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Transcriptomic Analysis of GLUT10 Deficiency in Arterial
Tortuosity Syndrome
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Abstract

Arterial Tortuosity Syndrome (ATS) is a rare autosomal recessive connective tissue disorder caused by mutations in the
SLC2A10 gene encoding the glucose transporter GLUT10. GLUT10 deficiency leads to the accumulation of reactive oxygen
species (ROS), resulting in oxidative stress, extracellular matrix (ECM) disorganization, and dysregulated signaling that com-
promise vascular integrity. This study aimed to characterize transcriptomic alterations in fibroblasts derived from ATS patients
to elucidate molecular mechanisms underlying the disease and identify potential compensatory responses to ECM disrup-
tion. Fibroblasts from two ATS patients carrying homozygous SLC2A 10 missense variants were analyzed by RNA sequencing
(RNA-seq). Differential gene expression (DEG) analysis was followed by Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) pathway enrichment analyses to identify altered biological processes. Functional categorization fo-
cused on gene sets related to vascular integrity, ECM organization, and cardiovascular function. RNA-seq revealed significant
transcriptional dysregulation in ATS fibroblasts compared to controls. Genes involved in Wnt signaling, angiogenesis, and
vascular remodeling were significantly upregulated, suggesting potential compensatory mechanisms against ECM disorgani-
zation. In contrast, genes related to cardiovascular integrity, ECM-receptor interaction, and basement membrane stability were
markedly downregulated. KEGG pathway analysis showed suppression of critical cardiovascular pathways, including hyper-
trophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), ECM-receptor interaction, and
complement and coagulation cascades. Conversely, the upregulation of cell adhesion molecules (CAMs) indicated potential
adaptive responses to vascular abnormalities. Our findings demonstrate that SLC2A10 mutations impair ECM integrity and
vascular remodeling, contributing to the molecular pathology of ATS. The observed transcriptional signatures highlight both
disrupted pathways and compensatory responses, providing novel insights into ATS pathophysiology and suggesting potential
therapeutic targets for future intervention.
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Introduction

Arterial Tortuosity Syndrome (ATS) (MIM#208050), initially identified by Ertugrul in
Turkiye nearly 60 years ago, is a rare autosomal recessive connective tissue disorder chief-
ly characterized by arterial deformities such as tortuosity, elongation, aneurysms, and ste-
noses that may result in early mortality [1,2]. Other features include skin abnormalities,
including softness, hyperextensibility, or cutis laxa, as well as joint laxity, contractures,
and distinctive facial features like an elongated face, micrognathia, blepharophimosis, and
convex nasal ridge [3,4]. Moreover, corneal thinning and pellucid corneas have been re-
cently described in ATS patients [5,6].

ATS is caused by pathogenic variants in the Solute Carrier Family 2 Member 10
(SLC2A10) (MIM#606145) [1,7]. The spectrum of variants in SLC2A10 includes mis-
sense, nonsense, and splice-site mutations, as well as large exonic and small deletions
[8,9]. SLC2A10 encodes the 541-amino acid GLUT10 protein, a class III glucose trans-
porter within the solute carrier 2A (SLC2A) family [1,7,10,11]. High expression levels of
GLUT10 mRNA are observed in the liver and pancreas, with significant presence in other
essential tissues such as the heart, lungs, brain, skeletal muscle, placenta, and adipose
tissue [12,13]. Moreover, GLUT10 is localized to the nuclear envelope [1], endoplasmic
reticulum (ER) [14], mitochondria, and Golgi apparatus at the subcellular level [15]. Sev-
eral disease mechanisms have been suggested. GLUT10 may facilitate the transport of
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dehydroascorbic acid (DHA), the oxidized form of the potent
antioxidant ascorbic acid (AA), which acts as a cofactor for
Lysyl oxidase (like) enzymes and is essential for collagen and
elastin cross-linking in the ER [15,16]. Upon being transported
into the mitochondrial matrix, DHA is reduced back to AA,
which can eliminate reactive oxygen species (ROS), thereby
protecting the cell from oxidative stress. Therefore, GLUT10
acts as a cellular defense against oxidative stress by mitigating
ROS-induced extracellular matrix (ECM) protein fragmenta-
tion [15,17].

