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Abstract

X-linked ichthyosis (XLI) is an inherited disorder of keratinization resulting from a deficiency of steroid sulfatase (STS), for which
no effective therapy is currently available. E-cadherin, a key upstream regulator of keratinocyte differentiation, has been found to
be markedly overexpressed in STS-deficient HaCaT cells, suggesting its potential as a therapeutic target in XLI. To investigate
the functional role of E-cadherin and explore its therapeutic potential, we introduced mutations into the N-terminal region of E-
cadherin and examined the resulting effects on keratinocyte differentiation. In addition, a microRNA (miR-6766) and a rationally
designed gapmer antisense oligonucleotide (JASO) targeting the same E-cadherin mRNA sequence were employed to modulate
E-cadherin expression in HaCaT cells. Mutations within the N-terminal region of E-cadherin significantly reduced keratin 1 ex-
pression, underscoring the critical role of this domain in regulating keratinocyte differentiation. Treatment with miR-6766 led to
downregulation of both early and terminal differentiation markers. Building on this, the gASO modified with 2'-O-methoxyethyl and
phosphorothioate linkages exhibited enhanced potency and stability, resulting in stronger suppression of E-cadherin and keratin
1 expression compared with miR-6766 (maintained 37.7% greater inhibition of E-cadherin at 96 h and 35.7% greater inhibition of
keratin 1 at 96 h). Furthermore, gASO treatment induced a concentration-dependent reduction in early (keratin 1 and keratin 10)
and terminal (transglutaminase 1, involucrin, and loricrin) differentiation markers. These findings demonstrate that an E-cadherin—
targeting gASO effectively suppresses abnormal keratinocyte differentiation and may serve as a promising therapeutic strategy
for X-linked ichthyosis.
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INTRODUCTION al., 2008). Thus, novel therapeutic strategies addressing the
underlying pathology of XLI are urgently required.

X-linked ichthyosis (XLI) is a genetic disorder affecting ap- Epidermal keratinocytes detect external signals from the ex-
proximately 1 in 2,000-6,000 individuals worldwide, with a sig- tracellular matrix via integrins and transmit intercellular mes-
nificantly higher prevalence in males (Ingordo et al., 2003). sages through cell—cell junctions (Watt et al., 1993). Differenti-
This condition results from mutations or deletions in the ste- ated keratinocytes increase the formation of cell—cell junctions
roid sulfatase (STS) gene (Fernandes et al., 2010). Loss of (Charest et al., 2009), highlighting the critical role of intercellu-
STS function causes accumulation of cholesterol sulfate, de- lar junctions in the differentiation process. Adherens junctions,
creasing cholesterol levels and subsequently inducing exces- a class of intercellular junctions predominantly regulated by
sive keratinocyte differentiation and stratification (Williams and E-cadherin, play a crucial role in keratinocyte differentiation
Elias, 1981). Consequently, STS gene deficiency causes thick, by signaling through catenins and inositol 1,4,5-trisphosphate
rigid, and scaly skin barriers that define the characteristic XLI (IPs) (Shrestha et al., 2016; Tu and Bikle, 2013). In human ke-
phenotype (Wells and Kerr, 1966). Currently, no specific treat- ratinocytes, blocking E-cadherin impairs calcium-induced acti-
ment exists for XLI, and existing therapeutic approaches are vation of phosphoinositide 3-kinase (PI3K) and phospholipase

limited to topical moisturizers and keratolytic agents that offer C-y1 (PLC-y1), ultimately disrupting keratinocyte differentia-
only temporary relief for the impaired skin barrier (Vahlquist et tion (Lau et al., 2011; Xie and Bikle, 2007). Thus, E-cadherin
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plays a pivotal role in keratinocyte differentiation and serves
as a potential therapeutic target for XLI.

Keratinocytes undergo a stepwise differentiation process
through the epidermal layers, culminating in cornification. This
progression starts in the basal layer, advances through the
spinous and granular layers, and ends in the corneous layer,
with distinct protein expression and structural modifications at
each stage (Tarshish et al., 2023). During early differentiation,
basal keratins, such as keratin 5 and keratin 14, decrease in
expression. As differentiation progresses, keratin 1 and kera-
tin 10 dominate expression in the spinous and granular layers
(Alam et al., 2011). Throughout this process, keratinocytes
alter their adhesion and cytoskeletal organization (Gutowska-
Owsiak et al., 2020). In late differentiation, keratin-forming
proteins mature within the granular layer (Holthaus and Eck-
hart, 2024). Transglutaminase 1 (TGM1) cross-links structural
proteins, including involucrin, loricrin, and filaggrin, to form the
insoluble cornified envelope (CE) (Inada et al., 2000). This
TGM1-mediated cross-linking strengthens barrier integrity in
the corneous layer, enhancing its resilience over earlier dif-
ferentiation stages (Surbek et al., 2023). Thus, fully differenti-
ated keratinocytes predominantly express early differentiation
markers, including keratin 1 and keratin 10, alongside terminal
differentiation markers such as TGM1, involucrin, and loricrin,
ultimately reinforcing the barrier (Pondeljak et al., 2023).

