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ABSTRACT

Steroid sulfatase (STS) deficiency is responsible for X-linked ichthyosis (XLI), a genetic disorder characterized by rough and dry skin caused by excessive kerati-
nization. The impaired keratinization process leads to reduced cell mobility and increased apoptosis, which can cause an excessive buildup of the stratum corneum. In
this study, we investigated the mechanisms underlying XLI and found that STS deficiency reduces cell mobility and increases apoptosis in human keratinocyte HaCaT
cells. To explore these mechanisms further, RNA-sequencing was conducted on skin tissues from STS transgenic and knockout mice. Our RNA-seq results revealed
that STS deficiency plays a critical role in regulating multiple signaling pathways associated with cell mobility and apoptosis, such as Wnt/p signaling and the Hippo
signaling pathway. Knockdown of the STS gene using shRNA in HaCaT cells led to an upregulation of E-cadherin expression and suppression of key factors involved in
epithelial-mesenchymal transition (EMT), such as N-cadherin and vimentin. Inhibition of EMT involved the Hippo signaling pathway and reduction of HIF-1a.
Interestingly, inhibiting STS with shRNA increased mitochondrial respiration levels, as demonstrated by the extracellular flux oxygen consumption rate. Additionally,
we observed a significant increase in ROS production in partial STS knockout cells compared to control cells. Our study demonstrated that the excessive generation of
ROS caused by STS deficiency induces the expression of Bax and Bak, leading to the release of cytochrome ¢ and subsequent cell death. Consequently, STS deficiency

impairs cell mobility and promotes apoptosis, offering insights into the pathophysiological processes and potential therapeutic targets for XLI.

1. Introduction

Steroid sulfatase (STS) mutations or deficiencies are the main cause
of X-linked ichthyosis (XLI), which leads to excessive keratinization of
the skin [1]. XLI is a genetic disease that primarily affects males,
occurring with a frequency of 1 in 2000 to 6000 individuals [2,3]. In
cases of STS deficiency, impaired cholesterol degradation results in the
accumulation of cholesterol sulfate and improper shedding of kerati-
nocytes, disrupting the turnover of the stratum corneum. The accumu-
lation of lipids within the epidermis hampers the skin’s barrier function
and causes dry and scaly skin [4,5]. However, the precise mechanism
underlying the excessive formation of the stratum corneum due to STS
deficiency is not yet been fully understood. Therefore, these mechanisms
must be elucidated to develop therapeutic approaches for XLI and
excessive stratum corneum formation.

Some studies suggest that reduced keratinocyte mobility may
contribute to the excessive formation of the stratum corneum [6,7].
Impaired cell mobility prevents keratinocytes from migrating

effectively, leading to the accumulation of cornified cells on the skin
surface [6,7]. Epithelial-mesenchymal transition (EMT), which involves
the loss of cell-cell adhesion [8-10], has been widely studied due to its
role in keratinization [8,11,12]. EMT is regulated by complex signaling
pathways, including Wnt/p-catenin, HIF-1a, and the Hippo pathway
[13-15]. Particularly, HIF-1a is closely associated with cellular respi-
ration [16-18]. Previous studies have demonstrated that increased STS
expression upregulates Twistl and HIF-1a, inducing the Wnt/B-catenin
pathway and EMT [19].

Cellular apoptosis also contributes to hypertrophy of the stratum
corneum [20]. Widespread cell apoptosis disrupts the regular process of
cornification, which contributes to the formation of the skin’s physical
barrier [21,22]. Normally, epidermal cell apoptosis occurs due to cell
damage caused by ultraviolet B (UVB) radiation [8,22] and previous
studies have demonstrated that keratinocytes exposed to UVB generate
reactive oxygen species (ROS), thereby contributing to cell apoptosis
[23,24]. Moreover, enhanced cellular respiration generates ROS
[25,26], mitochondrial oxidative stress, and oxidative phosphorylation
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[27,28]. High ROS levels induce cell death by releasing cytochrome c
from mitochondria and inducing key factors such as Bax and Bak, which
promote cell apoptosis [29,30].