GLUT10 deficiency has been associated with enhanced
transforming growth factor beta (TGF-f) pathway activity in
the arterial wall characterized by its association with aortic an-
eurysms and arterial tortuosity [18]. Moreover, the decreased
expression of decorin in cultured vascular smooth muscle cells
(SMCs) from ATS patients results in an elevation of TGF-f-
driven expression of versican, a proteoglycan that inhibits elas-
tic fiber assembly [1,19], which may contribute to impaired
elastogenesis in ATS.

Skin biopsies from ATS patients show that the elastin core
of elastic fibers was disorganized and infiltrated by microfibrils
[7]. Additionally, cultured fibroblasts showed disorganization
in the actin cytoskeleton and changes in various ECM compo-
nents, including fibronectin, fibrillin, type III collagen, type V
collagen, and decorin [1,7,20,21].

In zebrafish embryos, the inhibition of slc2a10 through anti-
sense morpholino oligonucleotide injection resulted in a noto-
chord exhibiting waviness alongside cardiovascular anomalies
characterized by decreased heart rate and blood flow, concom-
itant with incomplete and irregular vascular patterning [22].
Mice homozygous for missense substitutions in GLUT10 do
not exhibit the severe vascular abnormalities observed in hu-
man ATS patients, thus limiting their utility in exploring the
pathogenetic mechanisms of human ATS [23]. To overcome
species-specific differences in ascorbic acid metabolism, a
double knock-out mouse model was generated for targeting
both Slc2al0 and Gulo, the latter being essential for endoge-
nous ascorbic acid biosynthesis in mice. Although this model
did not fully recapitulate the vascular manifestations of human
ATS, it revealed subtle histological abnormalities, impaired ex-
tracellular matrix deposition, and reduced mitochondrial res-
piration in vascular smooth muscle cells [24].

In the present study, we aimed to investigate transcriptomic
alterations in skin fibroblasts derived from two patients with
ATS carrying homozygous missense variants in SLC2AI0,
along with their carrier parents. To explore the molecular path-
ways potentially involved in ATS pathophysiology, gene ex-
pression profiling and pathway enrichment analyses were per-
formed using fibroblasts obtained from Patient 1 and Patient 2.

2. Materials and methods

2.1. Ethical Approval

This study was approved by the Bursa Uludag University Health
Research Ethics Committee (Decision Number: 2026/189/6-

36). Written informed consent was obtained from the legal
guardians of the patients and from carrier parents for the publi-
cation of photographs and the collection, storage, analysis, and
use of biological materials and associated data.

2.2. Clinical Assessment

Two patients diagnosed with ATS were clinically evaluated.
Clinical information, conventional angiography images, and
Magnetic Resonance Angiography (MRA) data were retrospec-
tively obtained.

2.3. DNA Extraction

Genomic DNA was isolated from peripheral venous blood
samples obtained from Patient 1, Patient 2, the parents of
Patient 1, and the mother of Patient 2. In the case of Patient 2,
the DNA was obtained solely from the mother. The extraction
was performed using the QIAamp  DNA Mini Kit (QIAGEN,
Ankara, Turkey), following the manufacturer’s standard
protocol.

2.4. Whole Exome Sequencing (WES)

SureSelectXT Library Prep Kit (Agilent Technologies,
San-ta Clara, CA, USA) was utilized for target enrichment
of the protein-coding regions of the genome for WES. All
procedures  were out according to the
manufacturer's protocols. Paired-end sequencing was
performed on an Illumina NovaSeq platform (Illumina,
San Diego, CA, USA) with a read length of 151 base pairs.
Base calling and image analysis were conducted using
[lumina's Real-Time Analysis software. The binary base call
(BCL) generated by the sequencing instru-ment was then
converted into FASTQ format, which contains the sequence
data and corresponding quality scores, utilizing Illumina's
bcl2fastq package. Moreover, SLC2A10 mutations, along
with variant confirmation and segregation analyses, were

carried

performed by Sanger sequencing on a genetic analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s protocol. Variant interpretation was
performed according to the American College of Medical
Genetics and Genomics (ACMG) guidelines [25].

2.5.Bioinformatics Analyses

All bioinformatics analyses were performed on the SOPHiA
DDM™ platform (SOPHiA Genetics, Lausanne, Switzerland),
which includes algorithms for alignment, calling single
nucleotide polymorphisms (SNPs) and small indels
(Pepper), calling copy number variations (Muskat), and
functional annotation (Moka). Raw reads were aligned to
the human reference genome (GRCh37/hgl9). Variant
filtering and interpretation were performed on SOPHiA
DDM™ platform.

