 AEBP1
The AEBP1 gene encodes two protein isoforms, AEBP1 and ACLP (Majdalawieh et al., 2020). AEBP1 is a transcriptional repressor of anti-inflammatory and apoptotic genes in the nucleus and can also alter cellular signalling via a protein–protein interaction in the cytosol (Majdalawieh et al., 2020). However, recessive AEBP1 variants, causative of clEDS type 2, result in the disruption of ACLP (Blackburn et al., 2018; Vishwanath et al., 2020). The ACLP protein is extracellularly secreted and associated with the ECM; it is particularly expressed in the dermis, lung basement membrane, medial layer of blood vessels, and the periosteum (Blackburn et al., 2018). Post embryogenesis, ACLP has been found to be expressed during wound healing and after vessel injury (Vishwanath et al., 2020). ACLP binds with collagens in the ECM and has been found to reduce the collagen fibre diameter and increase toughness (Vishwanath et al., 2020). ACLP is also involved in intracellular signalling via the TGFβ pathway (Tumelty et al., 2014) and is involved in WNT/β-catenin pathway signalling through WNT3A (Teratani et al., 2018).
3.2 AEBP1-related classical-like EDS and hair loss
Hair loss was reported in 6/11 individuals (five females and one male), only one of which was documented to have a formal diagnosis of androgenetic alopecia (Ritelli et al., 2019), while other individuals were described as having thinning of hair, male pattern hair loss, or unspecified alopecia (Hebebrand et al., 2019; Syx et al., 2019). In other reports, hair loss is not specifically mentioned and may have been presented as a feature and not reported on. One individual reported impaired temperature sensation, but none reported reduced sweating (Blackburn et al., 2018).
Intriguingly, 6/11 individuals with AEBP1-related classical-like EDS experienced hair thinning and loss resembling androgenetic alopecia. So far, hair loss has not been reported in other EDS types as a typical clinical feature; however, it has been reported to be occurring inconsistently in some women with vascular EDS (Byers et al., 2017). Androgenetic alopecia, a progressive type of hair loss which affects men and women, is characterised by gradual thinning of the hair particularly over the frontal hairline, temples, and vertex, which can progress to complete hair loss over the scalp (Lolli et al., 2017). The mechanism behind these changes is not clearly understood, but there is a clear link with increased follicular sensitivity to androgens (Lolli et al., 2017). ECM changes in androgenetic alopecia have been observed but are not fully understood and include the altered deposition of elastin fibres, changes to the follicle sheath, and disruption of the basal lamina (Rushton et al., 2021). Some studies have suggested that the WNT/β-catenin pathway is the main pathway involved in the progression of androgenetic alopecia, given that androgen receptors interact with β-catenin in an androgen-dependent manner (Chesire & Isaacs, 2002; Lolli et al., 2017; Doolan et al., 2021) These findings suggest that androgens deregulate normal hair follicle differentiation via inhibition of the WNT pathway, which has been found to maintain the hair follicle (Kishimoto et al., 2000; Leirós et al., 2012; Lolli et al., 2017).
In individuals with pathogenic AEBP1 variants, it is possible that WNT signalling is disrupted, resulting in this specific phenotype with androgenetic alopecia. However, given the rarity of AEBP1-related clEDS, there are currently no published data to support this theory.
3.3 Management recommendations
There are currently no management recommendations for type 2 clEDS published in the literature. Generalised tissue fragility, including vascular fragility, has been reported in several rare EDS types, including type 1 clEDS and vEDS, where vascular fragility is a major clinical feature (Malfait et al., 2017; van Dijk et al., 2022). Although there is a lack of natural history data on individuals with pathogenic AEBP1 variants, there are reports of vascular complications in a high number of reported individuals and there is evidence that ACLP is a component of the arterial tunica media (Blackburn et al., 2018). This group may therefore be at risk of cardiovascular events including arterial dissections, as observed in proband 1 of this paper. We would, therefore, recommend that individuals with clEDS type 2 undergo cardiovascular investigation at diagnosis and have ongoing surveillance depending on age, symptoms, results of initial cardiovascular investigations, and considering surveillances in other rare EDS types until data on more individuals with this diagnosis become available.
As 6/11 patients had osteopenia, three of whom sustained fractures, a DEXA scan and bone markers for osteoporosis in blood and/or urine during diagnosis may be advisable in order to initiate appropriate management when necessary.
Hair loss can carry a significant psychological burden (Hunt & McHale, 2005), and patients who are experiencing distress must be referred for specialist support and consideration of management options. Both individuals reported here have been referred for evaluation by a specialist and consideration of management options.
4 SUMMARY
This report demonstrates and expands the phenotypic spectrum of bi-allelic pathogenic AEBP1 variants, resulting in clEDS type 2. ClEDS type 2 is an important differential in patients with joint hypermobility, skin hyperextensibility, easy bruising, hair loss, and osteopenia. Hair loss appears to be an important clinical feature in this EDS type that has not been reported in the literature as a consistent clinical feature in other types of EDS. We have made recommendations based on the current literature; however, there are currently no consensus guidelines on management.
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The Ehlers–Danlos Syndromes (EDS), a group of hereditary connective tissue disorders, were classified into 13 subtypes in the 2017 International Classification. Recently, a new subtype of EDS called classical-like EDS type 2 (clEDS2), which is caused by biallelic variants in the adipocyte enhancer binding protein 1 (AEBP1) gene, was identified. We describe the 11th patient (9th family) with clEDS2, who was complicated by a critical vascular event (superior mesenteric artery aneurysm and rupture). A next-generation sequencing panel-based analysis revealed compound heterozygous variants in AEBP1: NM_001129.5:c.[2296G>T]; [2383dup], p.[(Glu766*)]; [(Glu795Glyfs*3)]. Light microscopic analyses showed increased interfibrillar spaces in the reticular dermis, a disorganized arrangement of collagen fibers, and decreased collagen content. An electron microscopic analysis showed the presence of collagen fibrils with irregular contours (flower-like appearance) and small collagen fibrils. A biochemical analysis showed reduced secretion of type I and type III procollagen. Clinical and molecular features of the current patient and all previously reported patients were reviewed comprehensively. Manifestations noted in most cases (>80%) included skin features (hyperextensibility, atrophic scars, easy bruising, excessive skin/skin folding, delayed wound healing, translucency, piezogenic papules), skeletal features (generalized joint hypermobility, dislocations/subluxations, pes planus), dental abnormalities, and neuromuscular abnormalities. Critical complications, each occurring in a single case, included superior mesenteric artery multiple aneurysm and rupture, aortic root dilation requiring surgery, and bowel rupture. Most AEBP1 variants were predicted or experimentally confirmed to lead to nonsense-mediated mRNA decay, whereas one variant resulted in a protein that was retained intracellularly and not secreted. Clinical, molecular, pathological, and biochemical features of the current patient, as well as a review of all previously reported patients, suggest the importance of the aortic carboxypeptidase-like protein encoded by AEBP1 in collagen fibrillogenesis.
Keywords: Ehlers-Danlos Syndrome, classical-like EDS type 2 (clEDS2), adipocyte enhancer binding protein 1 (AEBP1), aortic carboxypeptidase-like protein (ACLP), autosomal recessive, connective tissue disorders
INTRODUCTION
The Ehlers–Danlos Syndromes (EDS) are a group of hereditary connective tissue disorders (HCTDs) characterized by skin hyperextensibility, joint hypermobility, and tissue fragility. They were classified into 13 subtypes based on symptoms and causative genes in the 2017 International Classification (Malfait et al., 2017). In 2018, Blackburn et al. (2018) identified biallelic variants in the adipocyte enhancer binding protein 1 (AEBP1) gene in patients displaying EDS-like features that were considered to represent a new subtype of EDS and were tentatively named classical-like type 2 (clEDS2; MIM #618000) (Malfait et al., 2020). To date, 10 patients from eight families have been described (Alazami et al., 2016; Blackburn et al., 2018; Hebebrand et al., 2019; Ritelli et al., 2019; Syx et al., 2019; Maddirevula et al., 2020; Vishwanath et al., 2020; Di Giosaffatte et al., 2022).
We report here an additional patient with clEDS2 who had novel variants in AEBP1 and was complicated by a critical vascular event.
CASE DESCRIPTION AND MOLECULAR, PATHOLOGICAL, AND BIOCHEMICAL ANALYSIS
The patient, a 45-year-old Japanese woman, was the second child of non-consanguineous parents. No skin hyperextensibility, fragility, or joint hypermobility were noted in her mother, elder sister, or two daughters. She was a preterm and low-birth-weight (1,980 g) infant. The patient had bilateral congenital hip dislocation for which she underwent fixation with a brace, experienced repetitive episodes of skin lacerations and subcutaneous hemorrhage after minor trauma, and had marked joint laxity, with repetitive sprains caused by unstable ankle joints. In her early 20 s, she was suspected to have EDS. Intractable hair loss has been her major physical concern since around that age. She also had spinal disc herniation. At the age of 36 years, she developed massive intraabdominal hemorrhages caused by rupture of the superior mesenteric artery, which were associated with multiple aneurysms and were treated with catheter embolization. Thin translucent skin was noted (Figure 1A-a).
[image: Figure 1]FIGURE 1 | Clinical, molecular, histological, ultrastructural, and biochemical findings of the 11th patient identified with classical-like Ehlers–Danlos syndrome type 2 (clEDS2). (A) Clinical photographs of the current patient (Patient 11). Translucent skin on the upper chest at the age of 36 years (a). At age 45, the patient exhibited hyperextensible skin (b); a small atrophic scar (black arrow) and mild keloid formation (arrowhead) (c); an umbilical hernia (d); pes planus and edematous lower legs (e); and acrogeria-like skin on the hands, with hypermobile phalangeal joints (f). (B) Sanger sequencing electropherogram of variants in the adipocyte enhancer binding protein 1 gene (AEBP1). (C) Integrative Genomics Viewer visualization of the variants. The nonsense variant c.2296G>T and the frameshift variant c.2383dup are observed in trans. (D) Light microscopic images of a biopsy skin specimen (age 36) at two magnifications: low- (×20) and higher-power (×400, inset) magnifications. Hematoxylin and eosin staining showing increased spacing and disorganization of collagen fibers (b) compared with an age- and sex-matched control (a), Masson’s trichrome staining showing decreased collagen fibers (blue) (d) compared with control (c), and Elastica van Gieson staining showing collagen fibers (red) and elastic fibers (black) (f) compared with control (e). (E) Transmission electron microscopic images of the dermal collagen fibrils, showing irregular contours (flower-like appearance, red arrows) and small-sized fibrils (yellow arrows). (F) Type I and type III procollagen produced by cultured skin fibroblasts obtained from the patient and an age- and sex-matched control. (G) Schematic representation of the distribution of AEBP1 variants in 11 patients from nine families with clEDS2 illustrated on AEBP1 mRNA; “1” and “3477” indicate the first and the last nucleotide positions of the coding region of the mRNA, respectively. Domains of the aortic carboxypeptidase-like protein (ACLP) are shown at the corresponding exons. hom: homozygote; P1–P11: Patients 1–11; KPE-rich: lysine, proline and glutamic acid-rich.
When the patient was referred to us at the age of 45 years, she exhibited the following characteristics: hair with a kinky texture and generalized thinning; a high palate and multiple dental caries; hyperextensible and translucent skin (Figure 1A-a, b); skin striae in the lower extremities, with atrophic scars (Figure 1A-c); soft soles; an umbilical hernia (Figure 1A-d); pes planus (Figure 1A-e); and generalized joint hypermobility (Beighton score 8/9) (Figure 1A-f). Radiological examination showed no spinal deformities. There had been no episodes of dislocations or musculoskeletal pain. No aortic root dilatation or valve abnormalities were detected on echocardiography. She had high myopia, but no hearing impairment.
Genomic DNA was extracted from peripheral blood using a QIAamp DNA Blood Mini Kit on a QIAcube (Qiagen, Valencia, CA, United States). A next-generation sequencing (NGS) panel-based analysis was performed on an Ion Torrent system (Ion Chef and Ion GeneStudio S5, Thermo Fisher Scientific, Waltham, MA, United States) using an Ion AmpliSeq custom panel for 52 genes associated with EDS and other HCTDs (Supplementary Table S1). Detected variants were annotated by SnpEff and SnpSift (https://snpeff.sourceforge.net/) using the processed vcf file of the Genome Aggregation Database (gnomAD) v2.1.1 (https://gnomad.broadinstitute.org/downloads), ToMMo 8.3KJPN Genotype Frequency Panel (v20200831) (https://jmorp.megabank.tohoku.ac.jp/202008/downloads#variant) (Tadaka et al., 2019), ClinVar (ftp://ftp.ncbi.nlm.nih.gov/pub/clinvar/vcf_GRCh37/clinvar_20220328), dbNSFP3.4c and dbscSNV1.1 (https://sites.google.com/site/jpopgen/dbNSFP). Detected variants were evaluated in accordance with the 2015 American College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) guidelines (Richards et al., 2015) and the ClinGen Sequence Variant Interpretation Working Group recommendations (SVI recommendations). Integrative Genomics Viewer (IGV) was used to visualize read alignments (Broad Institute, Cambridge, MA, United States). The NGS panel-based analysis revealed a non-sense variant c.2296G>T,p.(Glu766*) and a frameshift variant c.2383dup,p.(Glu795Glyfs*3) in AEBP1 (NM_001129.5), which were confirmed by Sanger sequencing (Figure 1B). The IGV revealed that the two variants were observed in trans (Figure 1C). The nonsense variant was registered in 8.3KJPN (1/16758, MAF = 0.0001, no homozygote) and the frameshift variant was registered in 8.3KJPN (1/16754, MAF = 0.0001, no homozygote). Both variants were classified as pathogenic (PVS1, PM2_Supporting, and PM3), in accordance with the 2015 ACMG/AMP guidelines and SVI recommendations.
Hematoxylin and eosin staining of a skin specimen obtained by a biopsy performed at the age of 36 years showed increased spaces between collagen fibers and disorganized orientations of these fibers in the lower and middle layer of the dermis (Figure 1D-b) compared with control (Figure 1D-a). Masson’s trichrome staining revealed decreased collagen fibers (Figure 1D-d) compared with control (Figure 1D-c). Elastica van Gieson staining showed prominent elastic fibers due to the decreased numbers of collagen fibers (Figure 1D-f) compared with control (Figure 1D-e). An ultrastructural analysis using transmission electron microscopy of the skin specimen revealed the presence of collagen fibrils with irregular contours (flower-like appearance) and small size under the cross-sectional view (Figure 1E). Measurement of procollagen production from cultured skin fibroblasts was performed as described previously (Shimaoka et al., 2010). Briefly, dermal fibroblasts from the patient were incubated with 3H-proline for 24 h. Labeled proteins secreted into the culture medium were digested with pepsin and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis/fluorography. Amounts of type I and type III procollagen were both reduced compared with an age- and sex-matched individual who served as a control (Figure 1F).
DISCUSSION
We have identified and described a 11th patient (9th family) with clEDS2, who was found to have novel compound heterozygous pathogenic variants in AEBP1. Detailed and comprehensive clinical and molecular features of all previously reported patients and the current patient are shown in Table 1.
TABLE 1 | Detailed and comprehensive clinical and molecular features of all previously reported patients and the current patient.
[image: Table 1]Dental abnormalities, skin hyperextensibility, atrophic scars, easy bruising, and neuromuscular abnormalities were observed in all patients whose data were available. Excessive skin/skin folding (90.9%), delayed wound healing (90.9%) generalized joint hypermobility (90.9%), dislocations/(sub)luxations (90.9%), pes planus (90.9%), translucent skin (87.5%), piezogenic papules (80.0%), hernia (77.8%), osteopenia (71.4%), spine deformities (60.0%), prematurely aged appearance (57.1%), hallux valgus (54.5%), and hammertoes (54.5%) were observed in more than half of the patients whose data were available. Decreased hair described as “thinning” or “(partial) alopecia” was observed in five patients, and was a major physical concern in the current patient. The current patient developed multiple aneurysms and a rupture in the superior mesenteric artery, which was treated with catheter embolization. Cardiovascular complications reported in the previous patients included mitral valve prolapse/regurgitation, tricuspid valve regurgitation, pulmonary valve regurgitation, varicose veins, and aortic root dilation requiring surgery. A bowel rupture occurred in one patient, requiring repeated attempts to re-anastomose the bowel and colostomy. This is the first report of skin lacerations, which occurred in the current patient, whereas skin fragility was only noted in two other patients. Heterozygous individuals appear to have no relevant symptoms.
Most reported AEBP1 variants were null variants, including nonsense, frameshift and splice site variants, predicted to lead to nonsense-mediated mRNA decay (NMD) (Table 1; Figure 1G). Some variants were experimentally confirmed to affect the gene product. In Patients 1 and 2, a homozygous splice site variant (c.1630 + 1G>A) led to activation of the cryptic 5′splice site within exon 13 and skipping of the last 22 bp of exon 13. The shift in reading frame (p.Val537Leufs*31) was predicted to lead to NMD. In Patient 3, a 1-bp deletion (c.1470del) in exon 12 in one allele led to the retention of intron 12 (p.Asn490_Met495delinsLysAlaMetArgLysTrpTrpAlaProCysProGlySerTrpLeuCysSerHisCysLeuGlyGluGlyTrpAlaLeuArgGlyAlaGlySerThrAlaLeuArgProAlaSerProGln) (Blackburn et al., 2018). Its protein was retained intracellularly and not secreted (Vishwanath et al., 2020). A non-sense variant (c.1743C>A,p.Cys581*) in the other allele in Patient 3 was predicted to lead to NMD. In Patient 4, a homozygous frameshift variant (c.1320_1326del) led to a shift in reading frame (p.Arg440Serfs*3) (Blackburn et al., 2018). No ACLP protein was detected by western blotting, suggesting NMD. In Patient 6, a 4-bp deletion (c.1149_1150+2del) in one allele led to the loss of the last 4 bp of exon 9 and skipping of exon 10, resulting in an in-frame deletion (p.Val383_Gln420del) (Syx et al., 2019). A frameshift variant (c.443dup) in the other allele in Patient 6 was predicted to lead to NMD. The mRNA expression was significantly decreased, indicating that the AEBP1 transcript was unstable and/or prone to NMD.
In the current patient, light microscopic analyses showed increased interfibrillar spaces in the reticular dermis, a disorganized arrangement of collagen fibers and decreased collagen content, and a biochemical analysis showed reduced secretion of type I and type III procollagen. Electron microscopic analysis showed the presence of collagen fibrils with irregular contours (flower-like appearance) and small size. Blackburn et al. (2018) reported that light microscopy showed decreased collagen, while electron microscopy revealed the presence of irregular disrupted collagen fibrils. In their report, the discoidin domain, a highly conserved structural motif of ACLP, preferentially bound to collagen types I, III and V, and ACLP promoted the polymerization of type I collagen in vitro. Syx et al. (2019) reported electron microscopic observations that corresponded with those of Blackburn et al. (2018) and the current study, and a biochemical analysis that showed a normal electrophoretic pattern of procollagen types I, III and V. This biochemical analysis was performed on the medium of cultured skin fibroblasts to detect procollagen secreted from these fibroblasts. The discrepant results might be attributable to some functional differences between the variants reported by Syx et al. and the variants in the current patient, which could be related to the difference in the transcription status of these procollagen genes or in the secretion status of these types of procollagen. In view of all of these findings, ACLP protein is likely an important player in collagen fibrillogenesis.
In conclusion, the clinical findings and disease course in the current patient, together with the review of previously reported patients, paints a picture of the clinical similarities and variations in clEDS2. Furthermore, the biochemical and pathological findings in the current patient, in addition to the relevant findings in the previous patients, suggest the importance of ACLP in collagen fibrillogenesis. Further clinical, molecular, and pathophysiological studies are required to produce a more detailed and comprehensive delineation of this disorder.
DATA AVAILABILITY STATEMENT
The datasets for this article are not publicly available due to concerns regarding participant/patient anonymity. Requests to access the datasets should be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of Shinshu University School of Medicine. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the participant/patient(s) for the publication of this case report.
AUTHOR CONTRIBUTIONS
TY performed all molecular experiments, interpreted the data, and wrote the first draft of the manuscript. TK conceived the work, organized the data collection, interpreted the data, and wrote the clinical part of the first draft. SH conducted the histological, biochemical, and ultrastructural investigations. SN, AU, and S-IM provided clinical data. TF and YT helped to perform molecular analysis. All authors participated in revision and approval of the manuscript.
FUNDING
This study was supported by the following: the Grant-in-Aid for Young Scientists (19K17795) (2019–2021) (TY), from The Japan Society for the Promotion of Science, Japan; Research on Intractable Diseases (09835303, 10801776, 11948954) (2009, 2010, 2011) (TK); the Research Program on Policy of Measures for Intractable/Rare Diseases (20316866) (2020–2022) (TK); Ministry of Health, Labour and Welfare, Japan; the Program for an Integrated Database of Clinical and Genomic Information (16818213) (2016–2020) (TK); the Initiative on Rare and Undiagnosed Diseases (IRUD) (21445007) (2018–2020) (TK); and the Japan Agency for Medical Research and Development (AMED).
ACKNOWLEDGMENTS
We are grateful to the patients and their families for their cooperation during this study. We are also thankful to Mr. Kinichi Matsuyama (Department of Pathology, Dokkyo Medical University) for their technical support on the histological, biochemical, and ultrastructural investigations. Finally, we thank Michelle Kahmeyer-Gabbe, PhD, from Edanz Group (https://en-author-services.edanzgroup.com/) for editing a draft of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1102101/full#supplementary-material
REFERENCES
 Alazami, A. M., Al-Qattan, S. M., Faqeih, E., Alhashem, A., Alshammari, M., Alzahrani, F., et al. (2016). Expanding the clinical and genetic heterogeneity of hereditary disorders of connective tissue. Hum. Genet. 135, 525–540. doi:10.1007/s00439-016-1660-z
 Blackburn, P. R., Xu, Z., Tumelty, K. E., Zhao, R. W., Monis, W. J., Harris, K. G., et al. (2018). Bi-allelic alterations in AEBP1 lead to defective collagen assembly and connective tissue structure resulting in a variant of Ehlers–Danlos syndrome. Am. J. Hum. Genet. 102, 696–705. doi:10.1016/j.ajhg.2018.02.018
 Di Giosaffatte, N., Ferraris, A., Gaudioso, F., Lodato, V., Savino, E., Celletti, C., et al. (2022). Congenital defects in a patient carrying a novel Homozygous AEBP1 Variant: Further expansion of the phenotypic spectrum of Ehlers-Danlos syndrome classical-like type 2?Genes (Basel) 13, 2358. doi:10.3390/genes13122358
 Hebebrand, M., Vasileiou, G., Krumbiegel, M., Kraus, C., Uebe, S., Ekici, A. B., et al. (2019). A biallelic truncating AEBP1 variant causes connective tissue disorder in two siblings. Am. J. Med. Genet. A 179, 50–56. doi:10.1002/ajmg.a.60679
 Maddirevula, S., Kuwahara, H., Ewida, N., Shamseldin, H. E., Patel, N., Alzahrani, F., et al. (2020). Analysis of transcript-deleterious variants in mendelian disorders: Implications for RNA-based diagnostics. Genome Biol. 21, 145. doi:10.1186/s13059-020-02053-9
 Malfait, F., Castori, M., Francomano, C. A., Giunta, C., Kosho, T., Byers, P. H., et al. (2020). The ehlers–danlos syndromes. Nat. Rev. Dis. Prim. 6, 64. doi:10.1038/s41572-020-0194-9
 Malfait, F., Francomano, C., Byers, P., Belmont, J., Berglund, B., Black, J., et al. (2017). The 2017 international classification of the Ehlers–Danlos syndromes. Am. J. Med. Genet. C Semin. Med. Genet. 175, 8–26. doi:10.1002/ajmg.c.31552
 Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015). Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of medical Genetics and Genomics and the association for molecular Pathology. Genet. Med. 17, 405–424. doi:10.1038/gim.2015.30
 Ritelli, M., Cinquina, V., Venturini, M., Pezzaioli, L., Formenti, A. M., Maria, A., et al. (2019). Expanding the clinical and mutational spectrum of recessive AEBP1-related classical-like Ehlers–Danlos syndrome. Genes (Basel) 10, 135. doi:10.3390/genes10020135
 Shimaoka, Y., Kosho, T., Wataya-Kaneda, M., Funakoshi, M., Suzuki, T., Hayashi, S., et al. (2010). Clinical and genetic features of 20 Japanese patients with vascular-type Ehlers–Danlos syndrome. Br. J. Dermatol. 163, 704–710. doi:10.1111/j.1365-2133.2010.09874.x
 Syx, D., De Wandele, I., Symoens, S., De Rycke, R., Hougrand, O., Voermans, N., et al. (2019). Bi-allelic AEBP1 mutations in two patients with Ehlers–Danlos syndrome. Hum. Mol. Genet. 28, 1853–1864. doi:10.1093/hmg/ddz024
 Tadaka, S., Katsuoka, F., Ueki, M., Kojima, K., Makino, S., Saito, S., et al. (2019). 3.5KJPNv2, an allele frequency panel of 3,552 Japanese individuals including the X chromosome. Hum. Genome Var. 6, 28. doi:10.1038/s41439-019-0059-5
 Vishwanath, N., Monis, W. J., Hoffmann, G. A., Ramachandran, B., DiGiacomo, V., Wong, J. Y., et al. (2020). Mechanisms of aortic carboxypeptidase-like protein secretion and identification of an intracellularly retained variant associated with Ehlers–Danlos syndrome. J. Biol. Chem. 295, 9725–9735. doi:10.1074/jbc.RA120.013902
 Yamaguchi, T., Hayashi, S., Hayashi, D., Matsuyama, T., Koitabashi, N., Ogiwara, K., et al. (2022). Comprehensive genetic screening for vascular Ehlers–Danlos syndrome through an amplification-based next generation sequencing system. Am. J. Med. Genet. A. Online ahead print 191, 37–51. doi:10.1002/ajmg.a.62982
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Yamaguchi, Hayashi, Nagai, Uchiyama, Motegi, Fujikawa, Takiguchi and Kosho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 31 May 2023
doi: 10.3389/fgene.2023.1136339