In this study, we investigated the molecular mechanisms underlying
the excessive formation of the stratum corneum induced by STS defi-
ciency. Particularly, we focused on exploring the relationship between
STS expression levels and keratinocyte mobility, as well as cell death. To
achieve this, we generated a novel mouse model with a specific exon 2
region deficiency in the X chromosome using the CRISPR/Cas9 system.
Previous studies have utilized other STS-deficient mouse models [31],
but they lacked specificity to the X chromosome, resulting in low
reproducibility. Currently, XLI research heavily relies on patient sam-
ples, which only allows for limited analyses such as serum metabolite
levels and gene expression patterns [32,33]. To overcome these limita-
tions, we utilized our newly developed STS mouse model for RNA-seq
analysis, which enabled the identification of enhanced or diminished
signal transduction pathways such as cell mobility and cell apoptosis in
STS deficiency. Collectively, our findings provide important insights
into the mechanisms through which STS deficiency leads to excessive
keratinization, thus establishing a scientific basis for the development of
effective treatment strategies for XLI.

2. Materials and methods
2.1. Reagents

STX-64 was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA), TNF-a from Enzo Biochem (Farmingdale, NY), and TGF-p1 from
Merck Millipore (Burlington, MA). All chemicals, except TNF-a, were
prepared in dimethylsulfoxide (DMSO), stored as small aliquots at
—20 °C, and then diluted as needed in cell culture media. DMEM was
purchased from HyClone (Logan, UT). FBS and charcoal-stripped FBS
were purchased from Tissue Culture Biologicals (Long Beach, CA). The
Neon transfection system was obtained from ThermoFisher Scientific
(Waltham, MA), and the D-Plus™ ECL solution was obtained from
Dongin LS (Seoul, Korea). The following antibodies were used in our
experiments: anti-STS polyclonal antibody (ab62219) from Abcam
(Cambridge, MA), anti-vimentin (sc-6260), anti-HIF-la (sc-13,515),
anti-YAP1 (sc-101,199), anti-Bax (sc-7480), anti-Bak (sc-517,390), goat
anti-rabbit IgG-Texas Red (sc-2780), and Ultra Cruz™ mounting me-
dium (sc-24,941) from Santa Cruz Biotechnology (Santa Cruz, CA), anti-
E-cadherin (07-697) from Merck Millipore (Burlington, MA), anti-N-
cadherin (4061S), anti-phospho-YAP1 (4911S), anti-Latsl (3477S),
anti-phospho-Latsl (9157S), anti-caspase 3 (9662S), and anti-cleaved
caspase 3 (9662S) from Cell Signaling Technology (Danvers, MA), and
anti-GAPDH from Cusabio Technology (Houston, TX). All other chem-
icals were obtained from commercial sources.

2.2. Cell culture

The HaCaT human keratinocyte cell line was obtained from CLS Cell
Lines Service (Germany). HaCaT, pLjm1-Control HaCaT, and pLjm1-STS
HaCaT cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % (v/v) fetal bovine serum (FBS), 100
U/mL penicillin, and 100 pg/mL streptomycin. Cas9-HaCaT and Cas9-
STS™~ HaCaT cell lines were cultured in DMEM supplemented with 20
% (v/v) FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. All cell
lines were incubated at 37 °C in a humidified atmosphere with 5 % CO.
After 24 h of incubation, the cells were treated with TNF-a or STX-64 for
24 or 48 h.

2.3. Transient and stable transfection
For transient transfections, the STS coding sequence was cloned into

the pcDNA3.1/Zeo™ vector. The cells were transfected with 40 nM
siRNA or 3 pg plasmid using the Neon Transfection System (Life
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Technologies, CA). The plasmid vectors pLJM1-Empty (a gift from
Joshua Mendell, Addgene plasmid # 91980), pLKO.1 puro (a gift from
Bob Weinberg, Addgene plasmid #8453), pMD2.G, and psPAX2 (gifts
from Didier Trono, Addgene plasmids # 12259 and #12260) were ob-
tained from Addgene [34,35]. HEK293T cells were co-transfected with
the pLJM1-STS, pMD2.G, and psPAX2 vectors. After 48 h, the lentiviral
supernatant containing the STS gene was collected and used to treat
HaCaT cells along with polybrene (8 pg/mL) for 24 h. HaCaT cells
overexpressing STS were selected using puromycin (1 pg/mL). The
optimal sequence of siRNAs targeting human STS was cloned into the
pLKO.1 plasmid, which encodes a lentiviral vector containing a multiple
cloning site for the insertion of sShRNA constructs driven by an upstream
U6 promoter. The modified plasmid or empty vector was further co-
transfected into HEK293T cells with lentiviral packaging plasmids to
generate STS or control shRNA lentivirus. HaCaT cells were infected
with the constructed control and STS shRNA lentivirus for 24 h, and
infected cells were selected using puromycin treatment. After 24 h, the
media was replaced with puromycin-free growth media, and the cells
were cultured for further STS knockdown studies.

