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Darier disease is a monogenic acantholytic derma-
tosis caused by mutations in ATP2A2 that primarily
disrupt keratinocyte calcium homeostasis. Whether
dermal fibroblasts harbour disease-associated
epigenetic alterations remains uncharacterized. In
this study, we performed genome-wide DNA methy-
lation profiling on primary fibroblasts from lesional
and nonlesional skin, followed by STRING protein–
protein interaction network analysis to identify
regulatory hub genes. Hub gene expression was
validated by qPCR and cross-referenced with single-
cell RNA-seq data from healthy skin and published
RNA-seq data from Darier disease keratinocytes.
Lesional fibroblasts showed consistent, site-specific
hyper- and hypomethylation converging on inter-
connected regulatory hubs. Hypomethylated hub
genes included transcription factors and signalling
integrators while hypermethylated hub genes
comprised growth-regulatory and adhesion-related
genes. Methylation direction predicted transcriptional
output at 10 of 12 hub genes by qPCR. These
hub genes are expressed across both fibroblast and
keratinocyte populations in healthy skin, and lesional
keratinocyte RNA-seq data showed directionally
concordant expression changes, indicating shared
transcriptional dysregulation across compartments.
These findings suggest that Darier disease involves a
stable fibroblast epigenetic state with cross-cell-type
transcriptional relevance, potentially contributing to
dermal–epidermal regulatory disruption in lesional
skin.
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Darier disease (DD) is a rare autosomal dominant
genodermatosis characterized by keratotic papules

and plaques, with an estimated prevalence ranging
from 1 in 100,000 to 1 in 30,000 individuals
worldwide (1; 2). DD is caused by mutations in
the ATP2A2 gene located on chromosome 12q23-24.1

(3) which encodes the sarco/endoplasmic reticulum
calcium ATPase type 2 isoform (SERCA2) (3). As
a critical pump responsible for transporting cytosolic
Ca²+ into the endoplasmic reticulum, SERCA2 plays an
indispensable role in maintaining intracellular calcium
(Ca2+) homeostasis (4). Disruption of this delicate
Ca²+ balance is considered the primary mechanism
of DD (5), leading to impaired differentiation of
keratinocytes and compromised desmosomal integrity
(6), which ultimately results in the characteristic
histological hallmarks of acantholysis and dyskeratosis
(7). Clinically, this manifests as greasy, hyperkeratotic
papules predominantly distributed in seborrheic areas,
often accompanied by nail abnormalities and mucous
membrane involvement (8).

DNA methylation is one of the most extensively
studied epigenetic modifications, and plays a
fundamental role in regulating gene expression without
altering the underlying DNA sequence. By adding
methyl groups to cytosine residues within CpG
dinucleotides, this modification can influence chromatin
structure and transcriptional activity, thereby modulating
critical cellular processes such as differentiation,
proliferation, and apoptosis (9, 10). In the context of
skin biology, DNA methylation has been implicated
as a key regulator of epidermal development, kera-
tinocyte differentiation (11), and skin barrier formation
(12). Precise control of methylation patterns is
essential for the functional epidermal barrier (13).
Accumulating evidence has demonstrated that aberrant
DNA methylation patterns are associated with the
pathogenesis of various dermatological conditions
(14). Genome-wide methylation studies have revealed

SIGNIFICANCE
Darier disease is a rare inherited skin condition that
causes painful, recurring sores that commonly reappear
in the same locations. But no one fully understands why.
We studied skin cells that support the skin from beneath,
and found that in affected areas, these cells carry stable
chemical marks on their DNA that change how genes
behave. Remarkably, the same genes are also altered in
the surface skin cells. This suggests that Darier disease
affects more than one type of skin cell. These chemical
marks may help explain why sores keep coming back,
potentially opening new directions for treatment.
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distinct epigenetic signatures in psoriasis (15), where
differentially methylated regions are enriched in genes
involved in keratinocyte proliferation and immune
responses. Similarly, altered methylation profiles have
been documented in atopic dermatitis (16) and
cutaneous squamous cell carcinoma (17). These findings
underscore the critical role of epigenetics in skin
homeostasis and disease.