Gapmer antisense oligonucleotides (gASOs) exhibit en-
hanced target specificity and molecular stability compared
with miRNA- or siRNA-based modalities (Liang et al., 2013;
Kim, 2023; Kim et al., 2023). miRNAs are susceptible to non-
specific binding and degradation by endogenous nucleases
due to their long sequences (Bravo et al., 2007), whereas
gASOs offer a promising alternative to overcome these limi-
tations. gASOs incorporate phosphorothioate (PS) linkages,
substituting the bridging oxygen of the phosphate group with
sulfur to prevent recognition and degradation by endogenous
nucleases. This modification disperses the negative charge
on the PS backbone at physiological pH more than phospho-
diester (PO), enhancing ASO lipophilicity, promoting plasma
protein binding, and reducing rapid renal clearance (Chen et
al., 2024; Mekonnen et al., 2025). PS linkages serve as fun-
damental backbone modification in several approved ASOs
(Crooke et al., 2021). Additionally, modifications to the sugar
moiety of ASOs critically influence binding affinity, nuclease
resistance, and in vivo performance (Crooke et al., 2020). The
2'-O-methoxyethyl (2'-MOE) modification enhances efficacy,
extends tissue half-life, and mitigates inflammation, thereby
reducing potential side effects (Crooke et al., 2021; Evers et
al., 2015). gASOs hybridize with target mRNA to form a DNA/
RNA duplex, which RNase H subsequently recognizes and
degrades (Crooke et al., 2021; Roberts et al., 2020). Several
ASO-based therapeutics are undergoing clinical trials, with
some already approved and commercialized (Crooke et al.,
2021).

Despite advances in understanding XLI pathogenesis,
there is still no targeted treatment that directly addresses the
abnormal keratinocyte differentiation caused by STS defi-
ciency. Although E-cadherin is known to play a key role in ke-
ratinization, its therapeutic targeting remains underexplored.
Therefore, this study aims to design a gASO targeting the E-
cadherin gene (CDH1) and evaluate its efficacy in suppress-
ing keratinocyte differentiation markers (keratin 1, keratin 10,
TGMA1, involucrin, and loricrin), offering a novel therapeutic
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approach for XLI.

MATERIALS AND METHODS

Reagents

DMEM was purchased from HyClone (Logan, UT, USA) and
FBS from Tissue Culture Biologicals (Long Beach, CA, USA).
The Neon™ Transfection System was supplied by Thermo
Fisher Scientific (Waltham, MA, USA), and the D-Plus™ ECL
solution from Dongin LS (Seoul, Korea). Antibodies used in
this study included anti-STS polyclonal antibody (ab62219),
anti-involucrin (ab53112), and anti-loricrin (ab85679) from Ab-
cam (Cambridge, MA, USA); anti-TGM 1 (12912-3-AP), anti-
cytokeratin 1 (16848-1-AP), and anti-cytokeratin 10 (18341-
1-AP) from Proteintech (Rosemont, IL, USA); anti-E-cadherin
(07-697) from Merck Millipore (Burlington, MA, USA); and goat
anti-rabbit IgG-Texas Red (sc-2780) from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA).

Cell culture

The HaCaT cells were sourced from CLS Cell Lines Service
(Germany). Cas9-control HaCaT and Cas9-STS*- HaCaT
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 20% (v/v) fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells
were maintained at 37°C in a humidified atmosphere contain-
ing 5% CO..

Transient and stable transfection

For transient transfection, the STS coding sequence was
cloned into the pcDNA3.1/Zeo+ vector. Cells were transfected
using the Neon™ Transfection System (Thermo Fisher Sci-
entific, CA, USA) with either 0 or 50 nM siRNA, 0, 25, 50, or
100 nM miRNA, or 3 pg of plasmid DNA. E-cadherin-targeting
siRNA was purchased from Qiagen (Netherlands), and hsa-
miR-6766 MiRNA was from Bioneer (Seoul, Korea). The fol-
lowing plasmids gifted by Barry Gumbiner were acquired from
Addgene: hE-cadherin-pcDNA3 (Addgene plasmid #45769),
hE-cadherin/Ap120 (Addgene plasmid #45770), hE-cadherin/
a-catenin fusion-pcDNA3 (Addgene plasmid #45771), hE-
cadherin/AB-catenin-pcDNA3 (Addgene plasmid #45772),
and IL2R/hE-cadherin-cytotail (Addgene plasmid #45773).

Generation of Cas9-STS*- HaCaT cells

The plasmid vectors pLentiCas9-T2A-GFP (Addgene plas-
mid #78548, gifted by Roderic Guigo and Rory Johnson) and
tet-pLKO-sgRNA-puro (Addgene plasmid #104321, gifted
by Nathanael Gray) were obtained from Addgene. Lentiviral
supernatants carrying either the Cas9 gene or STS-targeting
sgRNA were generated using HEK293T packaging cells.
Cas9-STS*- HaCaT cells were subsequently generated
through single-cell cloning in 96-well plates following lentiviral
transduction.

Synthesis of gASO

Gapmer ASOs were synthesized by QMINE Inc. (Seoul,
Korea) using a standard solid-phase phosphoramidite method
on a controlled-pore glass support equipped with a universal
linker. The synthesis process involved sequential washes with
acetonitrile, detritylation using 3% trichloroacetic acid in di-
chloromethane, coupling with phosphoramidite reagents, and



oxidation with iodine in pyridine/THF. Capping was performed
using acetic anhydride and N-methylimidazole. To incorporate
phosphorothioate linkages, the oxidation step was substituted
with either a 0.1 M 3-[(dimethylamino)methyleneamino]-3H-
1,2,4-dithiazole-5-thione (DDTT) solution in pyridine or a 0.05
M DDTT mixture in pyridine/acetonitrile (1:1). Upon comple-
tion of the synthesis, oligonucleotides were cleaved from the
solid support and deprotected using concentrated ammonia
at 60°C for 12-18 h. The crude product was then desalted via
Sephadex G-25 resin, lyophilized, and either used directly or
further purified through preparative HPLC, followed by ethanol
precipitation from a 0.3 M NaCl or NaOAc solution.