2.6. Cultured fibroblasts
A 4-mm punch skin biopsy was taken under local anesthesia
from the patients [26]. All tissue processing steps were
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performed under sterile conditions in a laminar flow hood.
The skin biopsies were dissected into approximately 12-15
evenly sized (~0.5 mm) pieces using sterile scalpel blades,
ensuring smooth edges to promote optimal tissue attachment
and cell outgrowth, as previously described [27] . These tissues
were incubated at 37°C in a humidified incubator with 5% CO2,
in a minimal volume of growth media composed of Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Thermo Fisher
Scientific, W altham, MA, USA), 10% fetal bovine serum (FBS;
Gibco, Thermo Fisher Scientific, Wa ltham, MA, USA), 1 mM
sodium pyruvate (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA),4mM L-glutamine (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), pe nicillin-streptomycin (Gibco, Thermo
Fisher Scientific, Wa ltham, MA, USA), and 2.5 pg/ml
amphotericin B (Sigma-Aldrich, St. Louis, MO, USA). During
the first week, medium volume was carefully maintained to
ensure adequate surface coverage, with gradual addition of fresh
medium. After initial attachment and outgrowth, the medium
volume was increased to 2 ml and replaced every 2-3 days.
Fibroblast outgrowth was monitored, and cells were cultured
for approximately four weeks until sufficient confluency was
achieved for further passaging [27] .

2.7. RNA Extraction and RNA-Seq Library Preparation
Total RNA was extracted from fibroblasts samples using the
NucleoSpin RNA Purification Kit (Macherey-Nagel, Germa-
ny) following the manufacturer's instructions. To enrich the
poly(A)-tailed RNA population, 2.0 ug of total RNA from each
sample was processed using the Poly(A) mRNA Magnetic Iso-
lation Module kit (New England Biolabs, USA) [28]. Paired-
end sequencing (100 bp) of cDNA libraries from the fibroblast
samples was performed in two biological replicates using the
Mumina HiSeq2500 platform (Illumina, San Diego, CA, USA)
through a commercial sequencing service (Macrogen Europe
B.V.,, Netherlands).

2.8. RNA-Seq Analysis

RNA-seq analysis was performed following the protocols [29-
31]. Raw sequencing reads were assessed using the FastQC soft-
ware (Babraham Bioinformatics, UK). Trimmomatic (v0.35)
was employed to remove low-quality bases (quality score
< Q30) and any adaptor contamination [30]. The resulting
high-quality sequence data, consisting of 2 x 100 bp paired-end
reads, were saved in FASTQ format (Supp. Fig. 1). Then, the
reads were aligned to the human reference genome GRCh38
using the STAR aligner (v2.5.2; Cold Spring Harbor Laborato-
ry, NY, USA) [32]. Transcript-level R* values between replicates
for each condition were determined through correlation analy-
sis using the heatmap.2 function in R. Differentially expressed
genes (DEGs) across conditions were identified using the Cuft-
diff command from the Cufflinks suite [33], applying default
parameters and a false discovery rate (FDR) threshold of <
0.01. The differential expression analysis was performed using
quartile library normalization and pooled dispersion estima-
tion methods, and fragments per kilobase of transcript per mil-

lion mapped reads (FPKM) and fold changes were calculated.
DEGs exhibiting [log2 fold change| > 0.5 were further analyzed
to identify significant differences between fibroblast samples.

2.9. KEGG pathway enrichment analysis

The ClueGO extension of Cytoscape (v3.6.0; Institute for Sys-
tems Biology, Seattle, WA, USA) was employed to identify sig-
nificantly altered KEGG pathways from each list of differential-
ly expressed genes (DEGs), with a significance threshold set at
a p-value of < 0.05 [28,30,34].

3. Results

3.1. Patient History

3.1.1. Family 1

Patient 1 presented with loose skin, joint laxity, scoliosis,
delayed wound healing, hernias, and notable facial features
such as a long face, convex nasal ridge, microretrognathia,
sagging cheeks, a long philtrum, a highly arched palate,
hypertelorism, broad ears, and malar hypoplasia (Figure 1A,B).
He also presented with joint hyperlaxity and dolichostenomelia
of the lower extremities.