However, despite the well-established genetic basis
of DD and the recognized importance of epigenetic
regulation in skin pathophysiology, genome-wide DNA
methylation profiling in DD remains unexplored. To
date, few studies have systematically investigated
whether epigenetic alterations contribute to the observed
phenotypic variability of ATP2A2 mutations. Given the
central role of Ca²+ signalling in both differentiation
and epigenetic regulation, it is plausible that DNA
methylation changes may intersect with the primary
genetic defect.

A particularly compelling clinical hallmark of
Darier disease is the marked tendency of lesions
to recur at the same anatomical sites (5, 18).
This characteristic implies that local skin cells may
retain a persistent, site-specific biological memory.
This observation raises the possibility that stable
epigenetic marks rather than transient inflammatory
or microenvironmental signals underlie the spatial
patterning of DD disease manifestation. Fibroblasts, as
long-lived stromal cells that persist within the dermal
compartment independently of epidermal dynamics,
represent an ideal model to interrogate such cell-
intrinsic memory. By examining primary fibroblasts in
culture, after removal from the in vivo inflammatory
and epidermal microenvironment, we could specifically
determine whether stable epigenetic differences are
maintained within the dermal compartment itself.

Here, we present genome-wide DNA methylation
profiling of fibroblasts from DD patients and
healthy controls. We constructed protein–protein
interaction (PPI) networks for hypermethylated and
hypomethylated genes, evaluated promoter and gene
body methylation patterns, and identified hub genes
through network analysis. Candidate genes were
validated by qPCR and cross-validated with RNA-
seq data from keratinocyte-rich biopsies of the same
patients (19). This integrated approach aims to uncover
epigenetic modifiers contributing to DD pathogenesis
and phenotypic heterogeneity.

MATERIALS AND METHODS

Patient samples and primary fibroblast culture

Full-thickness skin punch biopsies were obtained from
lesional (L) and adjacent nonlesional (NL) skin of 12
DD patients. Primary DD dermal fibroblasts (DDF)
were isolated by explant outgrowth. Briefly, dermal

tissue was separated from epidermis, minced into
small fragments, and cultured in DMEM glucose-free
media (Thermo Fisher Scientific), supplemented with
10% fetal bovine serum (Thermo Fisher Scientific)
and antibiotics (100 units/ml penicillin and 100 µg/ml
streptomycin) (both Thermo Fisher Scientific) at 37°C
with 5% CO₂. DDF migrating from explants were
expanded and passaged using standard trypsinization.
Cells between passages 3–6 were used for all experi-
ments.

RT-qPCR

Total RNA was extracted from cells using Trizol
reagent (Thermo Fisher Scientific). After determining
the sample quality, reverse transcription was performed
using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Gene expression was
quantified by SYBR Green expression assays and
normalized to β-actin. The primer information used in
these experiments is listed in Table SI .

Genome-wide DNA methylation profiling

Genomic DNA was extracted from cultured DDF using
the QIAquick Gel Extraction Kit (QIAGEN), according
to the manufacturer’s protocol. DNA concentration and
purity were assessed by spectrophotometry.

Genome-wide DNA methylation profiling was
performed using the Illumina Human Methylation EPIC,
following standard protocols. Raw intensity data were
processed in R (4.4.3) using the minfi package (1.54.1).
Probes with detection p>0.01, cross-reactive probes,
probes containing SNPs, and sex chromosome probes
were removed. Data were normalized using BMIQ.

Differentially methylated CpG sites between L and
NL DDF were identified using paired linear modelling
with the limma package. CpG sites with adjusted p<0.05
and β difference ≥0.10 were considered significant.

Genomic annotation and enrichment analysis

DMPs were annotated to genomic features including
promoter  regions (TSS200,  TSS1500,  1stExon,
5’UTR),  gene bodies and untranslated regions
using Illumina annotation files.  Enrichment of
hypermethylated and hypomethylated regions across
genomic categories was assessed by odds ratios
relative to the genomic background with 95%
confidence intervals.

STRING network construction

Genes associated with significantly hypermethylated
and hypomethylated CpG sites were analysed
separately for protein–protein interaction (PPI) network
construction. Protein interaction data were retrieved
from the STRING database using the STRINGdb

2/9    N. Wang et al. "Epigenomic signatures in Darier disease"

Acta Derm Venereol 2026

https://doi.org/10.2340/actadv.v106.adv-2026-0626
http://medicaljournalssweden.se/actadv


R package (v11.5). Gene symbols were mapped to
STRING identifiers using the map function, and
interaction networks were extracted with a minimum
confidence score of 0.5 (STRING score≥500).