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed using a
Rotor-Gene Q instrument (Qiagen, Netherlands), and data
analysis was performed with Rotor-Gene Q Series software
(Qiagen). Each reaction mixture contained 10 uL of Q Green
2x gPCR Master Mix, 1 uM of each forward and reverse prim-
er and 20 ng of cDNA in a final volume of 20 uL. The thermal
cycling protocol included an initial denaturation step at 95°C
for 5 min, followed by 40 amplification cycles of 15 s at 95°C
(denaturation) and 45 s at 56°C (annealing/extension). The
following primer sets were utilized for gRT-PCR analysis: STS:
5- CCT CCTACT GTT CTT TCT GTG GG - 3' (forward), and
5'-TGC CAG TIT CTG CAT CTG C-3' (reverse); E-cadherin:
5- GTACTT GTAATG ACA CAT CTC - 3'and 5' - GGT CGA
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TAT TGG GAG TCC TGA TA - 3'; 18S rRNA: 5' - GTAACC
CGT TGAACC CCATT-3"and 5" - CCATCC AAT CGG TAG
TAG CG - 3'; Keratin 1: 5'- CAG CAT CAT TGC TGAGGT CAA
GG - 3'and 5' - CAT GTC TGC CAG CAG TGATCT G - 3
Keratin 10: 5'- CCT GCT TCA GAT CGACAATGC C - 3'and
5'-ATC TCC AGG TCAGCC TTG GTC A - 3'; Transglutamin-
ase 1: 5- GCACCACACAGACGAGTATGA-3 and 5'- GGT
GAT GCGATCAGAGGATTC - 3'; hsa-miR-6766-3p: 5'- TGA
TTGTCT TCC CCCACC CTCA-3'.

Western blotting analysis

Cells were lysed in ice-cold PE buffer containing 50 mM
NaF. Total protein extracts were separated via SDS-PAGE on
8%, 10%, or 12% polyacrylamide gels and transferred onto
0.45 um PVDF membranes via electrophoresis. Membranes
were blocked for 2 h at 4°C in 5% (w/v) BSA prepared in Tris-
buffered saline with 0.1% Tween-20 (TBST), then incubated
with primary antibodies diluted 1:1000 in TBST. Membranes
were then incubated with appropriate secondary antibodies
for 2 h. Protein signals were detected using D-Plus™ ECL
solution (Dongin LS) and visualized with a ChemiDoc XRS
imaging system (Bio-Rad, CA, USA).

Immunofluorescence

Cells were fixed in 10% neutral buffered formalin for 30 min
at room temperature (24°C), then blocked for 5 min in PBS
containing 10% goat serum and 0.2% Triton X-100. Following
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Fig. 1. Reduced E-cadherin expression via siRNA decreases keratinocyte differentiation marker levels in HaCaT cells. (A-D) HaCaT cells
were transfected with pcDNA3.1-E-cadherin or siE-cadherin for 48 h. (A, B) Total cellular protein (10 ug) was subjected to western blot anal-
ysis using E-cadherin, TGM 1, keratin 1, and keratin 10 antibodies. a-tubulin served as a loading control. (C, D) RT-qPCR was performed to
detect E-cadherin, TGM 1, keratin 1, and keratin 10 mRNA expressions in cells. Each data point represents the mean + SEM of three ex-
periments. *p<0.05 compared to the control. HaCaT, human keratinocyte cell.
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blocking, cells were incubated overnight at 4°C with a primary
antibody diluted 1:200, then incubated overnight with goat an-
ti-rabbit IgG-Alexa Fluor 594 (1:200). After three washes with
PBS, coverslips were mounted onto glass slides using Ultra
Cruz™ mounting medium. Fluorescence images were cap-
tured using an LSM 800 confocal laser scanning microscope
(Carl Zeiss, Germany).

Statistical analysis

Statistical analysis was performed using Dunnett’s pairwise
multiple comparison t-test in GraphPad Prism 7 (GraphPad
Software, CA, USA). A p-value of less than 0.05 (*p<0.05) was
considered statistically significant.

RESULTS

Reduced E-cadherin expression decreases the levels of
keratinocyte differentiation markers in HaCaT cells

Based on previous studies showing that STS depletion ele-
vates E-cadherin expression (Kwon et al.,2025a, 2025b; Shin
et al., 2017). We investigated how alterations in E-cadherin
levels influence the expression of keratinocyte differentiation
markers. E-cadherin overexpression markedly upregulated
the early differentiation markers keratin 1 and keratin 10,
along with the terminal differentiation marker TGM1, whereas
siRNA-mediated E-cadherin knockdown reduced their expres-
sion (Fig. 1A, 1B). To assess whether E-cadherin modulation
influences keratinocyte differentiation at the mRNA level, cells

were treated for 48 h with either an E-cadherin expression
vector or siRNA. The result demonstrated that the upregula-
tion of E-cadherin was associated with increased mRNA lev-
els of keratin 1, keratin 10, and TGM1 (Fig. 1C). In contrast, E-
cadherin downregulation significantly reduced these markers,
with keratin 1 and keratin 10 exhibiting approximately a 50%
decrease in expression (Fig. 1D). These findings indicate that
E-cadherin regulation modulates keratinocyte differentiation,
establishing it as a key regulator in this process.

N-terminal domain of E-cadherin plays a vital role in
regulating keratin 1 expression in keratinocytes

To investigate the role of E-cadherin in regulating kerati-
nocyte differentiation markers, we transfected human kera-
tinocyte (HaCaT) cells with vectors expressing wild-type or
structurally mutated E-cadherin and analyzed the expression
patterns of keratin 1, keratin 10, and TGM1. The mutations
introduced into the vectors can be broadly classified into two
groups: those targeting the N-terminus of E-cadherin, includ-
ing mutants lacking the N-terminal domain, dominant-nega-
tive N-terminal mutants, and transmembrane mutants, and
those affecting the C-terminus, such as mutants with a fused
a-catenin binding domain, removed B-catenin binding domain,
or blocked interaction with the p120-catenin binding domain
(Kwon et al., 2025b).