[image: image2]
Non-oral manifestations in adults with a clinical and molecularly confirmed diagnosis of periodontal Ehlers-Danlos syndrome
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Introduction: Periodontal Ehlers-Danlos Syndrome (pEDS) is a rare autosomal dominant type of EDS characterised by severe early-onset periodontitis, lack of attached gingiva, pretibial plaques, joint hypermobility and skin hyperextensibility as per the 2017 International EDS Classification. In 2016, deleterious pathogenic heterozygous variants were identified in C1R and C1S, which encode components of the complement system.
Materials and Methods: Individuals with a clinical suspicion of pEDS were clinically and molecularly assessed through the National EDS Service in London and Sheffield and in genetic services in Austria, Sweden and Australia. Transmission electron microscopy and fibroblast studies were performed in a small subset of patients.
Results: A total of 21 adults from 12 families were clinically and molecularly diagnosed with pEDS, with C1R variants in all families. The age at molecular diagnosis ranged from 21–73 years (mean 45 years), male: female ratio 5:16. Features of easy bruising (90%), pretibial plaques (81%), skin fragility (71%), joint hypermobility (24%) and vocal changes (38%) were identified as well as leukodystrophy in 89% of those imaged.
Discussion: This cohort highlights the clinical features of pEDS in adults and contributes several important additional clinical features as well as novel deleterious variants to current knowledge. Hypothetical pathogenic mechanisms which may help to progress understanding and management of pEDS are also discussed.
Keywords: periodontitis, Ehlers-Danlos syndrome, complement, non-oral, genetics
INTRODUCTION
Ehlers-Danlos Syndromes (EDS) are a heterogeneous group of rare monogenic conditions that are characterized by joint hypermobility, skin and vascular fragility and generalised connective tissue friability (Malfait, 2018). Currently, there are 14 types recognized, 13 with monogenic causes by variants in 20 different genes, the majority of which encode fibrillary collagen types I, III, and V, modifying or processing enzymes (for example, collagenases and lysyl hydroxylases) or those proteins and enzymes that modify the extracellular matrix (for example, tenascin-X) (Malfait et al., 2020).
Periodontal EDS (pEDS) was first described in 1977 (Stewart et al., 1977). Currently, pEDS is diagnosed by the following major criteria: (i) severe early onset periodontitis, (ii) lack of attached gingiva, (iii) pretibial plaques, and (iv) family history of an affected first degree relative, and minor criteria: (i) easy bruising, (ii) distal joint hypermobility, (iii) skin hyperextensibility/fragility/wide or atrophic scarring, (iv) increased infection rate, (v) hernias, (vi) marfanoid facial features, (vii) acrogeria, and (viii) prominent vasculature (Malfait et al., 2017). A clinical diagnosis of pEDS can be made through a combination of criteria, the presence of major criterion (i) or major criterion (ii), plus at least two other major criteria and one minor criterion (Malfait et al., 2017).
Since the first description, pEDS has been described clinically in 165 individuals in several case reports, series and pedigree analyses (Nelson and King, 1981; Biesecker et al., 1991; Rahman et al., 2003; Reinstein et al., 2011; Reinstein et al., 2012; Reinstein et al., 2013; Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2017; Cortés-Bretón Brinkmann et al., 2021; El Chehadeh et al., 2021; Stock et al., 2021; Lepperdinger et al., 2022; Nakajima et al., 2022). In 2003, linkage studies in 5 pedigrees with clinical features of pEDS identified a locus at 12p13 (Rahman et al., 2003). However, it was not until 2016 that heterozygous pathogenic variants in the genes C1R (MIM 613785, HGNC 1246) and C1S (MIM 120580, HGNC 1247) were found to be causative of pEDS (Kapferer-Seebacher et al., 2016). Unlike causative variants in other rare types, these genes do not encode proteins involved in collagen I, III, or V biosynthesis or modification of proteoglycans. Instead, they encode the protein esterases C1r and C1s, subunits of the complement 1 complex. Activation of C1r and C1s is the first step in the classical complement cascade, a major antimicrobial pathway of the innate immune system. The pathogenesis of pEDS is only partly understood; evidence suggests that oral features are linked to secretion or release of active C1r serine protease in the extracellular space. This mechanism may cause gingival hyperinflammation in response to mild biofilm accumulation, and subsequently rapidly progressing periodontal destruction leading to dental loss. (Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2020). The question arises whether this hyperinflammation is also the mechanism of several non-oral features observed in pEDS (Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2020).
In the current literature, 165 individuals from 34 families have been published, with 27 (likely) pathogenic variants (C1S = 5 variants, C1R = 22 variants) (Kapferer-Seebacher et al., 2016; Wu et al., 2018; Kapferer-Seebacher et al., 2019; Kapferer-Seebacher et al., 2020; Cortés-Bretón Brinkmann et al., 2021; El Chehadeh et al., 2021; Stock et al., 2021; Lepperdinger et al., 2022; Nakajima et al., 2022). Although the molecular cause for pEDS has been defined and fundamental studies are being undertaken to elucidate the pathogenic mechanism, (Kapferer-Seebacher et al., 2016), there is also a need for detailed phenotyping of molecularly confirmed adults with pEDS, to identify specific associated clinical features to improve diagnosis, understanding of pathogenesis and management. Of importance, other clinical features have recently been reported in pEDS including leukodystrophy (Kapferer-Seebacher et al., 2019) and hoarseness of voice (George et al., 2016). A recent paper reported a cohort of molecularly diagnosed individuals with pEDS and vascular abnormalities including venous insufficiency and arterial aneurysms (El Chehadeh et al., 2021). Here, we report on a spectrum of non-oral features in 21 adult individuals from 12 families with a clinically and molecularly confirmed diagnosis of pEDS with the aim of developing our understanding of clinical features and underlying pathogenic mechanisms.
MATERIALS AND METHODS
Patients
Patients with a suspicion of pEDS were seen in the National EDS Service in London and Sheffield and in genetic centres in Austria, Sweden and Australia. Patients with a confirmed clinical and molecular diagnosis of pEDS were included in the study. The patients were reviewed over a study period of 2019–2023. Photographs of facial features were assessed independently by three consultant geneticists, if not possible, descriptions of facial features were taken from the notes. Written consent for publication, including photographs, was obtained from all individuals. According to the Institutional Review Board (IRB) no formal research ethics approval or research and development approval was required as stipulated by the United Kingdom Policy Framework for Health and Social Care Research and the Health Research Authority decision tool.
Transmission electron microscopy and collagen electrophoresis
As part of the diagnostic process a subset of patients underwent a skin biopsy for transmission electron microscopy (TEM) (Angwin et al., 2020) and collagen electrophoresis with methodology as described by (Körkkö et al., 1998). The majority of biopsies were taken from the inner, upper forearm in order to maintain consistency of samples across the cohort.
Molecular analysis
Molecular analysis was carried out via massively-parallel sequencing (NextSeq, Illumina), and data analysis using SeqNext software and CNV Detective. Variants were analysed according to best practice guidelines for the evaluation of pathogenicity and the reporting of sequence variants in clinical molecular genetics (Richards et al., 2015). Confirmation of clinically significant sequence variants by Sanger sequencing was performed as necessary. DNA changes have been described according to NM_001733.4 for C1R and NM_201442.3 for C1S and validated via Variant Validator (Freeman et al., 2018).
RESULTS
Patients
A total of 21 adults (P1-21) from 12 families were diagnosed with pEDS, see Table 1; data on children with a confirmed molecular diagnosis of pEDS were reported previously (Kapferer-Seebacher et al., 2020). Individuals P4, P5, P9 were reported without clinical details (members of families C, E, and B, respectively) in a study by Rahman et al. demonstrating linkage to locus 12p13 (Rahman et al., 2003) and have been confirmed to have a diagnosis of pEDS in the present study. Only P13 has been clinically and molecularly reported before (George et al., 2016; Kapferer-Seebacher et al., 2016). Individuals were seen in the national EDS services in London (n = 13) and Sheffield (n = 5) and in the genetic services in Austria (n = 2) and Sweden (n = 1). The age at molecular diagnosis ranged from 21–75 years (mean 44 years). Two siblings passed away at the ages of 30 and 41, and have not been included in age of diagnosis as testing took place after death. The male: female ratio was 5:16. Ethnic backgrounds were White British, Swedish, Austrian and Latvian. Please see Supplementary Table S1 for clinical features. Four additional individuals from two families have been included in the Supplementary appendix, as they have a clinical diagnosis of pEDS but there is uncertainty about the pathogenicity of the identified variant.
TABLE 1 | Cohort demographics and clinical features ‘+’ = sign is present, ‘-‘ = sign is absent, U = data unknown.
[image: Table 1]Transmission electron microscopy and collagen electrophoresis
TEM was carried out in 6/21 individuals. No consistent features were observed: Irregular collagen packing (P2, n = 1), variability in fibril diameter (P9, P21, n = 2), single collagen flower (P21, n = 1) and protein filled rough endoplasmic reticulum in fibroblasts (n = 2). In 1 individual, a biopsy was taken from an area of pretibial discoloration in early adulthood, and electron microscopy showed scarring with haemosiderin deposition, inflammatory changes with mainly perivascular nodular aggregates of lymphocytes, with fragmentation leading to clumping of elastin. Fibroblast cultures with protein studies were carried out in 7 patients; of these 6 (86%) had normal type III collagen and 1 (14%) had slightly increased production of type III collagen.
Molecular analysis
All identified deleterious variants are detailed in Supplementary Table S1. Identified variants were found in C1R in 12/12 (100%) families. In P11 the diagnosis was made on stored DNA after death. Her sibling (P12) with a comparable phenotype was no longer alive and was not tested. Six newly described variants included in this paper are as follows: (1) C1R c.628T>G, p.(Tyr210Asp), (2) C1R c.707T>C, p.(Phe236Ser), (3) C1R c.926G>A, p.(Cys309Tyr), (4) C1R c.1273 + 1_1274-1)_(1348 + 1_1349-1)del (exon 10 deletion), (5) C1R c.1273 + 1_1274-1,1348 + 1_1349-1del p.(Gly425_Pro449del), and (6) C1R c.1339T>C, p.(Cys447Arg). All the (likely) pathogenic variants identified in this cohort are compatible with the production of stable enzymatically active C1r protein, in line with the proposed activating effect (Gröbner et al., 2019). Variants are distributed throughout the C1R gene, however, there appears to be a cluster of pathogenic alterations affecting the C1r interaction and catalytic domains (CUB2 and CCP1/2) (Figure 1) (Gröbner et al., 2019).
[image: Figure 1]FIGURE 1 | Title: Distribution of C1R (likely) pathogenic variants and their localisation in the C1r protein in newly reported variants from this paper, and previously reported variants in C1R and C1S. Legend. (A) Newly reported variants–deleterious variants are distributed throughout the C1R gene, however, there appears to be a cluster of alterations affecting the interaction and catalytic domains (CUB2 and CCP1/2) of the C1r protein. Arrows indicate reported variants, these are numbered where there are multiple. (B) Distribution of previously reported variants with clustering affecting the interaction and catalytic domains (CUB2 and CCP1/2) of both C1r and C1s proteins. Arrows indicate reported variants, these are numbered where there are multiple.
DISCUSSION
This paper provides the first complete detailed phenotypic overview of non-oral features in a cohort of 21 adult individuals with a molecularly confirmed diagnosis of pEDS. Please see Supplementary Table S1 for detailed clinical features.
Oral manifestations
Oral manifestations of the present cohort are reported in detail elsewhere (Lepperdinger et al., 2022).
Gingival recession
Thin and fragile gingiva and periodontitis lead to gingival recession that characterizes the oral image of people affected by pEDS. In the present cohort more than 90% of dentate individuals presented with gingival recession ≥3 mm. Gingival recession provides a useful and easily assessable oral characteristic in the diagnosis of pEDS and may give initial examiners the opportunity to easily support the suspected diagnosis of pEDS.
Early and severe periodontitis
All but two dentate (with retained teeth) individuals were diagnosed with severe periodontitis at young age (≤30 years). Age of first tooth loss due to periodontal reasons was reported to be at a median of 20 years. The probability of being edentate at age 35-44 years was 28%–47%. Two individuals with excellent oral hygiene and receiving professional tooth cleaning on a regular basis had no or only mild periodontal destruction. They were clinically diagnosed with pEDS based on a lack of attached gingiva, pretibial hemosiderin depositions and an affected first degree relative.
Lack of attached gingiva
The oral feature observed in all dentate individuals who had a periodontal assessment was the generalized lack of attached gingiva (n = 18) (Figure 2). Unfortunately, three individuals (two deceased), did not have a complete periodontal examination. Generalized lack of attached gingiva has been reported to be pathognomonic for pEDS, and has been reported in children with pEDS in children as young as 4 years old (Kapferer-Seebacher et al., 2020).
[image: Figure 2]FIGURE 2 | Title: Oral manifestations of pEDS. Legend: Thin and fragile gums (due to lack of attached gingiva) and periodontitis lead to gingival recession that characterizes the oral image of people affected by pEDS. Age of first tooth loss due to periodontal reasons was reported to be at a median of 20 years.
Skin
Pretibial plaques
Pretibial plaques are strongly associated with pEDS (reported frequency of 83% in the literature) (Kapferer-Seebacher et al., 2016) and occur in a specific pattern with hyperpigmentation, atrophy or induration and scarring of the lower limbs typically over the pretibial area, termed pretibial plaques (Kapferer-Seebacher et al., 2016; Malfait et al., 2020). Hyperpigmentation appears to develop gradually from mild, brownish hyperpigmented patches clinically in keeping with haemosiderin deposition, to indurated or atrophic plaques and can progress to cover the entire circumference of the calf. Plaques are often associated with skin fragility, whether atrophic or indurated.
In our cohort 17/21 (81%) had pretibial plaques, comparable to the literature (83%) (Figure 3). 14/17 had symmetrical pigment deposition. Plaques extended around the entire circumference of the calf in 5/17 (29%). We do not have data for age of onset, however in a recent cohort of affected children, only 2/12 (16%) reported pretibial plaques (Kapferer-Seebacher et al., 2020). Varicose veins had been diagnosed in 8/21 (38%); all these individuals also had pretibial hyperpigmentation of the lower limb, and 3 of these had extensive discolouration around the entire calf circumference. In the 4 (19%) individuals without pretibial plaques there were no common characteristics (age, underlying genetic cause, etc.) and one individual had a family member who was affected with pretibial plaques.
[image: Figure 3]FIGURE 3 | Title. Pretibial plaques in individuals with pEDS. Legend. Examples of pretibial plaques with symmetrical distribution and with some extending around the entire circumference of the calf, as observed in individuals P2, P3, P4, P5, P6, P7, P8 and P13.
The mechanism for pretibial plaque development remains unclear. The discolouration may represent post-inflammatory hyperpigmentation after injury or inflammatory disorder of the skin. However, the symmetrical distribution seen in 14/17 (82%) individuals and level of hyperpigmentation is not in keeping with a purely trauma related process post-injury as is seen in other rare EDS types such as classical EDS (Bowen et al., 2017). Some individuals do not recall significant trauma to their lower limbs in the pattern of discolouration. The pretibial and calf area is a common site to be affected in disorders of metabolism or circulation, and this is, for example, seen in chronic venous disease, pretibial myxoedema in thyroid disease, necrobiosis lipoidica, pyoderma gangrenosum, and others. The proposed mechanism for this localisation is venous/lymphatic pooling of metabolites and immune complexes, resulting in increased local activity in comparison to the rest of the body (Fatourechi, 2005; Caggiati et al., 2008; Caggiati et al., 2010). A potential mechanism for the occurrence of pretibial plaques could be pooling of C1 components and related immune complexes in the lower limbs, resulting in a localised dermal inflammatory response. A recent study describing clinical features in children with pEDS who typically have no or mild cutaneous signs, including children of some of the adults included in this paper (family B, C, D, F correspond to Family 3, 5, 8, 12 respectively) (Kapferer-Seebacher et al., 2020). This could be in keeping with the hypothesis that the observed cutaneous changes are the result of chronic exposure to a higher concentration of overactivated complement components, resulting in inflammatory changes with associated hyperpigmentation and haemosiderin deposition.
It is possible that the majority of hyperpigmentary changes to the pretibial area in pEDS are a result of localized chronic inflammation, leading to melanosis, haemosiderin deposition, extracellular matrix (ECM) remodelling and angiogenesis. Further investigations are important to confirm or reject this hypothesis, for example, in vitro skin models, biopsy of skin and underlying tissue, and non-invasive investigations, e.g., ultrasound of microvasculature in a similar technique to (Ritelli et al., 2019).
Prolonged skin inflammation is a risk factor for development of cutaneous squamous cell carcinomas (cSCC) (Riihilä et al., 2019). Tumour derived C1r and C1s are thought to aid cSCC progression and have been suggested as an cSCC biomarker (Riihilä et al., 2020). In this cohort, P18 had an SCC excised from the area of pretibial discolouration with closure requiring skin grafting. An individual reported in the appendix has a history of multiple Basal Cell Carcinomas prior to her clinical diagnosis with pEDS (see Supplementary Appendix). Given the size of this cohort, there is no evidence of an association between increased rates of cutaneous cancers and pEDS. As with any individual, new masses on the skin in those affected by pEDS should be assessed and investigated thoroughly.
Easy bruising
Easy bruising was noted in 90% of individuals (19/21) compared to 95% in the literature. Easy bruising occurred particularly over the shins in 8/21 (38%). In 10 individuals bruising would take a prolonged period of time to fade, up to 9 months in one individual. A particular pattern of redness, swelling, pain and then prolonged bruising was observed in 2 (P8, P13) individuals after mild trauma; in P13 localised to the lower limbs and in P8 could affect any area of the body. Bruising related bleeding could contribute to haemosiderin deposition and hyperpigmentation, however one individual (P1, age 33) reported easy bruising with no evidence of pretibial changes.
Vitamin C use has been recommended as a method to possibly reduce bruising in different types of EDS. It is known to be involved and potentially increase collagen production by fibroblasts (Tajima and Pinnell, 1996; Bowen et al., 2017), however there is no current clinical evidence that it reduces bruising frequency or severity. Given that the pathophysiological mechanism of pEDS remains unclear, the role for this supplement in pEDS related bruising is unknown.
Skin hyperextensibility/fragility/wide or atrophic scarring