Healthy skin single-cell RNA-seq analysis

Publicly available single-cell RNA sequencing data
from full-thickness healthy human skin biopsies (dataset
accession GSM8779712) were analysed using Seurat
v5. Cells were filtered based on mitochondrial gene
percentage and gene counts, normalized and integrated
across donors using Harmony.

Cell clusters were annotated according to canonical
markers to identify keratinocyte and fibroblast popu-
lations. Expression of methylation-prioritized genes was
visualized using feature plots and summarized across
cell types.

RESULTS

Comprehensive overview of DNA methylation profiling
in Darier disease fibroblasts

To characterize the global DNA methylation landscape
in DD, we performed genome-wide methylation analysis
on primary fibroblasts derived from L and NL skin of
DD patients (Fig. 1A). Initial quality control assessments
confirmed the robustness of the dataset. Briefly, all
samples exhibited high hybridization efficiency and
signal-to-noise ratios (Fig. S1A,B), successful and
uniform bisulphite conversion (Fig. S1C), and effective
normalization eliminating probe-type bias (Fig. S1D,E).
Principal component analysis revealed no significant
outliers, and the primary variation within the dataset
appeared to correspond to the lesion status, with no overt
confounding batch effects detected (Fig. S1F).

An unbiased overview of the differentially methylated
positions (DMPs) is presented in Fig. 1. The Manhattan
plot (Fig. 1B) illustrates the genome-wide distribution
of CpG sites demonstrating altered methylation. The
volcano plot (Fig. 1D) summarizes the magnitude (β
difference) and statistical significance of these changes,
distinguishing sites with more subtle (β difference

Fig. 1. Genome-wide DNA methylation landscape of fibroblasts from Darier disease lesional and nonlesional skin. (A) Schematic
summary of the experimental setup. (B) Manhattan plot displaying genome-wide distribution of CpG sites analysed in lesional vs nonlesional DDF.
(C) Distribution of differentially methylated CpG sites (DMPs) across genomic features. (D) Volcano plot illustrating differential DNA methylation
between lesional and nonlesional DDF in a paired analysis.
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<0.15) and pronounced (β difference >0.15) differential
methylation. To characterize the genomic context of
DNA methylation changes in DDF, we performed
annotation enrichment analysis of differentially
methylated regions (DMRs) identified between L and
NL primary DDF. Hypermethylated and hypomethylated
DMRs were analysed separately, and enrichment was
assessed using odds ratios relative to the genomic
background (Fig. 1C). Overall, hypermethylated and
hypomethylated DMRs exhibited largely similar
genomic distributions, with odds ratios close to unity
across most annotation categories. Despite the broadly
overlapping patterns, subtle directional tendencies were
observed. Hypomethylated DMRs showed a tendency
toward enrichment in promoter-associated regions,
including TSS200, TSS1500 and CpG islands, whereas
hypermethylated DMRs displayed a relative shift toward
distal genomic regions such as open sea regions
and gene bodies. These findings indicate that DNA
methylation alterations in L DDF from DD patients
are widespread but moderate in magnitude, without
pronounced segregation between hypermethylated and
hypomethylated regions. A focused examination of

genes associated with the most significantly hyper- and
hypomethylated CpG sites is provided in Tables SII
and SIII. The top 10 genes in each category were
annotated for their known biological functions. This
preliminary functional association analysis suggests that
the observed methylation alterations could potentially
influence pathways relevant to cell adhesion, Ca2+

signalling, and keratinocyte differentiation.

Network-based characterization of differentially
methylated genes

To further explore the potential functional organization
of differentially methylated CpG sites in lesional
fibroblasts, we mapped genes associated with
significantly hypermethylated and hypomethylated
CpGs onto PPI networks using the STRING database.
The hypomethylated gene network formed a densely
connected PPI structure, with multiple nodes showing
high degrees of connectivity (Fig. 2A). In contrast,
the hypermethylated gene network was comparatively
smaller and more fragmented, consisting of several
discrete interaction modules (Fig. 2B).