Our results showed a reduced expression of keratin 1, ker-
atin 10, and TGM 1 in cells transfected with mutant vectors.
Mutations in the N-terminal region of E-cadherin, essential for
cell adhesion, significantly decreased keratin 1 expression.
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Fig. 2. N-terminal domain of E-cadherin is essential for regulating keratin 1 expression in HaCaT cells. (A) HaCaT cells were transfected
for 48 h with vectors encoding wild-type E-cadherin, N-terminal deletion mutant, N-terminal dominant negative mutant, transmembrane mu-
tant, a-catenin binding domain fusion mutant, B-catenin binding domain deletion mutant, or p120-catenin binding domain interaction blocked
mutant. Total cellular protein (10 pg) was subjected to western blot analysis with E-cadherin, TGM 1, keratin 1, and keratin 10 antibodies.
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o-tubulin served as a loading control. (B) Cas9-STS™ HaCaT cells were transfected with vectors for wild-type E-cadherin or transmembrane
mutant for 48 h. Immunofluorescence staining was performed. Cells were fixed, incubated with keratin 1 antibody, and then stained with Al-
exa Fluor 594-labeled secondary antibody. Images were captured using confocal fluorescence microscopy. Blue=DAPI; Microscopy scale

bar=20 um. HaCaT, human keratinocyte cell.
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Conversely, mutations in the C-terminal region of E-cadherin
decreased the expression of TGM 1 and keratin 10 (Fig. 2A).
These findings indicate that loss-of-function mutations in the
N-terminal and C-terminal domains of E-cadherin disrupt sig-
naling pathways associated with keratinization. Our findings
emphasize the critical role of the E-cadherin N-terminal region
in regulating keratin 1 expression. We performed confocal
microscopy to directly assess the effect of the E-cadherin N-
terminal deletion mutation on keratin 1 expression. Our results
showed that cells expressing the E-cadherin transmembrane
mutant exhibited significantly reduced keratin 1 expression
levels (Fig. 2B). These findings indicate that E-cadherin ex-
pression closely links to keratin 1 levels, emphasizing the im-
portance of the N-terminal domain of E-cadherin in regulating
keratin 1 expression.

Treatment with miR-6766, which targets E-cadherin
mRNA, suppresses the expression of early keratinocyte
differentiation markers

Fig. 2 illustrates a robust link between E-cadherin and ker-
atin 1 expression. Based on this, we hypothesized that de-
creasing keratinocyte differentiation markers through E-cad-
herin knockdown could offer a therapeutic approach for XLI.
To further investigate this possibility, we employed an alterna-
tive genetic strategy to target E-cadherin expression.

Previous studies reported that knockdown of E-cadherin
using miR-6766 in keratinocytes significantly reduced the ex-
pression of terminal differentiation markers, such as involucrin
and loricrin (Kwon et al., 2025b). In this study, we investigated

the effect of miR-6766 on early keratinocyte differentiation
markers. HaCaT cells were treated with various concentra-
tions of miR-6766 (0, 25, 50, or 100 nM), and the expression
levels of keratin 1 and keratin 10 were assessed. Our results
showed that miR-6766 treatment reduced keratin 1 and kera-
tin 10 mRNA levels in a concentration-dependent manner (Fig.
3A), which was further confirmed at the protein level (Fig. 3B).

In addition, we investigated whether miR-6766 could regu-
late early differentiation markers under STS-deficient condi-
tions. Partial STS-knockout cells generated via the CRISPR/
Cas9 system were transfected with miR-6766, and the ex-
pression levels of keratin 1 and keratin 10 were subsequently
measured. In STS*- HaCaT cells, keratin 1 and keratin 10
mRNA levels were significantly elevated. However, miR-6766
treatment effectively reduced the expression of these differen-
tiation markers (Fig. 3C). Similar results were also observed
at the protein level, where miR-6766 treatment significantly
decreased differentiation markers (Fig. 3D).

Design of gapmer antisense oligonucleotides

miR-6766 treatment markedly reduced the expression of
early differentiation markers in HaCaT cells (Fig. 3). However,
these results prompted us to investigate a more stable and
specific approach to targeting the E-cadherin gene. There-
fore, we designed a gASO targeting the same sequence in
the E-cadherin gene recognized by miR-6766. To optimize the
gASO sequence, we utilized the miRNA database (miRDB;
http://www.mirdb.org/). Fig. 4A illustrates the sequences of
miR-6766 and its target site within the CDH1 gene.
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(A)

miRNA Name : hsa-miR-6766-3p

5' - ugauugucuucccccacccuca - 3' (length = 22)

3' UTR Sequence

1681 toagogatag ggugtastoa guatcttat ttggatctct ttttatttaa atgtgaattt
1741 caactttljga caatcapaga asagactttt gttgasatas ctitactott tctcaastat
1801 tttopaoaaa aasalcascc ctocaatcac tttttgomat totctioatt tt C
1881 tcamgctata tcgaatatag tictototas ageatetcac totastttta ag

1821 tatategete cteataatts tetattttct ttegesetes asaageassa casttcasec
1981 toagasmagt attctcasao atgcattttt atesatttta ttasacaatt ttottasacc
2041 attassassa aassssssaa asasasasas
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Fig. 4. Schematic structure of the designed gASO specific to E-cadherin. (A) Information on miR-6766, the microRNA used for the synthe-
sis of gASO, and the 3' UTR sequence of CDH1 targeted by miR-6766. (B) The designed gASO was synthesized as an 18-mer, with 2'-
MOE (2’-O-methoxyethyl) modifications on both wings, providing minimal side effects, excellent clinical efficacy, and stability. All nucleotide
linkages were made with PS bonds. gASO, gapmer antisense oligonucleotide; PS, phosphorothioate.