An aneurysmal enlargement of the ascending aorta was
observed in Patient 1, accompanied by hypoplasia in the de-
scending aorta and aortic arch. Elongation and tortuosity were
observed in the bilateral internal carotid arteries and their
branches, with similar findings in the posterior fossa arteries,
and the basilar artery was diffusely thin Figure (1C+). MRA
revealed a collateral connection between the hepatic vein and
the inferior vena cava in Patient 1 (Figure 2A). MRI revealed a
sequela infarct area located in the left lentiform nucleus-corona
radiata region, along with mild dilation of the left lateral ven-
tricle (Figure 2B). Furthermore, ocular examination showed
keratoconus, corneal clouding, Descemet's membrane striae,
and superior scleromalacia (data not shown).

3.1.2. Family 2

Patient 2 presented with mild scoliosis, pectus deformity,
microretrognathia, sagging cheeks, malar hypoplasia and a
beaked nose (Figure 3A). Conventional angiography revealed
elongated, tortuous segments of the aorta (Figure 3B).
Ophthalmological examination showed increased bilateral
retinal arterial tortuosity (data not shown).

3.2. Molecular Analysis

Whole exome sequencing identified a homozygous mis-
sense variant ¢.727C>A (p.Gln243Lys) in the SLC2A10 gene
(NM_030777.4) in Patient 1 (Figure 4A), and a homozygous
missense variant ¢.395G>A (p.Argl32Gln) in the SLC2A10
gene (NM_030777.4) in Patient 2 (Figure 4B). The SLC2A10
variant ¢.727C>A was classified as likely pathogenic (LP) ac-
cording to ACMG criteria, supported by PM2 (absent or ex-
tremely rare in population databases), PM3 (for recessive dis-
orders, detected in trans with a pathogenic variant), and PP3
(multiple lines of computational evidence support a deleterious
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Figure 1. Clinical anomalies in Patient 1. A) Facial and skel-
etal features include sagging cheeks, malar hypoplasia, microg-
nathia, joint hyperlaxity, and elongated lower extremities. B)
Loose skin, joint laxity and delayed wound healing. C) Con-
ventional angiography of Patient 1 demonstrates an aneurys-
matic widening of the ascending aorta and aortic arch, accom-
panied by a thin and tortuous descending aorta.

effect on the gene or gene product) [27]. Also, the SLC2A10
variant ¢.395G>A was classified as LP according to ACMG cri-
teria, supported by PM2, PM5 (novel missense change at an
amino acid residue where a different missense change deter-
mined to be pathogenic has been seen before), PP3, and PM1
(located in a mutational hot spot and/or critical and well-es-
tablished functional domain without benign variation) [27].
Segregation analysis revealed that both parents of Patient 1 and
the mother of Patient 2 were heterozygous carriers.

3.3. Comparative RNA-seq Expression Profiles in ATS Pa-
tients

We performed RNA-seq analysis using fibroblasts derived
from skin biopsies obtained from Patient 1, Patient 2, and both
parents of Patient 1, and the mother of Patient 2. The hier-
archical clustering on the left side of Figure 5A/B represents
the grouping of genes based on similarities in their expression
profiles across the samples. Genes with similar expression pat-
terns across patients and controls are clustered together, facil-

Figure 2. Radiological findings in Patient 1. A) Magnetic
resonance angiography (MRA) images of Patient 1 showing a
collateral connection between the hepatic vein and the inferior
vena cava. B) Cranial magnetic resonance imaging (MRI).

Figure 3. Clinical anomalies in Patient 2. A) Pectus deformity,
micro-retrognathia, sagging cheeks, malar hypoplasia, and
a convex nasal ridge. B) Conventional angiography revealing
elongated, tortuous segments of the aorta.
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Figure 4. Pedigrees and Sanger sequencing results of families with ATS Patients. A) Pedigree chart and Sanger sequencing
results of Family 1, showing segregation of the homozygous ¢.727C>A variant in Patient 1, validated by Sanger sequencing of
SLC2A10 Exon 2. B) Pedigree chart of Family 2, illustrating segregation of the homozygous ¢.395G>A variant in Patient 2, with

Sanger sequencing results showing heterozygosity in the mother.

itating the identification of co-regulated or functionally related
genes. Patient 1 was compared with the patient'’s mother and
father, while Patient 2 was compared with the patient’s moth-
er, as outlined in Table 1. The heat map illustrates the compar-
ative expression profiles of Patient 1 and the carrier parents,
highlighting specific genes that are both up-regulated and
down-regulated (Figure 5A).