Hyperextensible skin was noted in 4 of 21 (19%) individuals. Fragility of the skin was found in 15/21 (71%), which was particularly concentrated over the legs and shins (n = 9). Skin graft was required for 1 individual after minor trauma to the shin. Abnormal scarring was reported in 10/21 (48%) and particularly prominent on the lower legs in 9 (although some also had abnormal scarring on arms, torso and head), described as: atrophic (n = 6), widened (n = 4) and keloid (n = 1).
Prominent vasculature and acrogeria
Thin, translucent skin was noted in 13/21 (62%) individuals within our cohort and specifically over the chest in 5 individuals. Acrogeria was not specifically noted.
Musculoskeletal
In this cohort, distal hypermobility was seen in 5/19 (26%) individuals with 2 of those having a Beighton score of 5 or over. Three additional individuals had a Beighton score of 5 or over. Dislocations were reported by 2/21 (10%) individuals following appropriate trauma (fall down stairs and road traffic accident both resulting in shoulder dislocations). Joint pains were reported by 11/21 (52%) individuals (generalised in 5). Joint pains typically started in early adulthood (average age 30, age range of onset 10–60 years).
Gastrointestinal
Hernia
Hernia was noted in 5/21 (23.8%) individuals: inguinal (n = 2), incisional (n = 1), umbilical (n = 1) and a combination of hiatus, inguinal and umbilical (n = 1).
Diverticular disease and bowel perforation
Diverticular disease was reported in 5/21 (24%) individuals, 1 of whom (P3) suffered a related bowel perforation. Generally, diverticulitis is considered a chronic inflammatory state, in conjunction with other lifestyle, genetic and environmental factors, at an incidence of 188/100,000 (Bharucha et al., 2015; Strate and Morris, 2019). Given its relatively high frequency in the population and the small cohort published here, no definite conclusions on association can be drawn.
Fatal spontaneous bowel perforation caused the death of individual P11 at age 41 and was also the cause of death in a sibling of P9 who passed away prior to genetic testing or assessment but had clinical features of pEDS. Organ rupture has been previously reported in 2 patients with molecularly confirmed pEDS, although the sites of perforation are not specified (Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2017). Of note, the proband of family 1 with a clinical diagnosis of pEDS (see Supplementary Appendix) had two small bowel ruptures requiring bowel resections.
Concurrent disorders
Recurrent infections
Recurrent infection has been included in the current diagnostic criteria (Malfait et al., 2017). In this cohort 7/21 (33%) individuals subjectively felt that they were more prone to recurrent infections (see Supplementary Table S1).
Inflammatory disorders
From medical history no increased infection rate was apparent. Complex Systemic Lupus Erythematosus (SLE) was reported in P10 (C1R (c.702_711delinsT)), with initial presentation of rash, joint aches and chest pain, developing a severe pericarditis requiring surgical intervention and a prolonged and resistant serositis. Multiple treatments for his SLE included Methotrexate, Hydroxychloroquine, Mepacrine, Rituximab and Azathioprine, however due to intolerance or minimal response he has continued to require long term steroids. P10 has recently developed three lesions on the left lower limb in keeping with a diagnosis of pyoderma gangrenosum, which have been minimally responsive to 60 mg of oral prednisolone and regular dressings. Infliximab is being considered as a management option. SLE had also been diagnosed in both siblings (did not participate in this study) of the individuals’ mother (P9). P9 was not affected with SLE. Unfortunately, these family members were not available for genetic testing.
Interestingly, a study of a consanguineous family with SLE identified recessive loss of function (LOF) variants in C1R (with low serum levels of complement) in contrast to dominant gain of function variants seen in pEDS (Demirkaya et al., 2017). Given the United Kingdom incidence of SLE is estimated at 4.91/100,000 in the general population, (Stojan and Petri, 2018), it is currently unclear whether there is an association between pEDS and SLE; this cohort is not large enough to draw any definite conclusions.
P5 has a diagnosis of palmoplantar pustular psoriasis (PPP). This is an inflammatory disease characterized by sterile neutrophilic pustules surrounded by inflamed or reddened/discoloured skin. The mechanism of disease is unknown but which appears to be mediated by aspects of both innate and acquired immune systems (Brunasso and Massone, 2021).
P20 was diagnosed at the age of 12 with mesangiocapillary glomerulonephritis type I (now known as C3 glomerulonephritis). This condition is part of the disease entity C3 glomerulopathy caused by dysregulation of the alternative complement pathway (rather than the classical pathway which is initiated by C1) (Sethi et al., 2012; Smith et al., 2019).
In summary, in 3/21 (14%) individuals an autoimmune condition was diagnosed with one individual having a diagnosis of SLE as well as two second-degree maternal family members who also had clinical features of pEDS (not included in this study). Autoimmune condition incidence varies by disorder; however, they are largely uncommon in the general population (Wang et al., 2015). Within this group there does appear to be a propensity toward autoimmune conditions, particularly those possibly due to complement dysregulation, however the cohort is not large enough to draw any definite conclusions.
Facial features
Although Marfanoid facial features are included as minor diagnostic criteria for pEDS, none of our series showed such changes. Contrastingly we consider that 6/21 (28.5%) had features resembling those of vEDS (vascular EDS). Facial features noted in vEDS are thin vermilion of the lips, micrognathia, narrow nose, and prominent eyes (Brady et al., 2017). Typical facial features in the cohort were thin vermillion of the lips (n = 10) and proptosis (n = 8), while other observed facial features were a narrow nose (n = 5), narrow mouth (n = 3) and high palate (n = 2). Figure 4 and Supplementary Table S1.
[image: Figure 4]FIGURE 4 | Title: Facial features in individuals with pEDS. Legend. Individuals with pEDS share facial features of that are more often seen in individuals with vascular EDS including prominent eyes, narrow nose and thin vermillion of the lips seen in individual P8, P10 and P13.
Cardiovascular
Arterial events (including aneurysms/dissections of the abdominal aorta, carotid artery and cerebral artery) have been previously reported in 10/150 (6.7%) molecularly confirmed pEDS patients (Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2017; El Chehadeh et al., 2021). 10/21 individuals in this cohort underwent cardiac imaging and none were found to have any structural abnormalities of the heart. In 2/6 (33%) individuals who underwent arterial imaging, aneurysms were seen: in P18 a cerebral aneurysm (n = 1) in the form of a small brain aneurysm projecting posteriorly from the left internal carotid artery/anterior cerebral artery junction and in P19 a right internal carotid aneurysm (n = 1). Both individuals had leukoencephalopathy, and the aneurysms were detected in their early 30 s. In P16, normal imaging was reported after a transient ischaemic attack age 74. Spontaneous subarachnoid haemorrhage was the cause of death in P12 at age 30, although the underlying cause of the bleed is unclear. Intracranial haemorrhages have been previously reported in the literature (Kapferer-Seebacher et al., 2021). The risk of arterial events in individuals with pEDS remains unknown. Consideration of regular arterial surveillance is advised and has been reported to be conducted with a frequency of 1.5–2 years in some services (Kapferer-Seebacher et al., 2021).
Central nervous system
White matter abnormalities have so far been detected in all patients with molecularly confirmed pEDS who have undergone cerebral imaging (10 of 10 reported patients, age range 8–68 years) (Kapferer-Seebacher et al., 2016; Kapferer-Seebacher et al., 2017; El Chehadeh et al., 2021). In this cohort, the majority of individuals (n = 12) did not have brain imaging at the time of reporting. In those that had imaging (n = 9), leukodystrophy was found in 8/9 (89%). P17, age 30, had no evidence of leukodystrophy on imaging. Leukodystrophy was discovered on average at age 40 (30–64 years of age), however this is dependent on age at imaging; no patients had prior imaging in childhood for comparison. The number of individuals from this cohort with these changes is likely to be underestimated as many have not undergone CNS imaging. There is currently no definite incidence data for leukodystrophy in the general adult population.
Leukodystrophies and leukoencephalopathies are a heterogenous group of disorders linked by white matter changes on imaging of the CNS which have recently been classified in 2015 (Vanderver et al., 2015). There are many distinct genetic leukoencephalopathies, and previous papers draw radiographic similarities between pEDS leukoencephalitis and genetic cerebral arteriopathies such as CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy) (Spranger et al., 1996; Kapferer-Seebacher et al., 2019). In contrast to these disorders and despite the radiographic similarities, neurological features are not severe, and in this cohort are mild or absent, with no evidence of cognitive decline. Neurological symptoms were reported by 11/21 (52%) individuals, including headaches (n = 8, 6 of which were migrainous), tremor (n = 3), partial bilateral palsy of fourth cranial nerve causing diplopia (n = 1), neuropathic pain (n = 2), poor memory (n = 4) and loss of concentration (n = 5). There was no evidence of lower motor neuropathology or speech disturbance. Vasculitis has previously been associated with a clinical diagnosis of pEDS (prior to available genetic testing) in an individual with periodontitis, osteolysis, cutaneous vasculitis and T cell reactivity to type 1 collagen (Hoffman et al., 1991). However, there are no currently available samples of cerebral tissue for further investigation of pathogenic mechanisms in this group.
Mental health disorder symptoms were reported in 9 individuals including alcohol dependence (n = 1), mixed anxiety and depression (n = 2), anxiety alone (n = 3) and depression alone (n = 3) associated with psychosis and a suicide attempt in 1 individual.
Currently there is no evidence that the leukodystrophy observed on imaging is linked to any specific degenerative or mental health disorder, and therefore cerebral imaging to monitor any leukodystrophy is not indicated unless the individual presents with neurological symptoms requiring imaging.
Ear, nose, and throat
Vocal changes were noted in 8/21 (38%) individuals, in 3 individuals with a C1R VUS reported in Supplementary Appendix and have previously been reported in two individuals in the literature (George et al., 2016; Kapferer-Seebacher et al., 2019). Vocal changes have been previously reported in pEDS, and P13 has been reported before (George et al., 2016).
Vocal changes were defined as a hoarse voice often with associated high pitch. Onset of vocal changes was reported from early teens to 55 years (average age 27 years). Various causes for the vocal changes were reported: P2 developed subglottic stenosis with osseous metaplasia of the tracheal rings with vocal cord intermission and regurgitation, requiring tracheal resection which was complicated by an anastomotic stricture and required laser ablation, P13 developed subglottic stenosis below the larynx with an associated abnormality of the cricoarytenoid joint requiring surgical correction, in P14 recurrent laryngitis was reported with as many as 5 episodes a year, in P18 vocal cord sulci responded partially to speech and language therapy, and P21 developed tracheal stenosis which was treated surgically but required recurrent resections for significant scarring and has ongoing management with local steroid injections.
Subglottic stenosis is a fibrotic narrowing of the subglottic space which can occur in different situations including trauma, infection and systemic diseases. Previous papers have investigated an autoimmune hypothesis of acquired subglottic stenosis after finding autoantibodies to type II collagen in affected children, however, further investigations have not been conclusive (Stolovitzky and Todd, 1990; Stolovitzky et al., 1997). Autoantibodies to type II, IX and XI collagen have been found in relapsing polychondritis (RP), an autoimmune disease resulting in inflammation of cartilaginous structures and other organ systems including heart valves, eyes and vasculature (Borgia et al., 2018). 50% of these individuals develop laryngotracheobronchial involvement such as laryngomalacia and stenosis. The pathogenesis of RP is not fully understood, but animal models have shown that immune sensitization to ECM proteins can result in a clinical picture similar to RP (Loehrl and Smith, 2001).
The association between other vocal cord disorders and inflammatory and granulomatous diseases has been well documented, for example, fibro-inflammatory changes of the vocal cord commissure developing in rheumatoid arthritis (Eddaoudi et al., 2019).
Molecular diagnosis
Both we and others have reported heterozygous missense or in-frame deletion variants within the C1R or C1S genes in individuals with pEDS. The majority of variants were located in C1R and affected the CUB2 and CCP1 domains (Figure 1) (Kapferer-Seebacher et al., 2016) and were found to have lost the ability to interact with C1q, preventing binding but otherwise forming and being secreted normally (Gröbner et al., 2019). However, P13 was included despite being reported in previous publications (George et al., 2016; Kapferer-Seebacher et al., 2016; Gröbner et al., 2019) due to the unusual site of the pathogenic C1R variant c.869A>G, p.(Asp290Gly); this is the only reported pathogenic variant which is located in the C1q binding site of C1r, appearing to inhibit binding of the C1r-C1s tetramer to C1q (Gröbner et al., 2019). See Supplementary Appendix.
CONCLUSION
Lack of attached gingiva has been observed as early as 4 years of age and is pathognomonic for pEDS (Kapferer-Seebacher et al., 2020; Lepperdinger et al., 2022). This is the first study reporting the spectrum of extraoral clinical features assessed by specialists in inherited connective tissue disease, as observed in a series of 21 individuals with clinically and molecularly proven pEDS.
In our series, in line with previous observations, more than 80% had pretibial plaques, whilst vocal cord/laryngeal (38%) and white matter abnormalities in those that had imaging (89%) were also frequently encountered. Contrastingly, clinical features reflected in the minor criteria for a diagnosis of pEDS, namely, marfanoid facial features, acrogeria, cutaneous venous prominence and susceptibility to infection (Malfait et al., 2017) were less common and may merit revision.
Regular surveillance of the arterial tree could be considered, given the reported frequency of arterial aneurysms in this cohort (2/6, 33%) and previously reported arterial events (10/150) (El Chehadeh et al., 2021; Kapferer-Seebacher et al., 2021). Symptoms indicating concomitant autoimmune disorders or an acute abdomen should be investigated thoroughly.
Whilst there is clear clinical evidence of potentially abnormal connective tissue in pEDS as judged by features of hernias, skin and vascular fragility, other significant clinical features such as laryngeal thickening, white matter abnormalities or even the pretibial plaques are unexplained by a primary connective tissue matrix defect. Here, additional inflammatory mechanisms may be responsible and require further elucidation.
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Clinical features and morphology of collagen fibrils in patients with vascular Ehlers–Danlos based on electron microscopy
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Background: Vascular-type Ehlers–Danlos syndrome (vEDS) is caused by collagen III deficit resulting from heterogeneous mutations in COL3A1, which occasionally causes sudden death due to arterial/visceral rupture. However, it is difficult to conduct basic research on the pathophysiology of vEDS. Moreover, the number of patients with vEDS is small, limiting the number of available samples. Furthermore, the symptoms of vEDS may vary among family members, even if they share the same mutation. Accordingly, many aspects of the pathology of vEDS remain unknown. Therefore, we investigated the structural abnormalities in collagen fibrils and endoplasmic reticulum (ER) stress in skin samples using electron microscopy as well as their relationship with clinical symptoms in 30 patients with vEDS (vEDS group) and 48 patients without vEDS (disease-negative control group).
Methods: Differences between the two groups were evaluated in terms of the sizes of collagen fibrils using coefficient of variation (COV).
Results: COV was found to be significantly higher in the vEDS group than in the disease-negative control group, indicating irregularity in the size of collagen fibrils. However, in the vEDS group, some patients had low COV and seldom experienced serious complications and ER stress.
Conclusion: ER stress might affect collagen fibril-composing proteins. Moreover, as this stress varies among people based on environmental factors and aging, it may be the underlying cause of varying vEDS symptoms.
Keywords: vascular Ehlers-Danlos syndrome, COL3A1, collagen III, endoplasmic reticulum stress, unfolded protein response, collagen fibril, electron microscopy
1 INTRODUCTION
Vascular-type Ehlers–Danlos syndrome (vEDS) is an autosomal dominant inherited disorder with an incidence of 1 in 100,000–250,000 people (Byers et al., 2017). This disorder is caused by a deficit in collagen III due to heterogeneous mutations in the α1 type III collagen gene COL3A1. As collagen III comprises homotrimers and normal and mutant pro α1(III) chains are produced with equal frequency, approximately 90% α1(III) trimers contain ≥1 mutant α-chain (Mao and Bristow, 2001). Furthermore, reduced expression of collagen III may affect the walls of hollow organs, including the uterus, intestines, and medium- and large-sized arteries, as well as the fragility of connective tissues. Remarkably, in addition to various characteristic clinical symptoms, such as translucent skin, easy bruising, characteristic facial appearance, small joint hypermobility, and acrogeria, patients with vEDS occasionally experience fatal complications, including macrovascular rupture, intestinal perforation, and uterine rupture during pregnancy (Shimaoka et al., 2010; Malfait et al., 2017). Moreover, these patients often experience their first major complication in their early 20s, and >80% of them exhibit at least one complication by the age of 40 years, reducing their average life expectancy to 48 years (Pepin et al., 2000).
Based on the relevant literature, the pathophysiology of vEDS remains unclear. In our previous study, we found no correlation between decreased levels of collagen III produced from cultured fibroblasts, gene mutations, and clinical symptoms among Japanese patients with vEDS (Shimaoka et al., 2010; Yamaguchi et al., 2023). Notably, only nonsense mutations are known to be of mild type and are associated with a high survival rate; however, these mutations are noted in only a few cases of vEDS (Byers et al., 2017). Conversely, no correlation has been reported between other gene mutation types and clinical complications. For example, in cases of the most frequent variants of glycine (Gly) mutation in the triple helix repeat of Gly-X-Y, even if the family member(s) of the patient have the same gene mutation, the types and severity of the associated complications vary (Pepin et al., 2014). Moreover, a few patients with almost no collagen III expression have no serious complications (Shimaoka et al., 2010). In other words, collagen III levels are reduced in cases of vEDS; however, it is unclear whether this is the only cause of varying vEDS symptoms.