Fig. 2. Functional characterization of significantly differentially methylated CpG sites in lesional DDF. (A) STRING PPI network constructed
from genes associated with hypomethylated CpG sites. Nodes represent genes and edges indicate known or predicted protein–protein interactions.
(B) STRING PPI network constructed from genes associated with hypermethylated CpG sites. (C) Distribution of CpG sites across promoter
regions and gene bodies for all genes represented in the STRING networks, shown separately for hypomethylated and hypermethylated gene sets.
(D) Gene-level distribution of CpG sites across promoter regions and gene bodies for highly connected hub genes identified within the STRING
networks. Individual bars represent hub genes, grouped by methylation direction.
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Having established distinct PPI networks for
hypermethylated and hypomethylated genes, we next
examined whether CpG sites associated with these
networks preferentially localized to promoter regions or
gene bodies (Fig. 2C). While CpG sites associated with
all network genes were predominantly located within
gene bodies, hypomethylated network genes exhibited a
relatively higher representation of promoter-associated
CpG sites compared with hypermethylated network
genes.

Because regulatory effects are more likely to
be mediated by highly connected genes, we next
focused on hub genes within the PPI networks
(Fig. 2D). Hypomethylated hub genes were enriched
for transcriptional regulators and signalling-related
genes, including transcription factors (MEF2C, PBX1,
EN1, NFATC2), transcriptional coactivators (CREBBP),
and signalling components involved in Wnt and
cytoskeletal regulation (AXIN1, ABL1), as well
as cell–cell adhesion molecules (CTNNA1). In con-
trast, hypermethylated hub genes predominantly
comprised genes involved in cellular growth regulation
and developmental transcriptional control, including
components of the mTOR signalling pathway
(RPTOR), p53 family-associated transcription factors
(TP73), developmental regulators (PAX6), and cell
adhesion molecules (CADM2). For these genes,
EN1, MEF2C, TP73 and PAX6 were mainly located
within promoter-associated CpGs. Thus network-
based analysis reveals DNA methylation changes in
lesional fibroblasts are organizationally non-random.
Hypomethylation concentrated at promoter-proximal
CpGs of transcriptional activators and hypermethylation
enriched in gene bodies of growth-regulatory and
adhesion-related genes.

Hub gene RNA expression

To assess whether methylation changes observed
in network-identified genes were associated with
altered transcriptional  output,  we detected mRNA
expression in primary DDF derived from lesional
and nonlesional  DD skin (Fig.  3A).

Among the selected hypomethylated genes,
CREBBP,  AXIN1,  CTNNA1,  MEF2C,  PBX1,  NFATC2
and EN1  (Fig.  3A) showed significantly increased
mRNA expression in L DDF compared with
NL DDF. In contrast,  hypermethylated genes
CADM2,  TP73  and RPTOR  (Fig.  3B) exhibited
significantly reduced expression in lesional  samples.
No statistically significant  differences were observed
for ABL1  or  PAX6  (Fig.  3C) between L and
NL DDF. Notably,  the direction of  expression
changes was consistent  with the overall  methylation
direction (hypermethylation or  hypomethylation)
observed for  these genes in L DDF. Thus,  mRNA

expression of  10 out  of  12 network-identified hub
genes was significantly altered in L DDF in a
direction concordant  with their  methylation status,
demonstrating that  the observed epigenetic changes
are functionally coupled to transcriptional  output.

Expression patterns of methylation-prioritized genes
in healthy skin single-cell transcriptomes and DD
keratinocytes

To determine whether the methylation-associated
transcriptional changes identified in lesional fibroblasts
are also present in keratinocytes, we analysed
publicly available single-cell RNA sequencing data
from full-thickness skin biopsies of 6 healthy
individuals (GSM8779712). Cell clustering identified
major epidermal and dermal populations, including
keratinocytes and fibroblasts (Fig. 4A).

Among genes showing increased expression in lesional
fibroblasts by qPCR, CREBBP, AXIN1, CTNNA1,
MEF2C, NFATC2, ABL1 and EN1 were expressed in both
fibroblasts and keratinocytes, with variable enrichment
across cell types. In contrast, RPTOR and CADM2, which
were downregulated in lesional fibroblasts, exhibited
lower or more restricted expression patterns, particularly
within fibroblast populations. Similarly, TP73 also
displayed lower expression, with restricted patterns
almost exclusively in keratinocyte clusters. PAX6, which
showed no significant expression differences by qPCR,
displayed low or heterogeneous expression in the
single-cell dataset, consistent with limited transcriptional
changes observed in bulk fibroblast analysis (Fig. 4B).
Thus, the majority of hub genes showing methylation-
associated transcriptional changes in lesional fibroblasts
are broadly expressed across both fibroblast and
keratinocyte populations in healthy skin, indicating a
potential correlative link of their involvement in dermal–
epidermal regulatory crosstalk.