We synthesized gASO as an 18-mer with 2’-MOE (2'-O-
methoxyethyl) modifications on both flanking regions, which
reportedly enhance stability and clinical efficacy and reduce
side effects (Crooke et al., 2021). Additionally, all nucleotide
linkages incorporated PS bonds, which enhanced cellular sta-
bility compared to PO bonds (Fig. 4B).

gASO demonstrates more pronounced and sustained
suppression of E-cadherin and early keratinocyte
differentiation markers compared to treatment with
miR-6766

We studied the inhibition and duration of the synthesized
gASO by directly comparing its effect on E-cadherin and kera-
tin 1 expression with those of miR-6766. HaCaT cells were
transfected with either gASO or miR-6766 at the same con-
centrations (0 or 50 nM), harvested at 24, 48, 72, and 96 h,
and subjected to Western blot to evaluate changes in the
protein levels of E-cadherin and keratin 1. Our result showed
that gASO treatment more effectively suppressed the expres-
sion of E-cadherin and keratin 1 compared to treatment with
miR-6766 across all examined time points, and recovery of
expression occurred faster in cells treated with miR-6766 (Fig.
5A). Furthermore, differences in protein expression between
treatments persisted or intensified over time. Specifically, Fig.
5B illustrates that gASO maintained approximately 30% great-
er inhibition of E-cadherin at 72 h, increasing to 37.7% at 96
h. For keratin 1, inhibition by gASO exceeded miR-6766 by
19.9% at 24 h, increasing to 34.5% by 72 h. At 96 h, this differ-
ence remained substantial at 35.7%, confirming the enhanced
inhibition capacity of gASO. Overall, these findings indicate
that gASO exerts stronger and more prolonged suppression
of E-cadherin and keratin 1 expression than that of miR-6766.

gASO targeting E-cadherin efficiently suppresses
the expression of early and terminal keratinocyte
differentiation markers

Previously, Fig. 5 depicts that gASO downregulated E-cad-
herin and the early differentiation markers keratin 1 and kera-
tin 10 more effectively and persistently. To further investigate
whether gASO influences overall keratinocyte differentiation,
HaCaT cells were treated with increasing gASO concentra-
tions (0, 25, 50, or 100 nM) and analyzed the expression lev-
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els of differentiation markers, including keratin 1, keratin 10,
TGM 1, involucrin, and loricrin. Our results showed that gASO
markedly suppressed the expression of E-cadherin, early dif-
ferentiation markers (keratin 1 and keratin 10), and terminal
differentiation markers (TGM 1, involucrin, and loricrin) in a
concentration-dependent manner, as evidenced by the mRNA
and protein levels (Fig. 6A, 6B).

Additionally, to evaluate the efficacy of gASO under STS-de-
ficient conditions, we transfected partial STS-knockout HaCaT
cells with gASO and analyzed the expression of keratinocyte
differentiation markers. Our results showed that gASO mark-
edly suppressed the elevated E-cadherin expression caused
by STS deficiency and effectively decreased early differentia-
tion markers (keratin 1 and keratin 10) and terminal differen-
tiation markers (TGM 1, involucrin, and loricrin) at the mRNA
and protein levels (Fig. 6C, 6D). Notably, gASO treatment led
to a pronounced reduction in the expression of all examined
keratinocyte differentiation markers in STS*- HaCaT cells.

To further confirm the Western blot results, we conducted
confocal microscopy analysis to assess the expression of ke-
ratinocyte differentiation markers. STS*- HaCaT cells treated
with gASO (0 or 50 nM) exhibited substantially reduced levels
of keratin 1, keratin 10, and TGM1, with these proteins nearly
undetectable (Fig. 6E).

In conclusion, our results showed that gASO targeting E-
cadherin effectively suppressed the expression of early and
terminal differentiation markers in keratinocytes under STS-
deficient conditions. These findings indicate that gASO may
represent a promising therapeutic approach for XLI treatment
(Fig. 7).

DISCUSSION

In this study, we investigated the essential function of E-
cadherin in regulating keratinocyte differentiation and evalu-
ated its therapeutic relevance for XLI treatment. Using HaCaT
cells under normal and STS-deficient conditions, E-cadherin
significantly modulates keratinization markers and differen-
tiation-related signaling pathways. Additionally, our findings
indicate E-cadherin-targeting agents, such as gASO, as
promising therapeutic candidates for alleviating abnormal ke-
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gASO was designed based on the sequence of miR-6766. (A, B) HaCaT cells were transfected with miR-6766 or gASO for 24, 48, 72, or 96
h. (A) Total cellular protein (10 ug) was subjected to western blot analysis with E-cadherin and keratin 1 antibodies. o-tubulin served as a
loading control. Representative western blot image displays E-cadherin and keratin 1 protein levels in HaCaT cells. (B) Each data point rep-
resents the mean + SEM of three experiments. *p<0.05 compared to the control miRNA or *p<0.05 compared to the control ASO. HaCaT,

human keratinocyte cell; gASO, gapmer antisense oligonucleotide.

ratinocyte differentiation associated with XLI.

Our findings suggest E-cadherin as a critical regulator of
early and terminal keratinocyte differentiation markers. HaCaT
cells overexpressing E-cadherin significantly upregulated ker-
atin 1, keratin 10, and TGM 1 expression (Fig. 1A), whereas
knockdown of E-cadherin using siRNA markedly decreased
their mRNA and protein levels (Fig. 1B, 1C). These findings
support that of a previous study identifying E-cadherin as an
essential mediator of calcium-driven keratinocyte differentia-
tion (Tu et al., 2008), reinforcing its pivotal role in keratinocyte
maturation.