In a previous study, electron microscopic (EM) findings of patients with vEDS revealed that they had collagen fibrils of different sizes compared with normal controls (Smith et al., 1997). Moreover, endoplasmic reticulum (ER) dilation was observed in skin fibroblasts of patients with vEDS, indicating ER stress. Notably, ER stress is a state in which proteins with abnormal conformations and those that did not undergo normal modification (unfolded proteins) accumulate in the lumen of ER, mainly because of physiological stress, which damages cells (Rutkowski and Kaufman, 2004; Schröder and Kaufman, 2005). However, in cases of vEDS, even in the absence of physiological factors, proteins that exceed the processing capacity are accumulated in ER. This can be attributed to the fact that abnormal proteins produced by the pathogenic allele fail to maintain the triple helix structure of collagen and stick to ER. This leads to the accumulation of defective unfolded peptide chains in ER, causing ER stress (Malfait et al., 2020). Recently, we hypothesized that fibroblasts reduce the expression of other synthetic proteins in collagen fibrils, such as cartilage oligomeric matrix protein (COMP), due to ER stress, resulting in abnormally sized collagen fibrils in patients with vEDS (Ishikawa et al., 2021). This finding suggests that the varying vEDS symptoms may not be attributed to only one factor (i.e., decrease in collagen III expression). For example, in a previous study, despite the fact that collagen III was a minor component of dermal collagen fibrils, its severe reduction resulted in small or variably sized collagen fibrils and dermal thinning (Mao and Bristow, 2001). Normally, collagen III is distributed from the papillary to the reticular layer of the dermis, and the deeper the layer, the lower the distribution of collagen III and the more the increase in collagen I levels, leading to the formation of thick and strong collagen fibrils (Keene et al., 1987). We have been investigating the reticular dermis, which physiologically comprises relatively little collagen III. Accordingly, dominant collagen fibril malformation could be difficult to explain only by pathological reduction of collagen III (Ishikawa et al., 2021). In cases of vEDS, the decrease in COMP may contribute to this issue.
To the best of our knowledge, no treatment has been established for vEDS to date. In 2010, a clinical trial reported that the use of celiprolol with β2-agonist vasodilatory properties reduces the risk of arterial dissection (Ong et al., 2010). However, it remains unclear whether celiprolol exerts its beneficial effect by improving the biomechanical integrity of the aortic wall (Dubacher et al., 2020). Recently, we encountered a case in which the skin sample collected before and after celiprolol administration showed an improvement in terms of abnormalities in the fibril size of collagen and ER dilation; however, the expression level of collagen III remained the same. Moreover, we collected unique samples from patients without abnormal collagen fibril sizes despite the presence of vEDS, and in some of these patients, no serious complications occurred. Therefore, we considered that the collagen fibril size abnormality and ER stress may be associated with vEDS complications. To date, only a few comprehensive studies have reported on gene variants, EM findings, collagen III production, and clinical symptoms, with no reports on patients with vEDS. Thus, in the present study, we aimed to evaluate these factors and their relationship with ER stress in patients with vED. Moreover, here we report a case of vEDS, with data analyzed before and after celiprolol administration, along with the aforementioned unique case with mild symptoms.
2 MATERIALS AND METHODS
2.1 Patients and samples
For the present analysis, we collected samples from 282 patients clinically suspected with hereditary disease of the connective tissue, including vEDS, who presented at our department between 2004 and 2022 and provided their informed consent.
The exclusion criteria were as follows: patients who did not undergo genetic analysis for COL3A1; those aged <17 years (excluding those with asymptomatic diagnoses based on the information of their relatives); those who did not undergo skin biopsy for sample collection from unexposed upper arms; those who did not undergo analysis for the expression level of procollagen III in cultured fibroblasts; those without full information of clinical symptoms in the medical record; and those who had reduced procollagen III levels but no COL3A1 mutations (Supplementary Figure S1). Notably, data regarding some cases of vEDS were obtained from our previous reports (Hayashi et al., 2020; 2022; Kida et al., 2022; Yamaguchi et al., 2023).
Two or more dermatologists and one geneticist with >15 years of experience recorded the presence of clinical symptoms during diagnosis based on the clinical diagnostic criteria reported in a previous study (Beighton et al., 1998; Malfait et al., 2017). Genetic analysis was performed using the Sanger sequencing method and panel analysis with a next-generation sequencer. The variant of the detected COL3A1 was determined by ClinVer, GenomeAD v2.1.1, and PubMed and was evaluated according to the guidelines by the American College of Medical Genetics and Genomics/Association for Molecular Pathology (2015 ACMG/AMP guidelines) (Richards et al., 2015).
Further, the samples collected for the analysis were classified into the following groups: vEDS and disease-negative control (i.e., no COL3A1 mutation and no decrease in procollagen III levels).
2.2 Method for measuring collagen fibrils
Notably, skin samples collected from the unexposed areas of the upper arm by biopsy were incubated with 2.5% glutaraldehyde (TAAB, Laboratories Equipment Ltd., England) diluted with 0.1 M phosphate buffer for ≥2 h; subsequently, these samples were fixed with 1% osmium acid (TAAB) for 90 min. Further, the fixed tissues were dehydrated with ethanol, embedded in epoxy resin (TAAB), and observed under a JEM-1011 electron microscope (JEOL, Japan).
To measure collagen fibrils, we used the method described in a previous study (Ishikawa et al., 2021). Details of the method are included in the Supplementary Material. We found that the count of collagen fibrils and measurement of the long diameter were >400 fibrils in 10 locations and <0.25 µm2 (magnification, ×30,000), respectively. The obtained data were then analyzed using the Statistical Package for the Social Sciences, version 18 (SPSS, Inc.), and the coefficient of variation (COV) was calculated for the measurements of the long diameter of collagen fibrils in each 0.25-µm2. Notably, COV is used to quantify the size differences in collagen fibrils.
2.3 Methods of collagen synthesis analysis in cultured dermal fibroblasts and measurement of newly synthesized collagen
Fibroblast cultures were obtained from the skin biopsy samples using the outgrowth method described in a previous study (Hata et al., 1988). Briefly, fibroblast cultures from the skin biopsy samples were established and labeled with 2,3-[3H] proline. Further, the newly synthesized collagen was detected by electrophoresis. We numerically quantified the band intensity using a previously reported established method (Shimaoka et al., 2010). The details of these methods are described in Supplementary Material. The expression levels of type III procollagen were lower in patients with vEDS than in normal controls; conversely, the expression levels of procollagen I were almost the same between the two groups. The results of two representative patients from the above groups are shown in Supplementary Figure S2.
2.4 Real-time reverse transcription-polymerase chain reaction (PCR) assay and ATF6 and COMP immunostaining
The methods used for real-time PCR and ATF6 and COMP immunostaining are presented in the Supplementary Material.
2.5 Statistical analysis
Differences between two study groups were analyzed using Student’s t-test. Meanwhile, differences between more than three groups were analyzed using Tukey’s test. p values of ≤0.05 were considered significant. Data were presented as mean ± standard error of the mean. Statistical comparisons were conducted using SPSS, version 18 (SPSS, IBM. Chicago, United States).
3 RESULTS
3.1 High COV of collagen fibrils in vEDS
In the EM analysis of horizontal cross-section of collagen fibrils, compared with the disease-negative and normal control groups, the vEDS group presented a more noticeable variation in the size of collagen fibrils. Figure 1 shows the EM findings of representative cases of each group. We calculated the long diameter and COV for each group. Notably, COV represents the scale of variation; if it is high, the collagen fibril diameters have a high variation. Overall, 30 patients with vEDS, 48 patients without vEDS (disease-negative control), and 5 controls were analyzed in this study (Supplementary Table S1). In the vEDS group, three patients had variant of unknown significance. Remarkably, disease-negative controls were patients suspected with a hereditary connective tissue disease based on clinical information, but their diagnosis of vEDS was ruled out by genetic testing and protein analysis. In the present study, the vEDS group included 27 patients, excluding 3 patients with variant of unknown significance. Further, statistical analysis was performed for the vEDS, disease-negative control, and normal control groups (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Age- and sex-matched representative electron microscopic (EM) findings of the horizontal cross-section of collagen fibrils. COV*, coefficient of variation. Magnification, ×30,000. Scale bar, 0.2 µm.
Among all participants, there was no correlation between COV and age (Supplementary Figure S3A) or sex (data not shown). In patients with vEDS, there was no correlation between COV and expression of procollagen III from cultured fibroblasts and no correlation between COV and the type of mutation (data not shown). COV was significantly higher in the vEDS group (0.184 ± 0.005) than in the disease-negative (0.142 ± 0.004) and normal (0.128 ± 0.011) control groups. However, there were no significant differences in COV between the disease-negative and normal control groups (Supplementary Figure S3B). We created a receiver-operating characteristic curve to confirm the high COV value and diagnostic reliability of vEDS (Supplementary Figure S3C). The area under the receiver-operating characteristic curve was found to be 0.861. In the vEDS and disease-negative control groups, when the cutoff value was set at 0.173 (Youden index) using SPSS version 18 (SPSS, Inc., Chicago, IL, United States), the sensitivity and specificity were 74.1% and 91.7%, respectively.
3.2 COV and clinical symptoms of the vEDS group
Regarding the typical clinical information of patients with vEDS, we compared COVs between the positive and negative groups for each symptom. The results are shown in Table 1. No clinical symptoms were found to be significantly correlated with COV values. In patients with thin translucent skin, the value tended to be high (p = 0.050), although it was not significant.
TABLE 1 | Coefficient of variation of collagen fibrils and clinical symptoms of the vEDS group (n = 27).
[image: Table 1]3.3 Clinical symptoms between the low and high COV subgroups in the vEDS group
In a few cases, despite the presence of vEDS, COV was not high. Further, using a cutoff value of 0.172 (Youden index), we compared patients in the high (20) and low COV subgroups (7) (Table 2). There was no significant difference in sex or procollagen III expression between the two subgroups; however, there was a significant difference in age at the time of diagnosis (p = 0.046). Notably, arterial/intestinal/uterine fragility or rupture and arterial dissection were predominant in the high COV subgroup (p = 0.004 and 0.079, respectively). No significant differences were noted in other major clinical information.
TABLE 2 | Comparison between the high (>0.173) and low (<0.173) coefficient of variation subgroups.
[image: Table 2]3.4 Summary of seven patients in the low COV subgroup
Here we report the cases of patients with low COV and no serious complications despite the presence of vEDS. Figure 2 shows the results of collagen expression analysis and EM findings of six patients. The expression of procollagen III was decreased in all patients, although there was no correlation between COV and procollagen III expression. Moreover, there was no common background among these patients in terms of medical histories, living histories, or environmental factors. Notably, patient 15 was the only patient in the low COV group who had organ and vessel rupture. This patient was a 42-year-old (at the time of diagnosis) woman who became pregnant with twins following fertility treatment and presented with massive uterine bleeding at 25 weeks of gestation. Being pregnant with twins is believed to have had significant effects and stress on her body.
[image: Figure 2]FIGURE 2 | Procollagen expression analysis and collagen fibril findings of six patients from the low coefficient of variation subgroup. There was no correlation between COV and procollagen III expression. Magnification, ×30,000. Scale bar, 0.2 µm. COV*, coefficient of variation.
3.5 Mild ER dilation of fibroblasts in the low COV subgroup with vEDS
We compared the characteristics of fibroblasts among the high COV, low COV, and normal control groups. In each group, we identified 20–30 fibroblasts from skin biopsy samples. Figure 3 shows representative EM findings (fibroblast) of each group. In the high COV subgroup, almost all cells had ER dilation (Figures 3A, B). Conversely, in the low COV subgroup, we observed mildly dilated or nondilated ER (Figures 3C, D). Normal controls exhibited no dilation of ER, except for a few cells (Figures 3E, F).
[image: Figure 3]FIGURE 3 | Findings of endoplasmic reticulum (ER; arrow) noted in the skin biopsy samples of the high and low coefficient of variation (COV) vascular-type Ehlers–Danlos syndrome (vEDS) subgroups and the control group. In the high COV subgroup, almost all cells showed ER dilation (A, B). Conversely, in the low COV subgroup, mildly dilated or nondilated ER was observed (C, D). Normal controls exhibited no dilation of ER, except for a few cells (E, F). Magnification, ×50,000. Scale bar, 0.1 µm. N, nucleus.
3.6 Expression of the ER stress markers ATF6 and COMP in the low COV subgroup with vEDS
To analyze the ER stress markers and COMP, we performed real-time PCR on mRNA obtained from cultured fibroblasts.
Notably, during ER stress, the function of inducing cell apoptosis or removing defective proteins is enhanced as a biological defense mechanism (i.e., ER stress response). Several markers are known to increase mRNA expression during ER stress. Among them, CHOP, PEEK, IRE1, etc. play a role in inducing cell apoptosis and avoiding ER stress as an ER stress response (Ron and Walter, 2007). However, in our study, none of these markers were significantly elevated in patients with vEDS (data not shown).
Conversely, activating transcription factor 6 (ATF6) is also one of the ER stress markers and is related to the elimination of defective protein; moreover, the mRNA expression of ATF6 is increased in the ER stress condition (Wu et al., 2007). COMP is a binding partner protein for collagen fibrils, and it is known to cause ER stress and decrease the level of collagen protein in COMP-knockout mice (Schulz et al., 2016). In our previous analysis of mRNA obtained from skin fibroblast cultures of four patients with vEDS, we found that ATF6 was significantly higher in these patients than in the normal controls, although the expression of COMP was significantly lower (Ishikawa et al., 2021).
In this study, we compared the mRNA expression levels of ATF6 and COMP among the high and low COV subgroups, disease-negative group, and normal control group. ATF6 was significantly higher in the high COV subgroup than in the low COV subgroup. The expression levels of ATF6 were higher in the low COV subgroup than in the disease-negative and normal control groups, but there was no significant difference in these levels between the groups (Supplementary Figure S4A). In the high COV subgroup, the expression level of COMP was significantly lower than that in the low COV subgroup (Supplementary Figure S4B).
3.7 A case report of vEDS, with data analyzed before and after celiprolol administration
In this study, we presented an interesting case (patient 13) of vEDS with a heterozygous pathogenic variant (c.1484G>A; p. Gly495Glu) in COL3A1 resulting in the rupture of the left lower leg artery. This patient was treated with celiprolol; the patient did not have hypertension but had an aneurysm in the iliac artery. A skin biopsy was performed before and after celiprolol administration. After 3 years of celiprolol administration, no aneurysm developed, and there was no serious adverse event. Moreover, the expression level of procollagen III did not change (Figures 4A,B), although the size differences in collagen fibrils improved (Figures 4C,D), and ER dilation was no longer noted (Figures 4E,F). Immunofluorescence staining for biopsy samples revealed strong ATF6 staining; however, COMP staining was not observed before celiprolol administration, but after administration, the expression of ATF6 decreased and COMP staining was confirmed (Figures 4G,H).
[image: Figure 4]FIGURE 4 | Analysis of skin biopsy samples before and after the administration of celiprolol. The expression levels of procollagen III were almost the same before (A) and after (B) celiprolol administration. There was a difference in the size of collagen fibrils before celiprolol administration (C); however, the size became similar after the administration (D). Magnification, ×30,000. Scale bar, 0.2 µm. Expanded endoplasmic reticulum (arrow) of fibroblasts before celiprolol administration (E) and normal endoplasmic reticulum after the administration (F). Immunofluorescence staining of ATF6 (red) and COMP (green) revealed increased ATF6 expression but decreased COMP expression before celiprolol administration (G); the expression was contrary after celiprolol administration (H). DAPI (blue) indicates the nucleus.
4 DISCUSSION
In the present study, we summarized the background and conditions for skin sampling as much as possible and used COV quantification, reporting a novel finding of less serious complications of vascular events in patients with vEDS and low COV. Notably, in vEDS, symptoms vary among family members even if they share the same mutation. This is a new finding that may be related to individual variability in vEDS symptoms. Moreover, we described a case showing an improvement in abnormalities in the fibril size of collagen and ER dilation after celiprolol administration. However, although the effect of celiprolol against vEDS is important because it suggests a relationship among abnormalities in collagen fibril morphology, ER stress, and occurrence of serious complications, it remains unresolved to date.
In our previous study, we focused on the fact that skin samples from infants without vEDS show differences in collagen fibril size similar to those from patients with vEDS, suggesting that mixing of such fibrils with the newly regenerated small collagen fibrils (also observed in infants) resulted in the observed size difference (Ishikawa et al., 2021). Moreover, we found that ER-stressed fibroblasts had reduced expression levels of the constituent proteins of collagen fibrils, such as COMP, possibly leading to fragile collagen fibrils (Ishikawa et al., 2021). Among heterogeneous mutations in COL3A1, in the presence of splice or glycine mutations, collagen III is extremely reduced throughout life because of the dominant negative effect (Malfait et al., 2020). However, usually, patients with vEDS do not develop major symptoms by the age of 20 years (Frank et al., 2019), and even if they have the same glycine missense pathogenic variants, their symptom type and timing differ (Shimaoka et al., 2010). This suggests that other factors besides decreased collagen III also play a role in the appearance of symptoms. Notably, numerous defective peptide chains produced by the dominant negative effect accumulate in ER, leading to ER stress. Further, owing to the influence of environmental and genetic factors, there are individual differences in ER stress response (Ramos-Lopez et al., 2018). If a patient with vEDS has high resistance to ER stress, the accumulated defective peptide chain in ER can be eliminated even if there is a decrease in collagen III expression due to genetic reasons; further, the influences of ER stress and expression of other proteins are in turn assumed to be small. This finding may explain individual differences in symptoms among patients with vEDS.