2.4. Generation of Cas9-STS™/~ HaCaT cells

The plasmid vectors pLentiCas9-T2A-GFP (a gift from Roderic Guigo
& Rory Johnson, Addgene plasmid # 78548) and tet-pLKO-sgRNA-puro
(a gift from Nathanael Gray, Addgene plasmid # 104321) were obtained
from Addgene [35]. Lentiviral supernatants containing the Cas9 gene or
STS sgRNA were prepared using HEK293T cells. Cas9-STS™~ HaCaT
cells were isolated by single-cell separation using 96-well plates.

2.5. Quantitative PCR (qPCR)

qPCR analysis was performed using a Rotor-Gene Q machine (Qia-
gen, Netherlands) and analyzed with the QIAGEN Rotor-Gene Q Series
software. Each reaction consisted of 10 pL of Q Green 2x qPCR Master
Mix, 1 pM of oligonucleotide primers, and 20 ng of cDNA in a final
volume of 20 pL. The amplification program included one cycle at 95 °C
for 5 min, followed by 40 cycles of denaturation at 95 °C for 15 s, and
annealing/extension at 56 °C for 45 s. The following primer sets were
used for qPCR: STS, 5'- CCT CCT ACT GTT CTT TCT GTG GG-3' (forward)
and 5-TGC CAG TIT CTG CAT CTG C-3' (reverse); E-cadherin, 5- GTA
CTT GTA ATG ACA CAT CTC-3' and 5- GGT CGA TAT TGG GAG TCC
TGA TA-3’; 18S rRNA, 5-GTA ACC CGT TGA ACC CCA TT-3' and 5-CCA
TCC AAT CGG TAG TAG CG-3'; N-cadherin, 5-GGT GGA GGA GAA GAA
GAC CAG-3' and 5'- GGC ATC AGG CTC CAC AGT —3'; Vimentin, 5- CCA
AAC TTT TCC TCC CTG AAC C-3' and 5'- GTG ATG CTG AGA AGT TTC
GTT GA-3; E-cadherin (mouse), 5'- CAG TTC CGA GGT CTA CAC CTT-3'
and 5- TGA ATC GGG AGT CTT CCG AAA A-3; N-cadherin (mouse), 5'-
CTC CAA CGG GCA TCT TCA TTA T-3' and 5- CAA GTG AAA CCG GGC
TAT CAG-3; Vimentin (mouse), 5- CGT CCA CAC GCA CCT ACA G-3'
and 5- GGG GGA TGA GGA ATA GAG GCT-3'; GAPDH (mouse), 5-TGG
ATT TGG ACG CAT TGG TC-3' and 5-TTT GCA CTG GTA CGT GTT GAT-
3.

2.6. Luciferase reporter assay

For transfection, the cells were seeded at a density of 1.5 x 10%/well
and transfected with GLUT-1 or E-cadherin reporter plasmids using the
Neon™ transfection system (Invitrogen) according to the manufac-
turer’s instructions. pRL-Renilla (Promega, Madison, WI) was co-
transfected as a control. After 24 h, the cells were lysed using lysis
buffer and luciferase activities were measured with a FilterMax F3
microplate reader (Molecular Devices) using the Dual-Luciferase® Re-
porter system (Promega).
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2.7. Western blotting analysis

Cells and mouse skin samples were lysed using ice-cold PE buffer
containing 50 mM NaF. Protein lysates were separated by SDS-PAGE on
8 % or 12 % polyacrylamide gels and electrophoretically transferred to
0.45 pm PVDF membranes. The membranes were blocked with 5 % (w/
v) BSA in Tris-buffered saline containing 0.1 % Tween-20 (TBST) for 2 h
at 4 °C, incubated with primary antibodies diluted at a 1:1000 ratio in
TBST, and then incubated with secondary antibodies for 2 h. Protein
bands were visualized using D-Plus™ ECL solution (Dongin LS, Korea)
and analyzed with a ChemiDoc XRS (Bio-Rad, CA).

2.8. Cell viability assay

Cells were seeded in 96-well plates at a density of 5 x 10* cells/well
and incubated for 1-6 days. For the treatment experiments, the cells
were treated with 10 pM STX-64 and incubated for 48 h. EZ-CyTox so-
lution (DoGenBio, Korea) was added to each well, and cell viability was
measured after a 2-h incubation period at a wavelength of 450 nm using
a Sunrise™ microplate reader (Tecan, Mannedorf, Switzerland).