A comparable expression profile was observed for Patient
2 and the patient’s mother, with distinct clusters of differen-
tially expressed genes separating the patient, as visualized by
the hierarchical clustering (Figure 5B). Moreover, common
up-regulated and down-regulated genes were found in both
patients (Figure 5C). The Venn diagram illustrates the overlap
and unique RNA-seq results obtained from the two patients.
Bioinformatic analyses identified 700 DEGs unique to Patient 1
and 944 unique to Patient 2, with 230 DEGs common to both,
highlighting the specific and overlapping molecular pathways
in GLUT10 deficiency (Figure 5D).

RNA-seq analysis of fibroblast samples from Patients 1 and
2 led to the identification of several genes with significant fold
changes in their expression levels (Table 1). Several genes such
as SFRP1, GPR37, and STMN3 were found to be highly up-reg-
ulated, indicating a notable increase in their expression. Con-
versely, ADHIB, TNNT2, and COL4A4 genes were significantly
down-regulated, demonstrating substantial decreases in their
expression levels.

3.4. KEGG and Gene Ontology Pathway Analysis

To identify the biological processes, we evaluated significantly
altered KEGG pathways. In our analysis, significant down-reg-
ulation was observed in crucial immune and inflammatory
pathways in Patient 1 (Table 2). Key pathways such as TNF sig-
naling and NF-kappa B, which are essential for inflammatory
responses, along with the NOD-like receptor signaling path-
way and complement and coagulation cascades, were notably
downregulated. Conversely, the CAMs pathway was down-reg-
ulated in Patient 1 but was up-regulated in Patient 2, suggesting
variable changes in cellular adhesion properties (Table 2).
Notably, there was a significant down-regulation in pathways
linked to cardiovascular diseases, such as HCM and ARVC,
highlighting potential cardiac vulnerabilities in Patient 2 (Ta-
ble 2). Additionally, other crucial pathways including ECM-re-
ceptor interaction and complement and coagulation cascades
were also down-regulated, impacting cellular interactions and
immune responses.

Gene Ontology (GO) Pathways analysis for Biological Pro-
cesses (BP) in Patient 1 identified down-regulation of pathways
crucial for immune and structural integrity in Patient 1 (Ta-
ble 3). These included the positive regulation of epithelial cell
proliferation, angiogenesis, cellular response to retinoic acid,
and ECM organization, along with processes such as collagen
catabolic process, positive regulation of protein kinase B sig-
naling, and inflammatory response. Additionally, critical im-
mune signaling pathways such as type I interferon signaling,
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Figure 5. Comparison of RNA Sequencing Analysis of ATS families. A) Heat map of the comparative expression profiles of
Patient 1 and his parents. B) Heat map of the comparative expression profiles of Patient 2 and the mother. In both panels, rows
represent genes and columns represent individual samples. Hierarchical clustering was performed based on similarity in gene
expression patterns. Blue indicates lower expression and red indicates higher expression. C) Bar plot showing the number of
differentially expressed genes (DEGs) in Patient 1 and Patient 2. D) Venn diagram showing the overlap of DEGs between Pa-
tient 1 and Patient 2, with 230 commonly dysregulated genes.
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Table 1. Comparative analysis of the top up-regulated and down-regulated genes in fibroblast samples of Patient 1 and

Patient 2.

Table 2. Changes in up-regulated and down-regulated KEGG pathways in Patient 1 and Patient 2 fibroblasts with False Dis-

covery Rate (FDR) < 0.05.

DEGs: Differentially Expressed Genes, DR: Down-regulated, UR: Up-regulated

defense response to virus, interferon-gamma-mediated signal-
ing, immune response, and negative regulation of viral genome
replication were also down-regulated. Conversely, pathways as-
sociated with cell cycle progression and cellular structure, such
as mitotic nuclear division, G1/S transition of mitotic cell cycle,
and cell adhesion, were found to be upregulated.

In Patient 2, down-regulated pathways include critical pro-

74 | VOLUME 10 ISSUE 2 | APRIL 2026

cesses such as ECM organization, cell adhesion, angiogenesis,
collagen fibril organization, signal transduction, negative reg-
ulation of cell proliferation, platelet degranulation, skeletal
system development, and single organismal cell-cell adhesion
(Table 3). These findings suggest a reduction in key cellular
activities that are essential for maintaining structural integrity
and proper cellular functioning.