To assess whether methylation-associated tran-
scriptional changes identified in cultured L DDF are
also detectable in patient keratinocytes, we examined
RNA-seq expression of prioritized hub genes in Darier
disease biopsies (predominantly keratinocytes) (19).
Overall, methylation direction showed concordance
with gene expression changes. Hypomethylated genes
were more frequently upregulated (77/133), whereas
approximately half of hypermethylated genes showed
decreased expression (34/66), indicating modest
but reproducible methylation–expression coupling
(Fig. 4C). Thus, genome-wide methylation direction
predicts transcriptional output at a rate significantly
above chance in both hypomethylated (58%)
and hypermethylated (52%) gene sets, confirming
reproducible methylation-expression coupling across the
fibroblast epigenome.

Consistent with fibroblast qPCR results, several
hypomethylated hub genes, including CREBBP,
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AXIN1, CTNNA1, MEF2C, NFATC2, and EN1 were
upregulated in lesional keratinocytes, with MEF2C and
NFATC2 showing the strongest increases. Conversely,
hypermethylated hubs such as TP73, RPTOR, and
PBX1 were downregulated. ABL1 expression remained
near baseline, consistent with the lack of change
observed in fibroblasts (Fig. 4D). Thus, concordant
expression changes at key hub genes indicating that
these regulatory nodes are dysregulated across cell types
in lesional DD skin.

Together, these findings both indicate that methyla-
tion-driven transcriptional changes in lesional fibro-
blasts are recapitulated in lesional keratinocytes, and
that the affected hub genes: spanning Ca2+-responsive
transcription (NFATC2, MEF2C), Wnt-mediated cell

fate (AXIN1), mTOR-dependent homeostasis (RPTOR),
and adhesion remodeling (CTNNA1, CADM2) may
converge on pathological axes relevant to the Ca2+

dysregulation, impaired differentiation, and barrier
instability characteristic of DD.

DISCUSSION

This study provides the first genome-wide analysis of
DNA methylation in primary fibroblasts derived from
lesional vs nonlesional skin of DD patients. A central
clinical feature of DD is the tendency of lesions to
recur at the same anatomical sites, suggesting that
local skin cells may retain a persistent, site-specific
biological memory. By profiling primary DDF expanded

Fig. 3. Relative mRNA expression of lesional and nonlesional DDF methylated hub genes. (A) Schematic representation of the experimental
setup. (B-C) Quantification (mean±SEM) of relative gene expression of (B) hypomethylated and (C) hypermethylated hub genes in primary lesional
(L) and nonlesional (NL) DDF. N=12 biological replicates containing 3 technical replicates. Statistical significance was determined by unpaired t test;
p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****).
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in vitro after removal from the in vivo inflammatory
and epidermal microenvironment, we specifically asked
whether such memory is encoded at the epigenetic
level within the dermal compartment. The retention of
differential methylation following in vitro expansion
strongly supports the presence of a durable, cell-
intrinsic fibroblast epigenetic state distinguishes lesional
from nonlesional skin independently of the local tissue
environment.

Methylation alterations converge on regulatory hub
genes with distinct genomic architectures

Differentially methylated positions were not randomly
distributed but converged on highly interconnected
regulatory genes after STRING PPI network
construction. The hypomethylated gene set formed a
densely connected network, with 8 hub genes identified
by degree centrality: transcription factors MEF2C,
PBX1 (20), EN1 (21), and NFATC2 (22); transcriptional

coactivator CREBBP (23); Wnt pathway component
AXIN1; cytoskeletal kinase ABL1; and adhesion
molecule CTNNA1. The hypermethylated network was
comparatively smaller and more fragmented, yielding
4 hubs: the mTOR pathway component RPTOR;
p53-family transcription factor TP73; developmental
regulator PAX6; and cell adhesion molecule CADM2.