2.9. Cell cycle assay

Cells were collected using 0.1 % trypsin-EDTA, washed twice with
PBS, and suspended in 70 % cold ethanol. After fixation, the cells were
washed twice with PBS and stained with the Muse™ Cell Cycle Assay kit
(Merck Millipore, Germany). Analysis of the cell cycles was performed
using the Muse™ cell analyzer (Merck Millipore, Germany).

2.10. Immunofluorescence

Samples were fixed with 10 % neutral formalin for 30 min at 24 °C,
blocked for 45 min in PBS buffer containing 10 % goat serum and 0.2 %
Triton X-100, incubated with a primary antibody (1:200) overnight at
4 °C, and then stained with goat anti-rabbit IgG-Texas Red (1:200)
overnight. After three PBS washes, coverslips were mounted onto glass
slides using Ultra Cruz™ mounting medium. Fluorescence was then
analyzed using an LSM 800 confocal laser scanning microscope (Carl
Zeiss, Germany).

2.11. Scratch wound assay

The cells were seeded at a density of 1x 10° cells/well in 6-well
plates and allowed to adhere for 24 h. The cells were then treated
with mitomycin C (25 pg/mL) for 30 min, washed with PBS, and a
scratch wound was created using a sterile pipette tip. The cells were
allowed to migrate for 48 h, and images of the wound were captured at
predetermined time points using an inverted microscope.

2.12. Invasion assay

Cancer cell invasion was examined using the QCM™ 24-well Cell
Invasion Assay Kit (Millipore), according to the manufacturer’s proto-
col. Briefly, 300 pL of cell suspension in serum free media (1 x 10° cells/
mL) were seeded onto insert chambers with an 8 pm collagen-coated
polycarbonate membrane. The ECM layer-invaded cells were stained
with DAPL Invading cells were visualized and observed under an LSM
800 confocal laser scanning microscope (Carl Zeiss, Germany) for
counting of cell numbers. Each experiment was repeated at least ten
times.

2.13. Measurement of oxygen consumption rate (OCR)
OCR was measured using the Seahorse XFe24 extracellular flux

analyzer (Agilent Technologies, USA) according to the manufacturer’s
instructions. The cells were inoculated into Seahorse XFe 24-well plates
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approximately 24 h prior to the experiment, following the Seahorse
protocol. The ideal density of 2000 cells per well was determined after
the initial experiment. On the day of the experiment, sensor columns
were hydrated in XF calibration solution and maintained at 37 °C in air
without CO,. The cells were then washed and incubated with a
bicarbonate-free, low-buffer assay medium for 1 h at 37 °C. Afterward,
the cells were incubated for 1 h at 37 °C and OCR changes were regularly
monitored throughout the mitochondrial function assay. OCR was
measured with a serial injection of oligomycin (1 pM), FCCP (1 pM),
antimycin (0.5 pM), and rotenone (0.5 pM).

2.14. ROS generation

Cells were harvested, washed, and suspended in PBS containing 1
mM DCFH-DA. After incubation at 37 °C for 30 min, the cells were
collected and resuspended in PBS. The level of ROS was determined by
measuring the fluorescence intensity using a Sunrise™ microplate
reader (Tecan) with an excitation wavelength of 480 nm and an emis-
sion wavelength of 520 nm.

2.15. Chromatin immunoprecipitation (ChIP)

ChIP assays were performed using the EZ ChIP™ Chromatin Immu-
noprecipitation Kit (Millipore, USA) following the manufacturer’s in-
structions. HaCaT cells were treated with 4 % PFA for 15 min to cross-
link the chromatin, after which the samples were sonicated to shear
the DNA into 500-bp fragments. Immunoprecipitation was carried out
for 6 h using anti-Twistl or c-Myc antibodies and control IgG antibody,
followed by the addition of 30 pl of magnetic beads. The collected
precipitated chromatin was subjected to RT-qPCR analysis. The
following primers were used for PCR: Twistl protein binding site, 5'-
GAA CCC AAG AGG CGA AGG-3' (forward) and 5-GGT GCT GGA CAT
TGA AGA TTA CT-3' (reverse); c-Myc protein binding site, 5-GCC AGG
ATG GTC TCA ATC TC-3' (forward) and 5-CTC CCT ATG CTG TTG TGG
G-3' (reverse).