Structurally, E-cadherin contains a conserved extracellular
N-terminal region with multiple cadherin repeats that mediate
Ca?" binding and a cytoplasmic C-terminal region that asso-
ciates with catenins (Coopman and Djiane, 2016). Calcium
signals received by the N-terminal domain of E-cadherin are
transmitted intracellularly through catenin interactions at its C-
terminal domain, ultimately promoting keratinocyte differentia-
tion (Nagar et al., 1996; Takeichi, 1990). The C-terminal tail
of E-cadherin interacts with p120-catenin and B-catenin, while
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a-catenin links B-catenin to the actin cytoskeleton (Qian et al.,
2002). Based on these structural insights, we used domain-
specific E-cadherin deletion mutants to examine how altera-
tions in distinct regions of the protein affect the expression of
keratinocyte differentiation markers (Liang et al., 2013).

The results showed that the N-terminal domain of E-cad-
herin is essential for regulating the expression of the early
differentiation marker keratin 1 (Fig. 2). Mutations introduced
into this domain significantly reduced keratin 1 levels, high-
lighting the crucial role of Ca**-dependent cell-cell adhesion
mediated by the N-terminal region (Fig. 2A). Confocal micros-
copy further validated these findings, indicating a pronounced
decrease in keratin 1 expression in cells transfected with N-
terminal mutant vectors compared to those expressing wild-
type E-cadherin (Fig. 2B).

Interestingly, subsequent experiments revealed that both
the N-terminal and C-terminal domains of E-cadherin are
required for the proper expression of keratin 10 and TGM1
(Fig. 2A). Mutations in either domain reduced the expression
of these markers, suggesting that both regions may regulate
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keratin 10 and TGM1 expression through distinct but comple- essential for proper keratinocyte differentiation, underscoring
mentary mechanisms. These findings suggest that coordinat- the importance of the structural integrity of E-cadherin. Collec-
ed activity between the N-terminal and C-terminal domains is tively, our findings highlight the cooperative roles of these do-
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mains and offer deeper insight into how E-cadherin regulates
the expression of keratin 10 and TGM1.

To investigate the therapeutic potential of targeting E-cad-
herin in XLI, we evaluated the effects of miR-6766, a miR-
NA that downregulates E-cadherin expression. Transfecting
HaCaT cells with increasing concentrations of miR-6766 led
to a dose-dependent decrease in keratin 1 and keratin 10 ex-
pressions at the mRNA and protein levels (Fig. 3A, 3B). Under
STS-deficient conditions, miR-6766 effectively counteracted
the elevated expression of these markers, demonstrating its
ability to modulate keratinocyte differentiation in a pathologi-
cal context (Fig. 3C, 3D). These findings align with those of
previous reports highlighting the role of miRNAs in regulating
E-cadherin expression and influencing keratinocyte differen-
tiation (Kwon et al., 2025b).

Building on the findings from miR-6766 treatment, we de-
signed a gASO to target the E-cadherin gene for enhanced
and prolonged regulatory effects. Compared to miR-6766,
gASO induced a stronger and more sustained suppression
of E-cadherin and keratin 1 expression over a 72 h period,
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with minimal recovery observed (Fig. 5A, 5B). This prolonged
inhibition highlights the potential of gASO as a more effective
therapeutic strategy for XLI.

A key advantage of gASO is its ability to modulate early
and terminal keratinocyte differentiation markers. Concentra-
tion-dependent experiments revealed that gASO significantly
downregulated the expression of E-cadherin, early differen-
tiation markers (keratin 1 and keratin 10), and terminal mark-
ers (TGMA1, involucrin, and loricrin) in HaCaT cells (Fig. 6A,
6B). Even under STS-deficient conditions, gASO effectively
suppressed the upregulation of these differentiation markers,
further supporting its therapeutic potential for XLI (Fig. 6C,
6D). Confocal microscopy analysis corroborated these find-
ings, revealing significant reductions in keratin 1, keratin 10,
and TGM1 expression in STS*- cells treated with gASO, with
protein levels nearly undetectable (Fig. 6E). Collectively, these
findings indicate the broad efficacy of gASO in modulating ke-
ratinocyte differentiation pathways and highlight its potential
as a comprehensive therapeutic strategy for managing hyper-
keratosis in XLI.



XLI, caused by STS deficiency, results in the accumulation
of cholesterol sulfate and impaired keratinocyte differentiation
(Baek et al., 2021; Zhou et al., 2025). In this study, we iden-
tified E-cadherin as a key regulator in the pathophysiologi-
cal mechanism, acting through calcium-mediated signaling
pathways to control the expression of differentiation markers.
By specifically targeting E-cadherin, gASO provides a novel
therapeutic strategy to counteract excessive keratinocyte dif-
ferentiation observed in XLI (Fig. 7).

Concerns may arise regarding the potential cancer risk as-
sociated with targeting E-cadherin using gASO. However, XLI
is a genetic disorder characterized by the chronic upregula-
tion of E-cadherin expression at the genetic level due to STS
deficiency. In this context, appropriately controlled gASO ad-
ministration may normalize E-cadherin expression without
reducing it below physiological levels. To minimize potential
cancer-related adverse effects, it is essential to adopt a cau-
tious approach during drug development, including restrict-
ing administration to skin regions exhibiting XLI-associated
pathological features such as hyperkeratosis, and selecting
topical formulations that limit unintended systemic exposure.
Nevertheless, as this study was limited to in vitro experiments,
further in vivo validation is needed to confirm the therapeutic
potential and safety of gASO in clinical settings.