Table 3. Up-regulated and Down-regulated GO Annotation pathways based on biological processes (BP) in Patient 1 and

Patient 2 fibroblasts with False Discovery Rate (FDR) < 0.05.
GO pathway Based on BP
Patient 1
Positive regulation of epithelial cell proliferation
Angiogenesis
Cellular response to retinoic acid
Extracellular matrix organization
Collagen catabolic process
Positive regulation of protein kinase B signaling
Inflammatory response
Type I interferon signaling pathway
Defense response to virus
Response to virus
Interferon-gamma-mediated signaling pathway
Immune response
Negative regulation of viral genome replication
Mitotic nuclear division
G1/S transition of mitotic cell cycle
Cell adhesion
Patient 2
Extracellular matrix organization
Cell adhesion
Response to hypoxia
Angiogenesis
Positive regulation of angiogenesis

Inflammatory response
Collagen fibril organization
Signal transduction
Negative regulation of cell proliferation
Response to drug
Platelet degranulation
Skeletal system development
Single organismal cell-cell adhesion
Angiogenesis
Positive regulation of cell proliferation
Positive regulation of cell migration
Cell adhesion
Collagen catabolic process
Extracellular matrix organization

Negative regulation of epithelial cell proliferation

DEGs: Differentially Expressed Genes, DR: Down-regulated, UR: Up-regulated

Conversely, up-regulated pathways were identified in pro-
cesses including the positive regulation of cell proliferation, cell
migration, cell adhesion, the collagen catabolic process, ECM
organization, and the negative regulation of epithelial cell pro-
liferation.

In the GO annotation pathway analysis based on Cellular
Components (CC) and Molecular Functions (MF), the extra-
cellular space, extracellular region, and extracellular matrix
(ECM) were downregulated in both Patient 1 and Patient 2,
whereas the cell periphery was upregulated only in Patient 1
(Table 4). However, proteinaceous extracellular matrix was
found both up-regulated and down regulated according to CC
analysis (Table 4). In Patient 2, pathways related to extracellular
interactions and structures were differentially regulated.

DEGs Count P-value Level

10 1.29E-06 DR

17 3.47E-06 DR

10 4.83E-06 DR

15 1.50E-05 DR

9 2.03E-05 DR

10 2.19E-05 DR

21 2.21E-05 DR

25 2.99E-28 DR

22 2.75E-14 DR

18 3.34E-13 DR

14 2.32E-11 DR

26 2.23E-09 DR

10 4.28E-09 DR

14 4.30E-06 UR

9 1.83E-05 UR

15 1.83E-05 UR

36 1.40E-14 DR

45 1.50E-08 DR

25 3.33E-08 DR

28 9.70E-08 DR

19 3.04E-07 DR

36 1.10E-06 DR

11 1.31E-06 DR

77 1.73E-06 DR

36 2.98E-06 DR

30 4.88E-06 DR

16 7.33E-06 DR

18 1.65E-05 DR

15 2.61E-05 DR

22 1.43E-08 UR

30 2.84E-07 UR

18 4.56E-07 UR

29 6.81E-07 UR

11 9.56E-07 UR

17 5.06E-07 UR

9 2.34E-05 UR
Pathways associated with the extracellular space,
extracellular region, cell surface, and extracellular
exosome were notably downregulated, whereas focal
adhesion and extracellular region showed
upregulation. Intriguingly, components such as the
extracellular matrix, proteinaceous extracellular matrix,

plasma membrane, and the integral component of the
plasma membrane showed both up-regulation and down-
regulation, indicating
in these cellular areas. Furthermore, our MF analysis
revealed down-regulation in critical functions such
as heparin binding, double-stranded RNA and 2'-5'-oligoade-
nylate synthetase activity in Patient 1 (Table 5).

complex regulatory  dynamics
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Table 4. Up-regulated and down-regulated GO annotation pathways based on cellular components (CC) in Patient 1 and
Patient 2 fibroblasts with False Discovery Rate (FDR) < 0.05.

DEGs: Differentially Expressed Genes, DR: Down-regulated, UR: Up-regulated

Table 5. Up-regulated and down-regulated GO annotation pathways based on Molecular Functions (MF) in Patient 1 fibro-
blasts with False Discovery Rate (FDR) < 0.05.

DEGs: Differentially Expressed Genes, DR: Down-regulated, UR: Up-regulated
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Also, ECM structural constituent, calmodulin binding,
growth factor activity, and collagen binding were downregulat-
ed in Patient 2 (Table 5).