To the best of our knowledge, no targeted therapy is available for vEDS, and there is no consensus on its clinical management (Brooke, 2010). There are several reasons why evidence on the pathophysiology and treatment of vEDS has not been accumulated in the literature. First, the lack of a mouse model for effective experiments over a long time leads to a reproduced human phenotype. Second, although the recently reported transgenic mice are expected to be used in pharmacological studies for vascular events in vEDS (Dhondt et al., 2018), there are some issues such as differences in the distribution of collagen III expression between organs of mice and humans (Kuivaniemi and Tromp, 2019). Therefore, it may be difficult to use such a model in fatal complications involving other organs, such as gastrointestinal perforation. Third, it is challenging to investigate vEDS in prospective cohort studies because of the small number of patients and difficulties related to the assessment of therapy for preventing complications. Fourth, owing to legal and ethical implications, it is normally difficult to collect many samples via multiple skin biopsies from one patient. In addition, it is impossible to obtain tissue samples from organs associated with serious complications, and research is mainly conducted on skin tissue samples obtained from a single biopsy. Fifth, in fibroblasts from organs other than the skin, the effect of ER stress status and expression of proteins other than collagen III, such as COMP, cannot be assessed. Sixth, it is difficult to maintain reproducibility in experiments with fibroblasts after repeated passages. Even in fibroblasts from a group of patients with low COV who do not exhibit ER stress, repeated passage can exacerbate ER stress. Briefly, the above issues pose some obstacles in the development of basic research on vEDS.
To date, studies published in the literature have focused on the morphology of collagen fibrils and ER stress, as determined by EM, in patients with vEDS (Smith et al., 1997; Redman et al., 2021). Redman et al. (2021) suggested that treating vEDS would alleviate ER stress. These literatures show the presence of much severely expanded protein filled dermal fibroblast than those seen in our study. We are unable to offer an explanation as to how it is that despite careful search none of the fibroblasts in our samples show this so much expanded. The difference between their study and the present study is that in the present study, more cases and detailed clinical findings were reported and comprehensive comparisons were made with observation sites and age-matched controls. However, the present study had a few additional limitations. Although various clinical findings were made in patients with vEDS, the present analysis was based on symptoms at the time of diagnosis and did not examine symptoms occurring after diagnosis. Our results suggested that serious clinical findings at this time point might be predictable using EM findings. In other words, in our study, the risk of developing serious complications was only predicted at the time of biopsy. If the patients are too young, the vEDS symptoms may not yet be manifested. Therefore, we included patients aged ≥17 years to standardize the background of the analyzed population. Nevertheless, it should be noted that the low COV subgroup had significantly younger patients. Further, it is known that ER stress is exacerbated by aging (Naidoo, 2009). In a previous study, the occurrence of ER stress, which could affect the COV of collagen fibrils, was considered in terms of genetic and environmental factors (Ramos-Lopez et al., 2018; Ishikawa et al., 2021). However, the kind of factors affecting ER stress in patients with vEDS remains unknown. Moreover, in this study, we could not find any common backgrounds between the high and low COV subgroups.
In conclusion, vEDS is a rare disease; therefore, clinical cohort studies on this disease are limited. Furthermore, to the best of our knowledge, no patient other than the present case could be analyzed before and after administration of celiprolol; therefore, the mechanism of action of celiprolol on vEDS remains unclear. Many control groups were included in the present study, and genetic testing, protein expression analysis, and EM analysis were performed for all patients to support the reliability of our results. We believe that our results provide several clues to elucidate the novel pathophysiology of vEDS. Future studies are warranted to clarify the improvement in collagen fibril formation, whether ER stress could become a new potential therapeutic target to reduce the risk of fatal complications, including vascular lesions, and whether monitoring of ER stress in skin tissue can contribute to the prediction of ER stress status in other important organs.
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Classical-like Ehlers–Danlos syndrome (clEDS) is an autosomal recessive disorder caused by complete absence of tenascin-X resulting from biallelic variation in TNXB. Thus far, 50 patients from 43 families with biallelic TNXB variants have been identified. Accurate detection of TNXB variants is challenging because of the presence of the pseudogene TNXA, which can undergo non-allelic homologous recombination. Therefore, we designed a genetic screening system that is performed using similar operations to other next-generation sequencing (NGS) panel analyses and can be applied to accurately detect TNXB variants and the recombination of TNXA-derived sequences into TNXB. Using this system, we identified biallelic TNXB variants in nine unrelated clEDS patients. TNXA-derived variations were found in >75% of the current cohort, comparable to previous reports. The current cohort generally exhibited similar clinical features to patients in previous reports, but had a higher frequency of gastrointestinal complications (e.g., perforation, diverticulitis, gastrointestinal bleeding, intestinal obstruction, rectal/anal prolapse, and gallstones). This report is the first to apply an NGS-based screening for TNXB variants and represents the third largest cohort of clEDS, highlighting the importance of increasing awareness of the risk of gastrointestinal complications.
Keywords: Ehlers-Danlos syndrome, classical-like, TNXB, tenascin-X, connective tissue disorder
INTRODUCTION
The Ehlers–Danlos syndromes (EDSs) are a group of hereditary connective tissue disorders (HCTDs) characterized by skin hyperextensibility, joint hypermobility, and tissue fragility. They are classified into 14 subtypes based on symptoms and causative genes according to the 2017 International Classification (Malfait et al., 2017) and subsequent findings (Malfait et al., 2017). The classical-like type of EDS (clEDS) is an autosomal recessive disorder caused by complete absence of tenascin-X (TNX) resulting from biallelic variation in TNXB. The major criteria of clEDS include: 1) skin hyperextensibility, with velvety skin texture and absence of atrophic scarring; 2) generalized joint hypermobility, with or without recurrent dislocations; and 3) easily bruisable skin/spontaneous ecchymosis. The minor criteria include: 1) foot deformities, including broad/plump forefeet, brachydactyly with excessive skin, pes planus, hallux valgus, and piezogenic papules; 2) edema in the legs in the absence of cardiac failure; 3) mild proximal and distal muscle weakness; 4) axonal polyneuropathy; 5) atrophy of muscles in the hands and feet; 6) acrogeric hands, mallet finger(s), clinodactyly, and brachydactyly; and 7) vaginal/uteral/rectal prolapse (Brady et al., 2017; Malfait et al., 2017).
Next-generation sequencing (NGS) panel-based genetic screening is a useful approach for differentiating multiple subtypes of EDS and other HCTDs with overlapping clinical manifestations (Yamaguchi et al., 2023). However, the presence of the pseudogene TNXA, which is >97% identical to the 3′end of TNXB (exons 32–44), makes it challenging to detect TNXB variants by conventional NGS analysis (Demirdas et al., 2017). TNXA is located approximately 30 kb centromere-proximal to TNXB. The intervening 30-kb unit is duplicated in tandem, and can undergo non-allelic homologous recombination, resulting in 30-kb deletions that include the 3′end of TNXB or gene conversions (Figures 1A, B) (Morissette et al., 2015; Demirdas et al., 2017). A 120-bp deletion of TNXB exon 35–intron 35 (c.11435_11524 + 30del) (Figure 1B) and c.12174C>G,p.(Cys4058Trp) in exon 40 (Figure 1B) are indices of TNXA-derived variations (Morissette et al., 2015), and have been determined to be pathogenic (Demirdas et al., 2017).
[image: Figure 1]FIGURE 1 | Schematic diagram of TNXB/TNXA fusion genes. (A) TNXB/TNXA fusion genes resulting from non-allelic homologous recombination between the TNXA pseudogene and TNXB, resulting in 30-kb deletions. (B) TNXB/TNXA fusion genes (type 1 and type 2) and gene conversions (type 1 and type 2). Seven indices of TNXA-derived variations are shown: a, 120-bp deletion (c.11435_11524 + 30del) in exon 35–intron 35; b, c.12150C>G,p.(Arg4050 = ) in exon 40; c, c.12174C>G,p.(Cys4058Trp) in exon 40; d, c.12204 + 39dup in intron 40; e, c.12204 + 43T>G in intron 40; f, c.12628-52A>G in intron 43; g, CYP21A2 deletion. Only a 120-bp deletion in exon 35–intron 35 and c.12174C>G in exon 40 shown in red have been reported to be pathogenic (Demirdas et al., 2017).
Fifty patients from 43 families with biallelic TNXB variants have been identified (Burch et al., 1997; Schalkwijk et al., 2001; Voermans et al., 2009; Hendriks et al., 2012; Pénisson-Besnier et al., 2013; Sakiyama et al., 2015; Chen et al., 2016; Demirdas et al., 2017; Micale et al., 2019; Rymen et al., 2019; Brisset et al., 2020; Green et al., 2020; Colman et al., 2021; Watanabe et al., 2021; Al-Harbi et al., 2022; Santoreneos et al., 2022). The largest cohort of clEDS (20 patients) was reported by Green et al. (2020), and the second largest was reported by Demirdas et al. (2017), which comprised 11 patients from seven families previously reported by the same authors (Schalkwijk et al., 2001; Voermans et al., 2009; Hendriks et al., 2012) and six new patients from four families. Genetic testing of clEDS has been performed by Sanger sequencing using TNXB-specific primers, Sanger sequencing following long PCR using TNXB-specific primers for exons 32–44, and Sanger sequencing or NGS for other regions.
We describe here the development of a genetic screening system for the accurate detection of TNXB variants and TNXA-derived sequences recombined into TNXB that was designed to be performed similarly to other NGS panel analyses. This is also the third largest cohort and the first report of an Asian cohort of clEDS patients (eight Japanese; one Chinese), all of whom were found to have biallelic TNXB variation.
MATERIALS AND METHODS
Ethics statement
This study was approved by the Ethics Committee of Shinshu University School of Medicine (Nos. 435 and 628). Written consent was obtained from all participants before joining the study.
NGS panel
An NGS panel of 53 genes associated with various HCTDs, including TNXB and pseudogene TNXA (Supplementary Table S1), was designed by Ion AmpliSeq Designer (https://ampliseq.com/browse.action). TNXA was included for detection of TNXA-derived sequences recombined into TNXB.
Standard NGS panel analysis
Genomic DNA was extracted from peripheral blood using a QIAamp DNA Blood Mini Kit on a QIAcube (Qiagen, Valencia, CA, USA). Library preparation was performed using an Ion AmpliSeq Library Kit Plus (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing was performed on an Ion Torrent system (Ion Chef and Ion GeneStudio S5) using an Ion 510 & 520 & 530 Kit—Chef and an Ion 520 Chip Kit (Thermo Fisher Scientific). Sequencing data were mapped using Torrent Suite software (Thermo Fisher Scientific) to human genome hg19, which masked exons 32–44 of TNXB and TNXA sequence by replacing them with “N”s. Single-nucleotide variants (SNVs) and small insertions/deletions were detected from the mapped data using the Torrent Variant Caller plug-in. Copy number variation (CNV) was analyzed using the CNV visualization method for amplification-based NGS data that was established by Nishio et al. (2018). The variants in TNXB were described using the NM_019105.6 transcript reference sequence, and the variant nomenclature was in accordance with the Human Genome Variation Society recommendations.
Modified NGS panel analysis using long PCR-amplified product
The method for library preparation of exons 32–44 of TNXB was identical to the standard NGS panel analysis, except that the template DNA was a long PCR product (diluted with water 1:200) amplified using the primer set reported by Micale et al. (2019). The forward primer, TNXB-ex31-F (5′-GTC​TCT​GCC​CTG​GGA​ATG​A-3′; described as TNXB-LongPCR-F in Micale et al. (2019)), is a TNXB-specific sequence from TNXB exon 31, and the reverse primer, TNXB-ex44-R (5′-TGT​AAA​CAC​AGT​GCT​GCG​A-3′; described as TNXB-LongPCR-R in Micale et al. (2019)), was designed based on a common sequence of TNXB and TNXA, which is useful because it can also detect recombinant alleles. Library preparation was performed simultaneously with the standard NGS panel analysis. Libraries prepared to a concentration of 100 pM by an Ion AmpliSeq Library Kit Plus were mixed to match the number of amplicons and sequenced. The TNXA sequence of the human genome hg19 was masked by replacement with “N”s. However, because it was difficult to align fragments containing TNXA-derived 120-bp deletions to exon 35–intron 35 of TNXB, an exon 35/intron 35-homologous reference sequence of TNXA was not replaced with “N”s, and the fragments containing the TNXA-derived 120-bp deletions were aligned on TNXA. Additionally, a hotspot file to be called with or without a variant included one within exon 35 of TNXB and one within the exon 35-homologous sequence of TNXA (Supplementary Table S2). In other words, if both exon 35 of TNXB and the exon 35-homologous sequence of TNXA are called, the target is heterozygous for a TNXA-derived 120-bp deletion, whereas if exon 35 of TNXB is unable to produce a result because of lack of coverage (no call) and the exon 35-homologous sequence of TNXA is called, the target is homozygous for the TNXA-derived 120-bp deletions. A hotspot file also included c.12150C>G,p.(Arg4050 = ) and c.12174C>G,p.(Cys4058Trp) in exon 40, c.12204 + 39dup and c.12204 + 43T>G in intron 40, and c.12628-52A>G in intron 43 as indices of the TNXA-derived variations (Figure 1B and Supplementary Table S2).
Sanger sequencing
SNVs and small deletions were confirmed by Sanger sequencing, which was performed on a 3500 Genetic Analyzer using a BigDye Direct Cycle Sequencing Kit with M13 tailed primers and a BigDye XTerminator Purification Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. For SNVs and small deletions in exons 32–44 of TNXB, sequencing was performed using a long PCR-amplified product (diluted with water 1:50) as template DNA.
Phasing analysis
For Patient 6, long PCR was performed using primers TNXB-ex35-F (5′-AAA​CTC​CAG​GGG​CTG​ATC​C-3′), which binds specifically to normal exon 35 of TNXB, and TNXB-ex44-R, which binds to both TNXB and TNXA. Nested PCR of the region around exon 40 was performed using the long PCR-amplified product (diluted with water 1:50) as template DNA. For Patient 9, long PCR was performed using primers TNXB-ex26-F (5′-TGT​GGG​TGT​GAC​AGG​TGA​GT-3′) and TNXB-ex35-R (5′-TGG​TGA​GGA​AGC​CTG​TGA​GA-3′), which bind specifically to normal exon 35 of TNXB. Nested PCR of the region around exon 27 was performed using the long PCR-amplified product (diluted with water 1:50) as template DNA. Sanger sequencing was performed as described above.
Multiplex ligation-dependent probe amplification (MLPA) analysis
CNVs were confirmed by MLPA using a SALSA MLPA Kit P155-D2 (MRC-Holland, Amsterdam, Netherlands) for TNXB and CYP21A2. CYP21A2 is a causative gene for autosomal recessive congenital adrenal hyperplasia due to 21-hydroxylase deficiency. MLPA analysis for CYP21A2 was performed to confirm the presence of a 30-kb deletion, not to reveal the carrier status of autosomal recessive congenital adrenal hyperplasia. Electrophoresis was conducted on a 3500 Genetic Analyzer (Thermo Fisher Scientific) and the data were analyzed with Coffalyzer.Net (MRC-Holland).
Western blotting
Blood samples were centrifuged to separate serum and frozen at −80°C until use. Commercially available human sera (Lonza; BioWhittaker, Walkersville, MD, USA) were also used as a normal control. Western blotting was performed as described previously (Yamada et al., 2016).
Nano-liquid chromatography tandem mass spectrometry (nano-LC/MS/MS)
Blood samples were centrifuged to separate serum and frozen at −80°C until use. Commercially available human sera (Lonza; BioWhittaker, Walkersville, MD, USA) were also used as a normal control. Measurement of the serum form of TNX (sTNX) concentration with AVAVSGLDPAR peptide was performed by using a quantitative nano-LC/MS/MS method as described previously (Yamada et al., 2016). The sTNX concentrations in each sample were measured three times and triplicate experiments were performed. Data are expressed as means ± standard error. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the dataset identifier PXD043691.
RESULTS
Nine unrelated patients with clEDS were found to have homozygous or compound heterozygous pathogenic variants in TNXB (Table 1). The variants for each allele were detected as follows: standard NGS panel analysis in Patients 1 and 3; modified NGS panel analysis using long PCR-amplified product in Patients 2, 6, and 7; and standard NGS panel analysis and modified NGS panel analysis using long PCR-amplified product in Patients 4, 5, 8, and 9. Results of modified NGS panel analysis using long PCR-amplified product were identical to those of Sanger sequencing or MLPA. Clinical and molecular features of the patient cohort are summarized in Table 2 and Figure 2, and detailed descriptions of each case are provided below.
TABLE 1 | Nine unrelated clEDS patients with homozygous or compound heterozygous pathogenic variants in TNXB (NM_019105.6).
[image: Table 1]TABLE 2 | Detailed clinical features of the current cohort of patients with clEDS.
[image: Table 2][image: Figure 2]FIGURE 2 | Schematic representation of the distribution of TNXB variants in a cohort of nine patients with clEDS. Illustration of TNXB variants based on NM_019105.6 of the NCBI reference sequence database (https://www.ncbi.nlm.nih.gov/RefSeq/). Exons 32–44 are highlighted with gray boxes. Variants found in the current study of patients (P)1–9 are shown in blue, above the mRNA transcript. Previously reported variants (Burch et al., 1997; Schalkwijk et al., 2001; Voermans et al., 2009; Hendriks et al., 2012; Pénisson-Besnier et al., 2013; Sakiyama et al., 2015; Chen et al., 2016; Demirdas et al., 2017; Micale et al., 2019; Rymen et al., 2019; Brisset et al., 2020; Green et al., 2020; Colman et al., 2021; Watanabe et al., 2021; Al-Harbi et al., 2022; Santoreneos et al., 2022) are shown below the mRNA transcript.
Patient 1
Patient 1 is a 60-year-old Japanese woman who was referred to us as a suspected case of clEDS because of skin hyperextensibility, fragility, and bruisability of the skin, as well as joint hypermobility and recurrent dislocation. She had gastrointestinal complications, including reflux esophagitis, multiple gastric polyps, and colonic polyp(s), diagnosed as low-grade tubular adenomas. She presented with numbness in the hands and feet, suggestive of neuropathy.
The CNV visualization method for amplification-based NGS data (Nishio et al., 2018) revealed two copy losses spanning the start of exon 2 to the middle of exon 3 (Figure 3Aa). The start codon is in exon 2. The deletion breakpoints are unknown. MLPA also showed the two copy losses of exons 2 and 3 (Figure 3Ab).