In conclusion, this study highlights the essential function
of E-cadherin in keratinocyte differentiation and introduces
gASO as a promising therapeutic approach for treating XLI.
In the future, our efforts should aim to focus on optimizing
gASO delivery methods and systematically assessing its long-
term therapeutic efficacy and safety in preclinical and clinical
models. Due to the absence of experimental evidence dem-
onstrating the correction of XLI-like barrier defects by gASO
in this study, additional investigations are also required to sub-
stantiate its therapeutic efficacy. Advancing these strategies
may significantly drive the development of targeted treatments
for XLI and other skin disorders, ultimately enhancing patient
care and clinical outcomes.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

ACKNOWLEDGMENTS

This research was supported by the National Research
Foundation of Korea (NRF), funded by the Korean govern-
ment (MSIP) (RS-2021-NR059482), and by the Chung-Ang
University Graduate Research Scholarship in 2024. The fund-
ing agencies had no role in the study design, data collection,
analysis, decision to publish, or preparation of the manuscript.

REFERENCES

Alam, H., Sehgal, L., Kundu, S. T., Dalal, S. N. and Vaidya, M. M.
(2011) Novel function of keratins 5 and 14 in proliferation and differ-
entiation of stratified epithelial cells. Mol. Biol. Cell 22, 4068-4078.

Baek, H. S., Kwon, T. U., Shin, S., Kwon, Y. J. and Chun, Y. J. (2021)
Steroid sulfatase deficiency causes cellular senescence and ab-
normal differentiation by inducing Yippee-like 3 expression in hu-
man keratinocytes. Sci. Rep. 11, 20867.

Kwak et al. Gapmer ASO Targeting E-Cadherin

Bravo, V., Rosero, S., Ricordi, C. and Pastori, R. L. (2007) Instability
of miRNA and cDNAs derivatives in RNA preparations. Biochem.
Biophys. Res. Commun. 353, 1052-1055.

Charest, J. L., Jennings, J. M., King, W. P., Kowalczyk, A. P. and Gar-
cia, A. J. (2009) Cadherin-mediated cell-cell contact regulates ke-
ratinocyte differentiation. J. Invest. Dermatol. 129, 564-572.

Chen, S. X., Heendeniya, S. N., Le, B. T., Rahimizadeh, K., Rabiee,
N., Zahra, Q. U. A. and Veedu, R. N. (2024) Splice-modulating
antisense oligonucleotides as therapeutics for inherited metabolic
diseases. Biodrugs 38, 177-203.

Coopman, P. and Djiane, A. (2016) Adherens junction and E-cadherin
complex regulation by epithelial polarity. Cell. Mol. Life Sci. 73,
3535-3553.

Crooke, S. T., Baker, B. F., Crooke, R. M. and Liang, X. H. (2021) An-
tisense technology: an overview and prospectus. Nat. Rev. Drug
Discov. 20, 427-453.

Crooke, S. T., Vickers, T. A. and Liang, X. H. (2020) Phosphorothioate
modified oligonucleotide-protein interactions. Nucleic Acids Res.
48, 5235-5253.

Evers, M. M., Toonen, L. J. and van Roon-Mom, W. M. (2015) An-
tisense oligonucleotides in therapy for neurodegenerative disor-
ders. Adv. Drug Deliv. Rev. 87, 90-103.

Fernandes, N. F., Janniger, C. K. and Schwartz, R. A. (2010) X-linked
ichthyosis: an oculocutaneous genodermatosis. J. Am. Acad. Der-
matol. 62, 480-485.

Gutowska-Owsiak, D., Podobas, E. I., Eggeling, C., Ogg, G. S. and
Bernardino de la Serna, J. (2020) Addressing differentiation in live
human keratinocytes by assessment of membrane packing or-
der. Front. Cell Dev. Biol. 8, 573230.

Holthaus, K. B. and Eckhart, L. (2024) Development-associated genes
of the epidermal differentiation complex (EDC). J. Dev. Biol. 12, 4.

Inada, R., Matsuki, M., Yamada, K., Morishima, Y., Shen, S. C., Kura-
moto, N., Yasuno, H., Takahashi, K., Miyachi, Y. and Yamanishi, K.
(2000) Facilitated wound healing by activation of the Transgluta-
minase 1 gene. Am. J. Pathol. 157, 1875-1882.

Ingordo, V., D’Andria, G., Gentile, C., Decuzzi, M., Mascia, E. and Na-
Idi, L. (2003) Frequency of X-linked ichthyosis in coastal southern
Italy: a study on a representative sample of a young male popula-
tion. Dermatology 207, 148-150.

Kim, J. Y., Han, S. Y,, Sung, K., Seo, J. Y., Myung, C. H,, Jo, C. S.,
Yoon, J. H., Park, J. Y. and Hwang, J. S. (2023) Inhibition of mela-
nosome transport by inducing exon skipping in melanophilin. Bio-
mol. Ther. (Seoul) 31, 466-472.

Kim, Y. (2023) Drug discovery perspectives of antisense oligonucle-
otides. Biomol. Ther. (Seoul) 31, 241-252.

Kwon, T. U., Kwon, Y. J., Park, H., Kang, Y. J. and Chun, Y. J. (2025a)
Dysregulation of STS in keratinocytes promotes calcium signaling
and differentiation. Sci. Rep. 15, 662.

Kwon, T. U., Kwon, Y. J., Park, H., Lee, H., Kwak, J. H., Kang, K. W.
and Chun, Y. J. (2025b) Steroid sulfatase suppresses keratiniza-
tion by inducing proteasomal degradation of E-cadherin via Hakai
regulation. Biochim. Biophys. Acta Mol. Cell Res. 1872, 119898.