Heparin binding, which is crucial for interaction with blood
components, was found to be both upregulated and downre-
gulated, reflecting varied influences on this molecular function
across different conditions.

4. Discussion

ATS is characterized by arterial deformities such as tortuosi-
ty and aneurysms, skin softness, joint laxity, distinctive facial
features, and corneal thinning [1,6]. Despite the established
genetic link of ATS to mutations in SLC2A 10, which encodes
the GLUT10 transporter, the mechanisms driving connective
tissue disorganization in this condition remain poorly defined.
To further explore the molecular consequences of SLC2A10
mutations, we conducted RNA-seq analysis on skin fibroblasts
derived from ATS patients as described previously [25,35].

KEGG pathway analysis highlighted downregulation of
ROS-regulated pathways such as the TNF signaling pathway,
NF-kappa B signaling pathway, and NOD-like receptor sig-
naling pathway, further supporting the role of altered ROS dy-
namics in ATS pathology [36,37].

RNA-seq in ATS skin fibroblasts indicates upregulation of
SFRP and DKKI. Frizzled-related protein 1 (SFRPI), which is
an antagonist of Wnt signaling, was identified as the most sig-
nificantly upregulated gene, displaying a fold change of 7.31 in
fibroblasts from ATS patients (Table 1). SFRPI is oversecreted
upon cellular senescence caused by DNA damage or oxidative
stress [38]. Wnt signaling inhibited by SFRPI increases the
angiogenesis in mesenchymal cells, glioma cells and chorio-
allantoic membrane, making the blood vessels larger, longer
and more mature and promoting the migration of endotheli-
al cells (ECs) [39]. Additionally, SFRP1's interaction with Wnt
receptors Fzd4 and Fzd7 aids in the cytoskeletal reorganiza-
tion of ECs, thereby augmenting neovascularization during
ischemia-induced angiogenesis in the hindlimbs of mice [39].
These mechanisms underscore the potential role of SFRPI in
the vascular patterning defects in ATS and justify further re-
search. Dickkopf-1 (DKK1) is a secreted Wnt/p-catenin path-
way antagonist involved in embryogenesis. We found a 2.69-
fold increase in fibroblasts from ATS patients (Table 1) [40].
Of note, enhanced expression of DKK1 in advanced carotid
plaques suggests the potential operation of a DKK1-driven in-
flammatory loop within the atherosclerotic lesion [41].

KRT14 is downregulated in patient skin-derived fibroblasts.
KRT14 is a direct interaction partner of Receptor-interacting
protein kinase 4 (RIPK4) [42], a negative regulator of TGF-p
signaling pathway in keratinocytes. Over-expression of RIPK4
reduces TGF-Pl-induced Smad2/Smad3 phosphorylation
levels, whereas kinase dead RIPK4 overexpression in HaCaT
cells abolished its suppressive effect on Smad2/3 nuclear local-
ization [43]. Hence, decreased KRT14 levels may be related to
TGF-B modulation in ATS through its direct RIPK4 interac-

tion. Also, the interaction between B-catenin and RIPK4 via
the Dishevelled pathway suggests a potential synergistic effect
with the upregulation of Wnt antagonists like SFRPI. Fur-
thermore, we found a nearly 3-fold upregulation of Fibrillin-2
(FBN2) in fibroblasts from ATS patients suggest its crucial role
in TGF-f signaling pathway in the pathology of elastic fiber
disorganization and failed elastogenesis that resulting in con-
nective tissue disorders [44]. Finally, Growth differentiation
factor 10 (GDFI0), also known as Bone morphogenetic pro-
tein 3B (BMP-3B) is downregulated in ATS patients (Table 1).
This divergent member of the TGF- superfamily influences
osteoblast differentiation and can inhibit this process similar
to BMP3 [45]. GDFI10 has been identified as a negative regu-
lator of vascular calcification [46]. Therefore, downregulation
of GDFI0 in ATS may contribute to vascular calcification and
reduced vascular elasticity through impaired regulation of os-
teogenic signaling pathways.