[image: Figure 3]FIGURE 3 | Molecular investigation of Patients 1–9. (A) Patient 1: homozygosity for exons 2–3 deletion detected by the CNV visualization method for an amplification-based NGS data (a) and validated by MLPA (b). (B) Patient 2: homozygosity for a gene conversion characterized by TNXA-derived variation with validation of the exon 35 deletion by MLPA in the patient (a) and his son (b). (C) Patient 3: homozygosity for a frameshift variant c.1650_1651del,p.(Glu552Argfs*41) validated by Sanger sequencing in the patient (a) and his daughter (b). (D) Patient 4: compound heterozygosity for a nonsense variant c.10274C>G,p.(Ser3425*) and a TNXB/TNXA fusion gene characterized by TNXA-derived variation with validation of the nonsense variant by Sanger sequencing (left) and the TNXB exon 35 deletion and CYP21A2 deletion by MLPA (right) in the patient and her family. (E) Patient 5: compound heterozygosity for a frameshift variant c.6948del,p.(Asp2317Thrfs*53) and a TNXB/TNXA fusion gene characterized by TNXA-derived variation with validation of the frameshift variant by Sanger sequencing (left) and the TNXB exon 35 deletion and CYP21A2 deletion by MLPA (right) in the patient and her family (a). Western blot analysis of sTNX in the patient (b) and quantification of sTNX in the patient and her family using nano-LC/MS/MS (c). (F) Patient 6: homozygosity for a gene conversion characterized by TNXA-derived variation with validation by Sanger sequencing (a) and triplicate Western blot analysis of sTNX in the patient (b). (G) Patient 7: compound heterozygosity for a gene conversion and a TNXB/TNXA fusion gene characterized by TNXA-derived variation with validation of the TNXB exon 35 deletion and CYP21A2 deletion by MLPA (a). Triplicate Western blot analysis of sTNX (b). Sanger sequencing of the region around exon 40 in the normal exon 35 allele (c), with the upper row showing the TNXB sequence and the lower row showing the TNXA sequence. TNXB exon 40 is highlighted with a gray box. (H) Patient 8: compound heterozygosity for a nonsense variant c.8585G>A,p.(Trp2862*) and a gene conversion characterized by TNXA-derived variation with validation of the nonsense variant by Sanger sequencing (left) and the TNXB exon 35 deletion by MLPA (right) in the patient and her parents. (I) Patient 9: compound heterozygosity for a frameshift variant c.9271dup,p.(Gln3091Profs*31) and a TNXB/TNXA fusion gene characterized by TNXA-derived variation with validation of the frameshift variant by Sanger sequencing (left) and the TNXB exon 35 deletion and CYP21A2 deletion by MLPA (right) (a). Sanger sequencing of the frameshift variant c.9271dup,p.(Gln3091Profs*31) in the normal exon 35 allele (b), with the upper row showing the TNXB sequence and the lower row showing the TNXA sequence. TNXB exon 27 is highlighted with a gray box.
Patient 2
Patient 2 is a 65-year-old Japanese man with tetralogy of Fallot that was surgically corrected at age 12 years. Subconjunctival hemorrhages and migraines were recurrent from age 28 years onwards. During open surgery for gallstones at age 34 years, he experienced excessive bleeding. At age 42 years, he developed bowel obstruction for which bowel resection surgery was complicated by difficulties in hemostasis and intestinal suture due to marked fragilities. Muscle defects in multiple organs were noted on histopathology. Pneumohemothorax occurred at age 44 years, which was treated with chest drainage followed by a thoracoscopic bullectomy, with no recurrence. Colonic diverticulitis occurred at age 47 years and was treated with antibiotics. He developed another bowel obstruction at age 54 years, for which bowel resection was performed. EDS was suspected on histopathology, and he was referred to our hospital for further assessment at age 56 years. His height was 162.4 cm (−1.4 standard deviation [SD]), weight was 51.3 kg (−1.1SD), and occipitofrontal circumference (OFC) was 56.2 cm (−0.9SD). He had jaw protrusion (Figure 4A), soft and wrinkled palms (Figure 4B), hypermobile and thick fingers (Figures 4C, D), skin hyperextensibility and translucency (Figure 4E), atrophic scars at surgical sutures (Figure 4F), valgus/flat feet with sole calluses (Figure 4G), skin striae, and gingival recession. His skin was thin and translucent, but not velvet-like. He was clinically suspected as having vascular EDS, and took alacepril to prevent arterial complications. His parents had no skin hyperextensibility or joint hypermobility. His son had generalized joint hypermobility in his preschool days, and a ligamental injury at the left ankle.
[image: Figure 4]FIGURE 4 | Clinical photographs of Patients 2, 4, and 5. (A–G) Patient 2 at age 65 years, showing jaw protrusion (A), hands with thick fingers and wrinkled palms (B), hypermobile finger joints (C,D), hyperextensible skin (E), atrophic scars at surgical sutures (F), and valgus/flat feet (G). (H–J) Patient 4 at age 27 years, showing finger joint hypermobility (H,I) and skin hyperextensiblity (J). (K–N) Patient 5 at age 47 years, showing marked finger joint hypermobility (K,L) and skin hyperextensibility (M) and redundancy (N).
Modified NGS panel analysis using long PCR-amplified product detected a homozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del). MLPA showed two copy losses of exon 35 in TNXB and a normal copy of CYP21A2 (Figure 3Ba). Therefore, the patient was determined to have a type 1 gene conversion (Figure 1B). His son was found to have a one-copy loss of exon 35 in TNXB and a normal copy of CYP21A2 (Figure 3Bb), confirming his carrier status for clEDS. Complete deficiency of sTNX in Patient 2 was detected through biochemical analysis using Western blotting (data not shown).
Patient 3
Patient 3 was a Japanese man who died from tongue cancer at age 62 years. He developed intestinal obstruction at age 55, which required colostomy. His daughter had abnormal scarring, soft skin, and hypermobility of the finger joints. At age 21 years, she was referred to us for evaluation regarding EDS, and was suspected to have vascular EDS. She experienced three uncomplicated pregnancies and deliveries.
Standard NGS panel analysis revealed that Patient 3 had a homozygous frameshift variant c.1650_1651del,p.(Glu552Argfs*41) in exon 3, which was confirmed by Sanger sequencing (Figure 3Ca). His daughter was found to be heterozygous for the variant (Figure 3Cb), and had no other pathogenic variants in related genes, including COL3A1.
Patient 4
Patient 4 is a 27-year-old Japanese woman who was referred to us at 32 weeks of gestation for suspected clEDS based on joint hypermobility (Figures 4H, I), hyperextensible, soft, and bruisable skin (Figure 4J), and recurrent dislocation. She had recurrent dislocation of the left shoulder, and underwent surgeries for meniscus injuries at ages 15 and 27 years. Cardiac ultrasonography detected no abnormalities.
Standard NGS panel analysis detected a heterozygous nonsense variant c.10274C>G,p.(Ser3425*) in exon 30, which was confirmed by Sanger sequencing (Figure 3D, left). Modified NGS panel analysis using long PCR-amplified product detected a heterozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del), c.12150C>G,p.(Arg4050 = ) and c.12174C>G,p.(Cys4058Trp) in exon 40, c.12204 + 39dup and c.12204 + 43T>G in intron 40, and c.12628-52A>G in intron 43. The four variants in exon 40 and intron 40 were confirmed by Sanger sequencing (data not shown). MLPA showed a one-copy loss of exon 35 in TNXB and a one-copy loss of CYP21A2 (Figure 3D, right). Sanger sequencing and MLPA analysis were also performed on her parents, which revealed the heterozygous nonsense variant in her father and the single copy loss of exon 35 in TNXB and CYP21A2 in her mother (Figure 3D). Therefore, it was determined that Patient 4 was compound heterozygous for the nonsense variant and a type 1 TNXB/TNXA fusion gene (Figure 1B). Her brother was found to have a one-copy loss of exon 35 in TNXB and CYP21A2 (Figure 3D), confirming his carrier status for clEDS.
Patient 5
Patient 5 is a 47-year-old Japanese woman referred to us for a suspected diagnosis of EDS. She underwent surgery for congenital cataract. She was readily bruisable and experienced recurrent dislocation as a young child. At age 43 years, she suffered from recurrent intestinal perforation associated with multiple diverticula of the intestine. She has chronic heart failure associated with mitral valve regurgitation, generalized joint hypermobility (Beighton score 6/9) (Figures 4K, L), recurrent dislocation, skin hyperextensibility, redundancy, and bruisability (Figures 4M, N), conjunctival bruisability, generalized pain, and gastrointestinal symptoms (vomiting and diarrhea accompanied by intractable abdominal pain after eating). Her mother has bruisable skin, joint hypermobility with recurrent dislocation, pes planus, hallux valgus, and edema of the lower extremities. Her father and sister have no relevant features.
Standard NGS panel analysis detected a heterozygous frameshift variant c.6948del,p.(Asp2317Thrfs*53) in exon 20, which was confirmed by Sanger sequencing (Figures 3Ea, left). Modified NGS panel analysis using long PCR-amplified product detected a heterozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del), c.12150C>G,p.(Arg4050 = ) and c.12174C>G,p.(Cys4058Trp) in exon 40, c.12204 + 39dup and c.12204 + 43T>G in intron 40, and c.12628-52A>G in intron 43. The four variants in exon 40 and intron 40 were confirmed by Sanger sequencing (data not shown). MLPA showed the one-copy loss of exon 35 in TNXB and a one copy loss of CYP21A2 (Figure 3Ea, right). Sanger sequencing and MLPA analysis were performed on her parents, which revealed the heterozygous frameshift variant in her mother and the one-copy loss of exon 35 in TNXB and CYP21A2 in her father (Figure 3Ea). Therefore, it was determined that Patient 5 was compound heterozygous for the frameshift variant and a type 1 TNXB/TNXA fusion gene (Figure 1B). Western blot analysis and nano-LC/MS/MS detection showed complete absence of sTNX in Patient 5 (Figures 3Eb,c). The mean sTNX concentration by nano-LC/MS/MS was 25 ± 2 ng/mL (22.1% of normal) in her father, 41 ± 1 ng/mL (36.3% of normal) in her mother, and 113 ± 10 ng/mL in the normal control (Figure 3Ec). Her sister was found to have the one-copy loss of exon 35 in TNXB and CYP21A2, and a mean sTNX concentration of 33 ± 1 ng/mL (29.2% of normal) (Figure 3Ec), confirming her carrier status for clEDS.
Patient 6
Patient 6 is a 59-year-old woman whose parents are Chinese and cousins. Part of her case information has been described recently (Ishiguro et al., 2022). She had shoulder dislocation at age 1 year, and was readily bruisable and experienced recurrent dislocation of the hip and finger joints, and repetitive episodes of anal prolapse, in her preschool days. She developed knee dislocation when she sat on her heels in her elementary school days. At the delivery of her second child and at surgeries for appendicitis and breast cancer, she experienced massive bleeding. At age 49 years, she was referred to a genetics clinic with suspected EDS based on bruisability, skin hyperextensibility, and recurrent dislocation. While her skin hyperextensibility was mild, she had multiple bruises that included the soles of her feet, and reported massive swelling after insect bites. She had dislocation of the fingers, toes, and shoulders. Cardiac ultrasonography detected no abnormalities in the wall motion and mitral valves, and no dilatation of the aortic root. Her condition was complicated by generalized and wandering pain, sometimes unrelated to joint dislocation or other physical manifestations, and was successfully treated with duroxetine. At age 58 years, she developed anal laceration and rectal hematoma requiring emergency surgery. When seen by us at age 59 years, she had wrinkled palms (Figure 5A) and skin hyperextensibility, translucency, and bruisability (Figures 5C–G), and hypermobile finger joints (Figure 5B), mildly atrophic thighs (Figure 5G), pes planus (Figure 5H), and moderate calluses on the soles (Figure 5I).
[image: Figure 5]FIGURE 5 | Clinical photographs of Patients 6, 7, and 9. (A–I) Patient 6 at age 59 years, showing wrinkled palms (A), hypermobile finger joints (B), skin hyperextensibility, translucency, and bruisability (C–G), mildly atrophic thighs (G), pes planus (H), and moderate calluses on the soles (I). (J–T) Patient 7 at age 61 years, showing wrinkled palms (J), mild joint hypermobility with a Beighton score of 4/9 (K), hyperextensible, bruisable, thin, velvety, and translucent skin (L–N,R), without fragility or atrophic scars (O), mild pectus excavatum (N), atrophic thighs (P), multiple varices at the knees (Q), pes planus (S), and severe calluses on the soles (T). (U–X) Patient 9 at age 69 years, showing brachydactyly with excessive skin (U,W) and toe deformities (X), but no generalized joint hypermobility (V,W).
Modified NGS panel analysis using long PCR-amplified product detected homozygous c.12150C>G,p.(Arg4050 = ) and c.12174C>G,p.(Cys4058Trp) variants in exon 40, which were confirmed by Sanger sequencing (Figure 3Fa). MLPA showed a normal copy of TNXB and CYP21A2 (data not shown). Therefore, this patient was determined to have a type 2 gene conversion (Figure 1B). Western blot analysis showed complete absence of sTNX (Figure 3Fb).
Patient 7
Patient 7 is a 61-year-old Japanese man whose parents were allegedly consanguineous. He was a low-birth-weight baby who was admitted to hospital in infancy because of digestive impairment, but showed no developmental delay. From early childhood, he showed skin hyperextensibility but not fragility, and at age 3 years began suffering from recurrent shoulder dislocation. He did not participate in physical exercise in his elementary school days. At age 10 years, he developed a perforation in the intestine caused by an abdominal bruise, and was treated with emergency surgery. He worked as a carpenter, but could not carry heavy objects and became a school janitor. He got married at age 25 years. He developed a perforation in the esophagus at age 27 years and was treated with emergency surgery and subsequent mechanical ventilation for a month. During this admission, he was suspected to have EDS. He showed dilatation of the bladder resulting in difficulty with urination, and was managed with clean intermittent catheterization (CIC). He underwent a surgical reduction of the bladder that provided only tentative relief, and CIC was reintroduced. At age 42 years, he had angina pectoris. At age 57 years, he developed an inguinal hernia and diverticulitis, and was found to have bladder diverticula. When seen by us at age 61 years, his height was 167.3 cm (−0.6SD), weight was 60.0 kg (−0.3SD), OFC was 55.0 cm (−1.5SD), and arm span was 172.5 cm. He had wrinkled palms (Figure 5J), mild joint hypermobility with a Beighton score of 4/9 (Figure 5K), skin that was hyperextensible, bruisable, thin, velvety, and translucent (Figures 5L–N, R), without fragility or atrophic scars (Figure 5O). He also had, mild pectus excavatum (Figure 5N), atrophic thighs (Figure 5P), multiple varices at the knees (Figure 5Q), pes planus (Figure 5S), severe calluses on the soles (Figure 5T), mild scoliosis with a Cobb angle of 14°, a high palate with crowded teeth.
Modified NGS panel analysis using long PCR-amplified product detected a heterozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del), c.12150C>G,p.(Arg4050 = ) and c.12174C>G,p.(Cys4058Trp) in exon 40, c.12204 + 39dup and c.12204 + 43T>G in intron 40, and c.12628-52A>G in intron 43. The four variants in exon 40 and intron 40 were confirmed by Sanger sequencing (data not shown). MLPA showed the one-copy loss of exon 35 in TNXB and a one-copy loss of CYP21A2 (Figure 3Ga). Western blot analysis showed complete absence of sTNX (Figure 3Gb). Long-PCR using primers TNXB-ex35-F and TNXB-ex44-R, which specifically amplify the normal allele of TNXB exon 35 (i.e., not the exon 35 deletion allele), and Sanger sequencing confirmed the presence of the four variants in exon 40 and intron 40 (Figure 3Gc). Therefore, it was determined that Patient 7 was compound heterozygous for a type 1 gene conversion and a type 2 TNXB/TNXA fusion gene (Figure 1B).
Patient 8
Patient 8 is an 8-year-old Japanese girl. Her father has skin hyperextensibility, joint hypermobility, and joint pain. Her mother, who has skin hyperextensibility and translucency, experienced fractures in the shoulder, arm, and foot. Her older brother had Perthes disease. She was born by cesarean section at 38 weeks and 4 days of gestation after a pregnancy complicated by polyhydramnios. Her birth weight was 3850 g (+2.7SD), length was 50.1 cm (+0.9SD), and OFC was 37.8 cm (+3.1SD). At age 1 month, generalized joint hypermobility was noticed, and she began receiving physical therapy from age 4 months. In infancy, she sucked poorly and had constipation requiring swab bougienage. At age 1 year, she was suspected to have autism spectrum disorder based on excessive stranger anxiety. When seen by us at age 3 years and 7 months, she was falling down easily and had generalized joint hypermobility with a Beighton score of 8/9, pes planovalgus, mild tonsil hypertrophy, a slender uvula, mild tooth irregularity, and mild reversed occlusion, but no high palate. At age 6 years and 5 months, an epiphysis of her ankle was fractured, and at age 8 years and 2 months, her weight was 24.8 kg (−0.2SD), height was 126.8 cm (+0.2SD), and OFC was 54.5 cm (+1.7SD). She frequently had stomatitis, peripheral cyanotic skin in a cool environment, and hyperventilation. Her Beighton score was 9/9. She showed limited extension of the interphalangeal joints in bilateral thumbs, and limited flexion and trigger finger of the left 4th finger, with morning stiffness. She had skin hyperextensibility and bruisability, but no episodes of skin laceration requiring surgical suture, sprains, or dislocations.
Standard NGS panel analysis detected a heterozygous nonsense variant c.8585G>A,p.(Trp2862*) in exon 25, which was confirmed by Sanger sequencing (Figure 3H, left). Modified NGS panel analysis using long PCR-amplified product detected a heterozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del). MLPA showed the one-copy loss of exon 35 in TNXB and a normal copy of CYP21A2 (type 1 gene conversion) (Figure 3H, right). Sanger sequencing and MLPA analysis were performed on her parents, revealing the heterozygous nonsense variant in her mother and the one-copy loss of exon 35 in TNXB in her father (Figure 3H). Therefore, it was determined that Patient 8 was compound heterozygous for the nonsense variant and a type 1 gene conversion (Figure 1B).
Patient 9
Patient 9 is a 69-year-old Japanese woman. Recurrent dislocation of the right shoulder that could be treated by self-reposition began at age 6 years and continued into adulthood. She frequently had subcutaneous hematomas, one of which led to her being suspected of having EDS in her 30s. At age 58 years, she developed a diaphragmatic hernia (hiatal hernia) that was treated by surgery, followed by an abdominal hernia. She had a pulmonary embolism after surgery for gallstones. At age 65 years, vaginal prolapse, accompanied by difficulties in defecation and urination, was noticed. She was referred to us at age 69 years for genetic evaluation in view of surgery for progressive vaginal prolapse. Brachydactyly with excessive skin (Figures 5U, W) and toe deformities (Figure 5X) were observed, but generalized joint hypermobility was not noted (Figures 5V, W). The hiatal and abdominal hernias were also found to be progressive. After this referral, she developed a small bowel perforation that healed spontaneously.
Standard NGS panel analysis detected a heterozygous frameshift variant c.9271dup,p.(Gln3091Profs*31) in exon 27, which was confirmed by Sanger sequencing (Figures 3A–I, left). Modified NGS panel analysis using long PCR-amplified product detected a heterozygous TNXA-derived 120-bp deletion in exon 35–intron 35 (c.11435_11524 + 30del), c.12150C>G,p.(Arg4050 = ) and c.12174C>Gp.(Cys4058Trp) in exon 40, c.12204 + 39dup and c.12204 + 43T>G in intron 40, and c.12628-52A>G in intron 43. The four variants in exon 40 and intron 40 were confirmed by Sanger sequencing (data not shown). MLPA showed the one-copy loss of exon 35 in TNXB and a one-copy loss of CYP21A2 (type 1 TNXB/TNXA fusion gene) (Figure 3Ia, right). Long-PCR using primers TNXB-ex26-F and TNXB-ex35-R, which specifically amplify the normal allele of TNXB exon 35 (i.e., not the exon 35 deletion allele) and Sanger sequencing confirmed the presence of the frameshift variant in exon 27 (Figure 3Ib). Therefore, it was determined that Patient 9 was compound heterozygous for the frameshift variant and a type 1 TNXB/TNXA fusion gene (Figure 1B).
DISCUSSION
We have described detailed clinical and molecular findings of nine unrelated patients with clEDS who were found to have biallelic TNXB variants. This is the first report to apply an NGS-based method to screen for TNXB variants and TNXA-derived sequences recombined into TNXB, and represents the third largest cohort of clEDS patients.