Lau, M. T, Klausen, C. and Leung, P. C. (2011) E-cadherin inhibits tu-
mor cell growth by suppressing PI3K/Akt signaling via beta-catenin-
Egr1-mediated PTEN expression. Oncogene 30, 2753-2766.

Liang, X. H., Hart, C. E. and Crooke, S. T. (2013) Transfection of siR-
NAs can alter miRNA levels and trigger non-specific protein deg-
radation in mammalian cells. Biochim. Biophys. Acta. Gene Regul.
Mech. 1829, 455-468.

Mekonnen, N., Seo, M. R., Yang, H., Chelakkot, C., Choi, J. Y., Hong,
S., Song, K. and Shin, Y. K.(2025) Design, screening and develop-
ment of asymmetric siRNAs targeting the MYC oncogene in triple-
negative breast cancer. Biomol. Ther. (Seoul) 33, 155-169.

Nagar, B., Overduin, M., lkura, M. and Rini, J. M. (1996) Structural
basis of calcium-induced E-cadherin rigidification and dimeriza-
tion. Nature 380, 360-364.

Pondeljak, N., Lugovi¢-Mihi¢, L., Tomi¢, L., Para¢, E., Pedi¢, L.,and
Lazi¢-Mosler, E. (2024) Key factors in the complex and coordinated
network of skin keratinization: their significance and involvement in
common skin conditions. Int. J. Mol. Sci. 25, 236.

Qian, Z. R,, Li, C. C., Yamasaki, H., Mizusawa, N., Yoshimoto, K., Ya-
mada, S., Tashiro, T., Horiguchi, H., Wakatsuki, S., Hirokawa, M.

www.biomolther.org



Biomol Ther 34(1), 213-224 (2026)

and Sano, T. (2002) Role of E-cadherin, a-, B-, and y-catenins, and
p120 (cell adhesion molecules) in prolactinoma behavior. Mod.
Pathol. 15, 1357-1365.

Roberts, T. C., Lanoger, R. and Wood, M. J. A. (2020) Advances in
oligonucleotide drug delivery. Nat. Rev. Drug Discov. 19, 673-694.

Shin, S., Im, H. J., Kwon, Y. J., Ye, D. J., Baek, H. S., Kim, D., Choi, H.
K. and Chun, Y. J. (2017) Human steroid sulfatase induces Wnt/j-
catenin signaling and epithelial-mesenchymal transition by upregu-
lating Twist1 and HIF-1a in human prostate and cervical cancer
cells. Oncotarget 8, 61604-61617.

Shrestha, C., Tang, Y., Fan, H., Li, L., Zeng, Q., Pennypacker, S. D.,
Bikle, D. D. and Xie, Z. (2016) Phosphoprotein phosphatase 1 is
required for extracellular calcium-induced keratinocyte differentia-
tion. Biomed. Res. Int. 2016, 3062765.

Surbek, M., van de Steene, T., Sachslehner, A. P., Golabi, B., Griss, J.,
Eyckerman, S., Gevaert, K. and Eckhart, L. (2023) Cornification of
keratinocytes is associated with differential changes in the catalytic
activity and the immunoreactivity of transglutaminase-1. Sci. Rep.
13, 21550.

Takeichi, M. (1990) Cadherins: a molecular family important in selec-
tive cell-cell adhesion. Annu. Rev. Biochem. 59, 237-252.

Tarshish, E., Hermoni, K. and Muizzuddin, N. (2023) Effect of lume-
nato a tomato derived oral supplement on improving skin barrier
strength. Skin Res. Technol. 29, e13504.

Tu, C. L. and Bikle, D. D. (2013) Role of the calcium-sensing receptor
in calcium regulation of epidermal differentiation and function. Best

https://doi.org/10.4062/biomolther.2025.228

224

Pract. Res. Clin.Endocrinol. Metab. 27, 415-427.

Tu, C. L., Chang, W., Xie, Z. J. and Bikle, D. D. (2008) Inactivation of
the calcium sensing receptor inhibits E-cadherin-mediated cell-cell
adhesion and calcium-induced differentiation in human epidermal
keratinocytes. J. Biol. Chem. 283, 3519-3528.

Vahlquist, A., Ganemo, A. and Virtanen, M. (2008) Congenital ichthyo-
sis: an overview of current and emerging therapies. Acta Derm.
Venereol. 88, 4-14.

Watt, F. M., Kubler, M. D., Hotchin, N. A., Nicholson, L. J. and Adams,
J. C. (1993) Regulation of keratinocyte terminal differentiation by
integrin-extracellular matrix interactions. J. Cell Sci. 106 (Pt 1),
175-182.

Wells, R. S. and Kerr, C. B. (1966) Clinical features of autosomal domi-
nant and sex-linked ichthyosis in an English population. Br. Med.
J. 1, 947-950.

Williams, M. L. and Elias, P. M. (1981) Stratum corneum lipids in disor-
ders of cornification: increased cholesterol sulfate content of stra-
tum corneum in recessive x-linked ichthyosis. J. Clin. Invest. 68,
1404-1410.

Xie, Z. J. and Bikle, D. D. (2007) The recruitment of phosphatidylino-
sitol 3-kinase to the E-cadherin-catenin complex at the plasma
membrane is required for calcium-induced phospholipase C-y1
activation and human keratinocyte differentiation. J. Biol. Chem.
282, 8695-8703.

Zhou, B., Liang, C., Li, P. and Xiao, H. (2025) Revisiting X-linked con-
genital ichthyosis. Int. J. Dermatol. 64, 51-61.