Paired-like homeodomain transcription factor 2 (PITX2)
was found to be upregulated. PITX2 regulates procollagen lysyl
hydroxylase (PLOD) and DIx2 expression. PLODI encodes an
enzyme responsible for hydroxylating lysines in collagens that
plays a role in specifying the ECM and provides a foundation
for the morphogenesis of tissues and organs [47]. DIx2 encodes
a transcription factor expressed in the mesenchymal and epi-
thelial cells of the mandibular and maxillary regions, as well as
in the diencephalon, and is established as a regulator of bran-
chial arch development [48]. Moreover, the Wnt/Dvl/p-caten-
in>Pitx2 pathway regulates cell proliferation in specific tissues
by modulating the expression of cell cycle genes like Cyclin D2
through the induction of Pitx2 and subsequent coactivator re-
cruitment [49]. Pitx2 is expressed in the cardiac neural crest,
guiding cell migration from the dorsal neural tube through the
branchial arches. Defective proliferation in Wnt-1 Cre/f3-caten-
in"* and Pitx2-/~ mice leads to reduced cell presence in the out-
flow tract and inadequate septation of the great arteries [50].
Therefore, upregulation of PITX2 in ATS may contribute to ab-
normal extracellular matrix remodeling and vascular morpho-
genesis through its regulation of collagen-modifying enzymes
and developmental pathways.

EPH receptor B2 (EPHB2), which acts downstream of Notch,
is upregulated in ATS fibroblasts (Table 1) [51]. EPHB2 has a
role in platelet aggregation and activation, while also playing a
key role in arterial endothelial cell growth during angiogenesis.
Dysregulation of EphB2 signaling in ATS patients could there-
fore contribute to the characteristic arterial abnormalities and
delayed wound healing observed.

Finally, altered expression of Collagen type IV alpha 4 chain
(COL4A4), and Claudin 1 (CLDN1I) may result in aberrant bas-
al membrane patterning and tight junction formation indicat-
ing a role for cell-cell interactions and endothelial cell perme-
ability.

Although the precise reason for the transcriptomic differ-
ences between Patient 1 and Patient 2 remains unclear, they
are most likely attributable to technical variability or individ-
ual-specific biological factors. KEGG pathway and Gene On-
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tology (GO) annotation analyses of RNA-seq data from both
patients revealed distinct regulatory alterations in biological
processes that may contribute to the pathophysiology of ATS.
Notably, both patients demonstrated significant down-regu-
lation of cardiovascular and immune-related pathways, po-
tentially contributing to the structural and functional abnor-
malities observed in the arterial system. As shown in Table 2,
pathways essential for cardiovascular function—such as hy-
pertrophic cardiomyopathy (HCM) and arrhythmogenic right
ventricular cardiomyopathy (ARVC)—were down-regulated in
both cases, supporting a molecular basis for the increased arte-
rial tortuosity phenotype.

In contrast, the opposite directionality observed in the cell
adhesion molecules (CAMs) pathway may reflect patient-spe-
cific variation in cellular adhesion dynamics and extracellular
matrix remodeling. This divergence may be associated with
differences in genetic background, disease severity, or com-
pensatory responses to GLUT10 deficiency, and may indicate
heterogeneity in the molecular response to ATS.

In Patient 1, GO annotation highlighted significant
down-regulation of pathways related to immune response,
angiogenesis, and structural maintenance, and up-regulation
of cell adhesion, mitotic nuclear division, and G1/S transition
(Table 3). In contrast, Patient 2 exhibited down-regulation in
structural and cell adhesion-related pathways, accompanied
by up-regulation of pathways promoting cell proliferation and
migration.

This study provides preliminary insights into transcriptomic
alterations in fibroblasts from ATS patients; however, several
limitations should be considered. The small sample size limits
the generalizability of the findings, and larger cohorts are re-
quired to validate the identified DEGs. Although dysregulated
pathways were identified, functional validation of key genes
such as SFRP1, DKKI, and FBNZ2 is necessary to clarify their
roles in ECM remodeling. In addition, the mechanisms linking
GLUT10 deficiency, elevated ROS, and non-canonical TGF-$
signaling remain to be elucidated. Future studies, including in
vitro and in vivo models as well as analyses in additional cell
types such as vascular smooth muscle and endothelial cells, are
needed to better understand ATS pathophysiology.

5. Conclusions

Our RNA-seq analysis of fibroblasts derived from two ATS pa-
tients provides preliminary insights into the molecular effects
of SLC2A10 mutations. The results suggest alterations in ex-
tracellular matrix organization, vascular integrity, and multi-
ple signaling pathways, including Wnt, TNE, and NF-kappa B
pathways. These findings contribute to a better understanding
of ATS pathogenesis and highlight dysregulated pathways that
may be relevant to disease mechanisms.
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