Hyperextensible skin, recurrent dislocations, easily bruisable skin, and hand and foot deformities were observed in >80% of the cases with available data. Eye bleeding, which is not included in the diagnostic criteria, was observed in three patients. Gastrointestinal complications were observed in the eight patients whose data were available, and included perforation in three patients, diverticulitis in three, gastrointestinal bleeding in two, intestinal obstruction in two, rectal or anal prolapse in four, and previously unreported gallstones in three. Clinical features of the current cohort (66.7% female; median age, 60 years) were compared with those of the largest cohort (Green et al., 2020) and the second largest cohort (Demirdas et al., 2017). Among the 20 patients reported by Green et al. (2020), 19 patients from 15 families had biallelic TNXB variants (68.4% female; median age, 34 years). Among the 17 patients reported by Demirdas et al. (2017), 14 patients from 11 families had biallelic TNXB variants (64.3% female; median age, 28 years). Eye bleeding was observed in four patients and two patients of the Green et al. and Demirdas et al. cohorts, respectively. Gastrointestinal complications, for which only rectal prolapse is included in the diagnostic criteria, were observed in six patients in Green et al. (2020), and comprised rupture in three patients, diverticulitis in three, gastrointestinal bleeding in two, and rectal prolapse in two, with no intestinal obstruction or gallstones. In the Demirdas et al. (2017) cohort, three patients had diverticulitis, one had gastrointestinal bleeding, and two had rectal prolapse, with no rupture or perforation, intestinal obstruction, or gallstones. The range of such events across all three cohorts (rupture/perforation in six patients, diverticulitis in nine, bleeding in five, obstruction in four, rectal/anal prolapse in six, and gallstones in three) highlight the importance and variability of gastrointestinal complications in patients with clEDS. The higher frequency of gastrointestinal complications in the current cohort might be a reflection of the higher median age compared to the other cohorts. This higher median age population in the current cohort could be useful in detecting age-dependent manifestations such as gastrointestinal complications, but could be less beneficial in accurately describing childhood manifestations due to recall bias.
To date, biallelic variation in TNXB has been documented in 50 clEDS patients from 43 families. TNXA-derived variations were detected in 77.8% (7/9 families) in the current cohort and in 76.7% (33/43 families) in the previous study. Most of the previously reported TNXB variants are null variants and include the 120-bp deletion, nonsense variants, frameshift variants, and splice site variants, which are predicted to lead to nonsense-mediated mRNA decay. In the Schalkwijk et al. (2001) study using Western blot analysis of serum samples and patient-derived fibroblast-conditioned medium, no TNX was detected in five patients with an EDS phenotype. In a type 2 TNXB/TNXA fusion or a type 2 gene conversion, the missense variant c.12174C>G,p.(Cys4058Trp) is considered to be pathogenic, but the effect of the altered protein is unknown. A homozygous missense variant c.12174C>G (i.e., either type 2 TNXB/TNXA fusion gene or type 2 gene conversion in both alleles) has been reported in multiple patients, including one patient by Hendriks et al. (2012)/Demirdas et al. (2017), one by Chen et al. (2016), and seven by Green et al. (2020). In the patient described by Hendriks et al. (2012)/Demirdas et al. (2017), there was a complete absence of serum TNX on Western blot analysis (Supplementary Table S3). In the current study, Patient 6 also showed a complete absence of serum TNX on Western blot analysis (Figure 3Fb). A compound heterozygous c.12174C>G with another variant (i.e., either type 2 TNXB/TNXA fusion gene or type 2 gene conversion in one allele) has also been reported in multiple patients, including one patient by Schalkwijk et al. (2001)/Demirdas et al. (2017). These studies reported a complete absence of TNX in serum and fibroblast-conditioned medium (Supplementary Table S3). In view of all these findings, the main effect of this missense variant is likely to be a disturbance in secretion or susceptibility to degradation of TNX, rather than a defect in production. In conclusion, we developed an NGS-based screening system that can accurately detect TNXB variants and TNXA-derived sequences recombined into TNXB. TNXA-derived variations were found in >75% of the current cohort, comparable to previous reports. Gastrointestinal complications (e.g., perforation, diverticulitis, gastrointestinal bleeding, intestinal obstruction, rectal/anal prolapse, and gallstones) were observed particularly frequently in the current cohort, highlighting the importance of increasing awareness of the risk of gastrointestinal complications in clEDS.
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Vascular Ehlers–Danlos syndrome (vEDS), the most severe type of Ehlers–Danlos syndrome, is caused by an autosomal-dominant defect in the COL3A1 gene. In this report, we describe the clinical history, specific phenotype, and genetic diagnosis of a man who died of vEDS. The precise diagnosis of this case using whole-exome sequencing provided solid evidence for the cause of death, demonstrating the practical value of genetic counseling and analysis. Early diagnosis for the proband’s son, who was also affected by vEDS, revealed initial complications of vEDS in early childhood, which have rarely been reported. We also reviewed the literature on COL3A1 missense mutations and related phenotypes. We identified an association between digestion tract events and non-glycine missense variants, which disproves a previous hypothesis regarding the genotype–phenotype correlation of vEDS. Our results demonstrate the necessity of offering comprehensive genetic testing for every patient suspected of having vEDS.
Keywords: vascular Ehlers–Danlos syndrome, vascular rupture, COL3A1, novel mutation, genotype–phenotype correlations
1 INTRODUCTION
Ehlers–Danlos syndrome (EDS), also known as congenital connective tissue hypoplasia syndrome, is associated with defects in collagen synthesis and metabolism. EDS represents a class of collagen disorders among the wider group of heritable connective tissue diseases. Vascular EDS (vEDS) is a specific form of EDS caused by autosomal-dominant mutations in COL3A1. Although vEDS is generally associated with mild skin lesions, severe cardiovascular lesions can occur in rare cases. These lesions can progress to cause aortic dissection and aneurysm, which are prone to spontaneous rupture, leading to death. As such, vEDS is the most dangerous type of EDS and has the worst prognosis.
In this report, we describe the clinical history, unique phenotype, and genetic cause of a man who died from vEDS; his son was also affected by vEDS, as confirmed by whole-exome sequencing (WES). In addition, we reviewed the literature on COL3A1 missense mutations and related phenotypes to provide more insight into the phenotype–genotype correlation in vEDS.
2 CLINICAL REPORT
The proband was a 32-year-old man. In January 2021, he presented to a local hospital because of complaints of swelling of the left forearm and bulging of the blood vessels. He subsequently repeatedly visited doctors for systemic symptoms, including severe abdominal pain, lumbago, bulging vessels, sweating, a pale face, and transient amaurosis. Symptoms improved with a small dose of glucocorticoids and symptomatic treatment. Trauma caused by a violent impact was denied. In June 2021, he developed swelling of the right forearm; pain in the right forearm, back, and abdomen; and transient black spots in his vision. Ultrasound imaging revealed arterial abnormalities. Computed tomography (CT) angiography showed bilateral internal carotid and vertebral artery aneurysms, rupture of the left ulnar artery, and pseudoaneurysm.
In July 2021, the patient visited our hospital with abdominal pain and black stools. Physical examination revealed a short height (150 cm) and low body weight (36 kg). He exhibited aging skin of the extremities, subcutaneous venous exposure, and multiple ecchymoses (non-traumatic) of the chest, right waist, and upper extremities (Figure 1A). His fingers were slender, and the joints were abnormally flexible. His right hand had excessive dorsal flexion and the little finger was pressed against the back of the hand (Figure 1B). His feet rotated inward (Figure 1C). Gastroscopy revealed no bleeding in the upper digestive tract. Vascular and abdominal CT (Figure 1D) revealed multiple aneurysms and aneurysmal dilation of the celiac trunk, proper hepatic artery, left hepatic artery, splenic artery, and both kidneys, along with arterial dissection of the celiac trunk and splenic artery. The patient experienced pain on percussion in the right renal area. Color ultrasound of the urinary system indicated mild hydrops in the right kidney, excluding the presence of urinary stones. Distal occlusion of the upper pole branch of the right renal artery, decreased perfusion of the right renal parenchyma, and a high density of fat sacs around the right kidney suggested bleeding and infarction of the right kidney. Kidney stones were further excluded by ultrasonography. Blood biochemistry tests, immunoglobulin (Ig)A/IgM/IgG, rheumatoid factors, autoantibody spectra, and cardiac color Doppler ultrasonography all exhibited negative findings. The patient died of arterial rupture and hemorrhagic shock 2 weeks after admission.
[image: Figure 1]FIGURE 1 | Main clinical findings of the proband. (A) Multiple ecchymoses (non-traumatic) in the anterior chest, right waist, and upper limbs. (B) Right finger with excessive dorsal flexion and the little finger pressed against the back of the hand. (C) Feet rotated inward. (D) Multiple aneurysms and aneurysmal dilation of the celiac trunk, proper hepatic artery, left hepatic artery, splenic artery, and both kidneys; arterial dissection of the celiac trunk and splenic artery is evident.
We collected basic information on the proband’s family members over three generations (Figure 2). The proband’s grandfather died of unknown cause, and the proband’s parents, sisters, and daughters did not show any abnormalities related to vEDS. However, the proband’s son, aged 3 years 4 months, had deep skin pigmentation, deep palm lines, poor wound healing of the skin, and occasional fresh blood in stools. Mosquito bites were also reported to be abnormally large at times. No surface hemangiomas were observed.
[image: Figure 2]FIGURE 2 | Pedigree chart of this case.
3 GENETIC ANALYSIS
The rarity and complexity of the patient’s clinical manifestations implied the possibility of a genetic disease. To this end, we performed trio WES of the proband and his parents after genetic counseling; genetic testing was also performed on the proband’s son and proband’s older sister.
Genomic DNA was extracted from blood samples using a LabAid DNA kit (Zeesan Biotech Co., Ltd., Xiamen, China); target capture for WES (Human All Exon V5 Kit, Agilent Technologies, Foster City, CA, United States) and library sequencing (NextSeq CN500 platform, Illumina, San Diego, CA, United States) were conducted following the manufacturer protocols.
Data analysis and annotation were performed using the Genome Analysis Toolkit (GATK), version 3.4.0. The variants were identified and filtered using in-house protocols. The inclusion criteria for candidate variants were as follows: 1) heterozygous variants in an established causative gene of a dominant Mendelian disorder with a likely association to the patient’s phenotype; 2) variants with frequencies in the East Asian population in the gnomAD, NHLBI Exome Sequencing Project, 1000 Genomes Project, and in-house databases all <0.5%; and 3) computational evidence supports a deleterious effect of the variant. SpliceAI (Jaganathan et al., 2019), a deep-learning–based algorithm, was used to calculate the probability of splice-altering variants, providing a Δ score between 0 and 1. Candidate variants were verified by Sanger sequencing and true variants were validated following American College of Medical Genetics and Genomics/American Association of Molecular Pathology guidelines (Richards et al., 2015).
We identified a heterozygous missense variation, NM_000090.3:c.146C>T(p.Pro49Leu), in exon 2 of COL3A1, as the most likely genetic cause of the disease. The variant was heterozygous in the proband and his son and was absent in his parents and sister (Figure 3). The variant was classified as likely pathogenic according to the following criteria: 1) PS2: the variant was de novo, with both parental samples confirmed to be derived from the biological parents of the patient through single-nucleotide polymorphism analysis of trio-WES data; 2) PM2: this variant is not reported in the East Asian population database; and 3) PP2: the missense constraint Z-score of COL3A1 in the Gnomad database was 4.09, indicating that missense variations in this gene are a common cause of disease. According to the calibration of computational tools for missense variant pathogenicity classification and ClinGen recommendations for PP3/BP4 criteria (Pejaver et al., 2022), the prediction results obtained with a single prediction software tool can be used as a basis for PP3 evidence. The single prediction tool utilized in our laboratory to determine the usage and strength of PP3 is revel. In this case, the Revel score for the COL3A1 c.146C>T variant is only 0.586, which does not meet the criterion used for a PP3 level of supporting evidence (revel score ≥ 0.644). We also evaluated information about a previously reported variant c.145C>G p. (Pro49Ala) affecting the same residue as c.146C>T. Although homozygous c.145C>G variants have been detected in at least four patients with an autosomal recessive disorder caused by biallelic mutations in COL3A1, polymicrogyria with or without vascular-type EDS (OMIM 618343) (Vandervore, et al., 2017; Horn, et al., 2017), evidence supporting its pathogenicity in vEDS was insufficient. Thus, PM5 should not be applied to interpret c.146C>T(p.Pro49Leu) in our cases with vEDS.
[image: Figure 3]FIGURE 3 | Validation of the COL3A1 mutation c.146C>T in the patient and family members by Sanger sequencing. Annotation in the red box indicates the location of the mutation.
Finally, we established a genetic diagnosis of vEDS for the patient and his son based on clinical and genetic findings.
4 DISCUSSION
EDS is a heterogeneous group of connective tissue disorders that comprise a spectrum of monogenic conditions with multi-systematic and variable clinical manifestations (e.g., joint hypermotility, skin hyperextensibility, and tissue fragility) primarily affecting the skin, ligaments, joints, blood vessels, and internal organs. EDS is classified into 13 different subtypes, among which the vascular type (type IV) is the most severe and life-threatening, with arterial ruptures or dissections responsible for the majority of deaths. These events are unpredictable, and the fragility of the arterial walls often makes surgical repair difficult (Ruscitti et al., 2021).
The proband of this case had early symptoms, including peripheral vascular rupture events and skin abnormalities, which gradually evolved into thoracoabdominal vascular rupture. Although the clinical manifestations of the proband were in accordance with a diagnosis of vEDS, the rarity of this disease poses challenges for clinical diagnosis, especially for physicians in adult departments who may not have a strong awareness or sufficient knowledge of genetic disorders. We initially considered Marfan syndrome as a possible diagnosis, as the associated phenotypes overlap with those of vEDS, including aortic dissection, aortic aneurysm, and joint hypermotility. Following the advice of geneticists, we performed WES of the proband because of his multi-systematic and non-specific manifestations. The identification of a novel likely-pathogenic variation in COL3A1, c.146C>T, enabled a genetic diagnosis of vEDS for the patient. It should be noted that, though current evidences including the de novo occurrence and the absence in controls are sufficient to support the likely-pathogenicity according to the ACMG/AMP guidelines, functional evidences are still lacking. Further investigations of p.Pro49Leu mutant protein through in vitro or in vivo experiments will be vital to confirm the impact of this variant. In terms of this case, the diagnosis of vEDS with known prognosis eased the family’s concerns about the cause of death. Therefore, this case demonstrates the non-negligible practical value of genetic counseling and analysis.
Approximately two-thirds of published cases of genetically diagnosed vEDS are caused by point mutations in glycine residues (Ohyama et al., 2010). A single Gly substitution destabilizes the triple helix through a local disruption in hydrogen bonding and produces a discontinuity in the register of the helix (Brodsky and Persikov,2005).In COL1A1, COL2A1 and COL7A1, Gly substitutions have been reported to cause more severe disorders than any other single-aminoacid mutations (Marini et al., 2007; Xu et al., 2020; Gupta et al., 2023).According to a review article, all gastrointestinal events originate from glycine substitutions, splicing variants, and in-frame indels, whereas variants that cause haploinsufficiency and non-glycine missense variants are not associated with gastrointestinal events (Frank et al., 2015). To gather the latest evidence and re-analyze the association between the COL3A1 genotype and the vEDS phenotype, we conducted a literature review according to the following inclusion criteria: 1) reports of patients diagnosed with vEDS associated with only COL3A1 mutation and 2) the mutation type is consistent with non-glycine missense mutations.
This search retrieved reports of 35 cases of vEDS. In contrast to the review article of Frank et al. (2015), three of our reviewed cases involved non-glycine missense variants, c.1351G>A p.(Glu451Lys), c.2791G>A p.(Glu931Lys), and c.3511G>A p. (Glu1171Lys), that were indeed associated with digestive tract symptoms (Table 1). In the present case, both the proband and his son experienced digestive tract symptoms. Thus, the present case and previous three non-glycine missense variants reported put into question the currently established relationships between the genotype of COL3A1 and specific complications of vEDS. Accordingly, when performing genetic diagnosis for patients suspected as having vEDS, comprehensive testing of the COL3A1 gene covering all types of variants (e.g., through next-generation sequencing) is preferred over targeted analysis of limited sites or regions (e.g., Sanger sequencing), regardless of the presence or absence of any specific symptoms.
TABLE 1 | Associations of vascular Ehlers–Danlos syndrome (vEDS) mutation sites with clinical phenotypes.
[image: Table 1]The proband’s son, who carried the same COL3A1 mutation, developed mild symptoms, including short stature, low body weight, skin pigmentation, deep palm prints, and poor skin healing. The boy also had black stool, indicating rupture of the blood vessels in the digestive tract. These observations suggest the initial complications of vEDS in early childhood but have rarely been reported in the published literature. In earlier reports, 25% of patients with vEDS had their first symptom by the age of 20 years and >80% had at least one symptom by the age of 40 years. Based on the high complication rates, the median age at the first major vascular event and at death for patients with vEDS are reported as 24.6 and 48 years, respectively (Pepin et al., 2000).
This early genetic diagnosis of the proband’s son (aged 3 years) presents an opportunity to assess the prognosis by referring to his father’s case, thereby enabling early interventions for management of the disease and prevention of further serious complications. For example, patients with vEDS require daily exercise and treatment. Care should be taken to avoid trauma (e.g., collision sports, heavy lifting, and extreme weight training). Arteriography should be discouraged and used only to identify life-threatening sources of bleeding before surgical intervention because of the risk of vascular injury (Byers, 1999).
In summary, this case highlights the importance of early and accurate diagnosis, genetic counseling, and avoiding high-risk activities and procedures in patients with vEDS (Frković et al., 2022). Thus, for late-onset genetic disorders such as vEDS, active utilization of genetic testing for younger relatives could create opportunities for early diagnosis of the disease, facilitating precise counseling and prevention of fatal disease progression. Moreover, the clinical findings and genetic analysis of this case could form the basis for the design of research programs, including further functional studies or modeling investigations.
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Sex