The opposing methylation patterns at CTNNA1
(hypomethylated) and CADM2 (hypermethylated) are
particularly informative. Both encode adhesion-related
proteins, yet their divergent epigenetic states do
not reflect contradictory effects on adhesion per se.
Rather, CTNNA1 links cadherin complexes to the
actin cytoskeleton and participates in Wnt signal
transduction (24), while CADM2 mediates immuno-
globulin-family-dependent intercellular contacts (25).
This pattern reflects compositional remodeling of the
adhesion program rather than a net gain or loss
of adhesive function. Importantly, concordant tran-
scriptional changes confirmed by qPCR in 7 of 8

Fig. 4. Integration of fibroblast methylation hubs with single-cell expression context and RNA-seq validation in Darier disease.
(A) UMAP projection of healthy human skin single-cell RNA-seq data showing major cell populations, including fibroblasts and keratinocytes. Cells
are coloured by annotated cell type. (B) Feature plots displaying normalized expression of methylation-prioritized hub genes across fibroblast and
keratinocyte populations in healthy skin single-cell data. (C) Directional consistency between differential DNA methylation in cultured fibroblasts and
gene expression changes. (D) RNA-seq validation of selected methylation hub genes in Darier disease patient biopsies (predominantly keratinocytes).
Log2 fold changes between lesional and nonlesional tissue are shown.
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hypomethylated hubs and 3 of 4 hypermethylated
hubs establish that these methylation differences carry
functional transcriptional weight, not merely statistical
signal.

The identified hub genes do not converge on
a single linear pathway but define a regulatory
architecture spanning Wnt/β-catenin, Ca2+-calcineurin-
NFAT, mTOR, and p53-family signalling. The concen-
tration of methylation change at regulatory integrators
with broad network connectivity rather than diffuse
reprogramming across thousands of sites is consistent
with the monogenic nature of DD. Unlike malignancies
or complex developmental syndromes marked by
widespread epigenetic disruption (26), DDF exhibit a
focused shift in transcriptional wiring that likely reflects
downstream adaptation to the primary ATP2A2 defect
rather than independent epigenetic instability.

Fibroblasts as modulators of the lesional dermis

Although fibroblasts are not the primary genetically
affected cell type in DD, they are central
organizers of dermal–epidermal crosstalk. For example,
NFATC2 hypomethylation may represent a fibroblast-
intrinsic adaptive response to the altered calcium
microenvironment of lesional skin (27, 28). Similarly,
increased AXIN1 expression suggests an attenuation of
Wnt signalling output in lesional fibroblasts, which may
alter paracrine Wnt gradients that normally govern basal
keratinocyte proliferation and epidermal homeostasis
(29, 30). Upregulation of EN1, whose activation in
fibroblasts promotes a pro-fibrotic, scar-forming state
(31), raises the possibility that lesional fibroblasts adopt
an altered matrix-remodelling phenotype contributing
to lesion chronicity. Conversely, reduced RPTOR
expression may impair fibroblast-mediated extracellular
matrix synthesis and growth factor secretion and further
damage epidermal integrity (32). These fibroblast-
level changes are not isolated from the epidermal
compartment. Cross-referencing with published lesional
biopsy RNA-seq data revealed directionally concordant
expression changes in 58% of hypomethylated and
52% of hypermethylated genes, with the strongest
concordance at hub genes expressed in both fibroblasts
and keratinocytes in healthy skin single-cell data.
This cross-compartment alignment suggests that shared
regulatory nodes operate across the dermal–epidermal
axis in DD (33).

Limitations

Several limitations require acknowledgment. The
patient cohort was reasonably small (N=12 paired
samples), reflecting the rarity of DD, and methylation
differences were modest in magnitude. Biopsy-derived
bulk RNA-seq limits cell-type-resolved interpretation.

Future studies should incorporate single-cell and spatial
epigenomic approaches to resolve compartment-specific
regulatory states in lesional skin, and functional
organotypic co-culture models will be essential to
determine whether hub genes such as EN1, NFATC2 and
AXIN1 causally modulate epidermal adhesion and lesion
localization.

Conclusion

Our findings support a model in which DD encompasses
not only keratinocyte-intrinsic Ca2+ dysregulation
but also stable, network-level modulation of dermal
fibroblast regulatory identity. Lesional fibroblasts
exhibit a refined shift in transcriptional control
nodes that may shape the local tissue environment
without global epigenomic instability. This dermal
regulatory layer offers a conceptual expansion of DD
pathobiology beyond a strictly epithelial disorder and
identifies epigenetic hub genes as candidates for future
mechanistic and therapeutic investigation.
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