Age at last

observation (years)

Serum
Tenascin-X

Died: N/A. not available.

€11435_11524 + 30del and c.12174C>G.

1 Female 60 Exons 2-3 deletion Exons 2-3 deletion N/A
2 Male 65 Gene conversion (type 1) including Gene conversion (type 1) including Absence
11435_11524 + 30del €11435_11524 + 30del
Son Male 3 Gene conversion (type 1) including - N/A
11435_11524 + 30del
3 Male a2 €1650_1651del,p.(GluS52Argfs*41) €1650_1651delp.(GluS52Argfs*41) N/A
Daughter Female 21 €1650_1651del p.(Glus52Argfs*41) - N/A
4 Female 27 10274C>Gp.(Ser3425%) TNXB/TNXA fusion gene (type 1) including N/A
11435_11524 + 30del and c.12174C>G
Father Male N/A €10274C>Gp.(Ser3425%) - N/A
Mother Female N/A - TNXB/TNXA fusion gene (type 1) including N/A
€11435_11524 + 30del and c.12174C>G
Brother Male N/A - TNXB/TNXA fusion gene (type 1) including N/A
11435_11524 + 30del and ¢12174C>G
5 Female 47 €6948del,p.(Asp2317Thrfs*53) TNXB/TNXA fusion gene (type 1) including Absence
11435_11524 + 30del and ¢.12174C>G
Father Male 77 - TNXB/TNXA fusion gene (type 1) including Reduction
€.11435_11524 + 30del and c.12174C>G
Mother Female 75 €6948del,p.(Asp2317Thrfs*53) - Reduction
Sister Female 52 - TNXB/TNXA fusion gene (type 1) including Reduction
11435_11524 + 30del and c12174C>G
6 Female 59 Gene conversion (type 2) including Gene conversion (type 2) including ¢.12174C>G Absence
€12174C>G
7 Male 61 Gene conversion (type 1) including TNXB/TNXA fusion gene (type 2) including Absence
11435_11524 + 30del €12174C>G
8 Female 8 €8585G>A,p(Trp2862°) Gene conversion (type 1) including N/A
€11435_11524 + 30del
Father Male 48 - Gene conversion (type 1) including N/A
11435_11524 + 30del
Mother Female 48 8585G>A,p(Trp2862°) - N/A
9 Female 69 <9271dup,p.(GIn3091Profs*31) TNXB/TNXA fusion gene (type 1) including N/A
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Clinical symptom! Positive COV + SEM (n)* Negative COV + SEM (n)*

‘Thin translucent skin 0.191 £ 0.006 (18) 0171 £ 0.007 (9) 0.050
Aterialfintestinal uterine fragility or rupture 0188 20,009 (16) 0.178 £ 0.005 (1) 0353
Extensive bruising 0.185 + 0.006 (20) 0.181 + 0.007 (7) 0.620
Characteristic facial appearance 0.185 £ 0.009 (13) 0185 £ 0.005 (1) 0.906
Acrogeria 0.186 = 0.008 (9) 0.183 + 0.006 (18) 0791
Hypermobility of a small joint | 0.186 = 0006 (16) o181+ 0009 (1) 0.629
Tendon and muscle rupture 0.181 £ 0.005 (6) 0.185  0.006 (21) 0621
Talipes equinovarus (clubfoot) 0.174 £ 0.009 (5) 0.186 £ 0.005 (22) 0175
Early-onset varicose veins ©) [62) -
Ateriovenous carotid-cavernous sinus fistula 0186 20,009 () 0185 £ 0,05 (20 0.860
Pneumothorax/pneumohemothorax 0.177 £ 0.006 (12) 0.190 £ 0.007 (17) 0205
Gingival recession om0 0185 £ 0.005 (29 0426
Positive family history and sudden death of close relative(s) 0.176 % 0.008 (7) 0.187 £ 0.006 (20) 0318

'COV, coefficient of variation; SEM, standard error of the mean; (n), number of pe

S Or DAt PR
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COV <0173, n

Age at diagnosis (Average + SD') 370 £115 200472 0.046*
Numbers of females (F) and males (M) F:11; M9 F2; M5

Procollagen IIT expression + SEM® 13.0% £ 2.5% 107% * 45% 0657
COV + SEM® 0,195 £ 0.04 0.154 £ 004 >0.00001*
Clinical symptoms Positive patients (%)

‘Thin translucent skin 15 (75%) 3 (43%) 0187
Aterial/intestinal/uterine fraglity or rupture 15 (75%) 1(14%) 0.004*
Aterial dissection 12 (60%) 0% 500001
Extensive bruising 14 (70%) 6 (86%) 0392
Characteristic facial appearance 11 (55%) 3 (43%) 0612
Acrogeria 7 (35%) 2 (29%) 0770
Hypermobility of a small joint 11 (55%) 5(71%) 0465
‘Tendon and muscle rupture 4(20%) 2 (29%) 0.687
‘Talipes equinovarus (clubfoot) 3 (15%) 2 (29%) 0519
Early-onset varicose veins 0% 0% -
Arteriovenous, carotid-cavernous sinus fistula 6 (30%) 1.(14%) 0392
Preumothorax/pneumohemothorax 7 (35%) 5(71%) 0119
Gingival recession 1.(5%) 1.(14%) 0588
Positive family history and sudden death of close relative(s) 5 (25%) 2 (29%) 0371

"COV, coeffcient of variation.
'SD, standard deviation.

SEM, standard error of the mean.
*Significant difference, p < 0.05.






OPS/images/fgene-14-1238209/crossmark.jpg
©

|





OPS/images/fgene-14-1238209/fgene-14-1238209-g001.gif





OPS/images/fgene-14-1238209/fgene-14-1238209-g002.gif
gy (RO U O] P o
o, o, —
b 3 s — o —
ot —= [
oy~
o0 - a— o0— b
£ RTINS DR S TR PTG -4
- aan— @ -






OPS/images/fgene-13-1017446/fgene-13-1017446-g003.gif





OPS/images/fgene-13-1017446/fgene-13-1017446-g004.gif
BN
v sty





OPS/images/fgene-13-834928/inline_9.gif





OPS/images/fgene-13-1017446/crossmark.jpg
©

|





OPS/images/fgene-13-1017446/fgene-13-1017446-g001.gif





OPS/images/fgene-13-1017446/fgene-13-1017446-g002.gif





OPS/images/fgene-13-834928/inline_5.gif
log, FC pEpsi-normal





OPS/images/fgene-13-834928/inline_6.gif
log, FC pEps2-normal





OPS/images/fgene-13-834928/inline_7.gif
log, FC





OPS/images/fgene-13-834928/inline_8.gif





OPS/images/cover.jpg
& frontiers | Research Topics.

Ehlers-Danlos syndrome:
From bedside to bench






OPS/images/fgene-14-1148224/fgene-14-1148224-g004.gif





OPS/images/fgene-14-1148224/crossmark.jpg
©

|





OPS/images/fgene-14-1148224/fgene-14-1148224-g001.gif





OPS/images/fgene-14-1148224/fgene-14-1148224-g002.gif





OPS/images/fgene-14-1148224/fgene-14-1148224-g003.gif





OPS/images/fgene-14-1107787/fgene-14-1107787-g001.gif
ey

e\ gpive,

fretig

SIS S
Vogirasucss “Hand sbnormases.
m T N
==

o

m et e

oo oo o )
Comp e

rerse s

Sy
Rl e

S e et TR





OPS/images/fgene-14-1107787/fgene-14-1107787-g002.gif
Hyparoxtonsivie
o oggsaeet Contal snsiizaton

auron scvation)

Hyperssasviy of
5 v e






OPS/images/fgene-14-1147607/crossmark.jpg
©

|





OPS/images/fgene-14-1147607/fgene-14-1147607-g001.gif





OPS/images/fgene-14-1107787/crossmark.jpg
©

|