2.16. Generation of STS transgenic (TG) mouse and STS KO mouse

A 7088-bp fragment of the human STS gene containing the CMV
promoter was synthesized and cloned into the Amp® site of the
pcDNA3.1 vector to generate the STS plasmid for microinjection. The
Pyul and Avrll restriction enzymes were used to remove the 4.4-kb
backbone fragment through gel extraction, leaving a 2.2-kb fragment.
STS transgenic mice (C57BL/6 J) were generated by microinjecting the
STS DNA into the male pronucleus of zygotes and transferring the em-
bryos into the oviducts of pseudopregnant recipient female mice. Once
the Fy generation was born, genotyping tests were performed using tail
cut samples to confirm the presence of the STS gene by PCR analysis
with a forward primer for the CMV promoter and a reverse primer for
the human STS gene. The Cas9 targeting vector is designed to contain
gRNAs targeting the Cas9 gene to induce double-strand breaks (DSBs) in
the gene of interest. The vector also contains a selection cassette, such as
puromycin resistance genes, to select successfully targeted cells. The
Cas9 targeting vector was introduced into ES cells using PEG-mediated
transfection. The cells were then cultured under puromycin selection
to select for cells that had incorporated the targeting vector. PCR and
Southern blot analysis were conducted to screen for successful targeting
events in the ES cells. PCR primers were designed to amplify the region
flanking the Cas9 gene and the targeting vector, whereas Southern blot
probes were designed to hybridize to specific regions within the Cas9
gene. Successfully targeted ES cells were injected into blastocysts and
transferred into pseudopregnant females to generate chimeric mice
(C57BL/6 N). Chimeric mice are composed of a mixture of cells from the
original blastocyst and the injected ES cells. All animal experiments
were approved by the Institutional Animal Care and Use Committee of
the University of Chung-Ang and the STS transgenic mice were
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Fig. 1. Down-regulation of STS reduces cell mobility and induces cell apoptosis in human keratinocyte cells. (A) Images of the scratch wound assay. The data
represent the mean + SD (n = 3), *p < 0.05. shSTS-HaCaT cells were treated with TNF-a (100 ng/ml) for 24 h. An injury line was created, and plates were pho-
tographed from 0 to 168 h. HaCaT cells were transfected with pcDNA3.1-STS and treated with STX-64 (10 pM) for 24 h. An injury line was created, and plates were
photographed from 0 to 48 h. (B, C) Cell invasion was measured using the transwell invasion assay in the shSTS and pcDNA3.1-STS HaCaT cells. Data were from 10
independently quantified experiments. (B) The number of invading cells were plotted and the confocal microscopic analysis for invaded cells were conducted using
DAPI staining, and (C) the number of invading shcontrol or pcDNA3.1-control cells was compared to the number of invading shSTS or pcDNA3.1-STS cells and the
relative percentage of cell invasion. The data represent the mean + SD (n = 10), *p < 0.05. (D, E) Cell viability was measured using the CCK assay. The data represent
the mean =+ SD (n = 3). Cells were seeded at 1 x 10° cells/well in a 96-well plate and incubated for 24 h. (D) shSTS-HaCaT and pcDNA3.1-STS HaCaT were used. (E)
HacCaT cells were treated with STX-64 (0, 0.1, 1, 10 pM) for 24 h. (F, G) The cell cycle was measured using a Muse cell cycle kit. The data represent the mean + SD (n
= 3); *p < 0.05. The cells were seeded at 5 x 10° cells/well in a 12-well plate and incubated for 24 h. (F) shSTS-HaCaT and pcDNA3.1-STS HaCaT were used. (G)
HacCaT cells were treated with STX-64 (0, 0.1, 1, 10 uM) for 24 h. (H) Total cellular protein (20 pg) in shSTS-HaCaT or pcDNA3.1-STS HaCaT cells was subjected to
western blot analysis with caspase 3-, cleaved caspase 3-, Bax-, and Bak-specific antibodies. GAPDH was used as a loading control. (I) Images of the scratch wound
assay. The data represent the mean =+ SD (n = 3), *p < 0.05. shSTS-HaCaT cells were treated with a pan-caspase inhibitor (5 pM) for 24 h. An injury line was created,

and plates were photographed from O to 144 h.

maintained in pathogen-free conditions at Macrogen, Inc. (Seoul,
Korea).

2.17. RNA-sequencing

Skin tissue samples from 8-week-old male mice were used. Total RNA
was used to prepare libraries with the NEB Next Ultra II Directional
RNA-Seq Kit (New England Biolabs, UK). Poly(A) RNA was isolated
using the Poly(A) RNA Selection Kit (Lexogen, Austria), and the result-
ing mRNA was used for cDNA synthesis and shearing according to the
manufacturer’s instructions. Illumina indexes 1-12 was used for
indexing, and PCR was performed for enrichment. Fragment sizes were
evaluated using the Agilent 2100 bioanalyzer with the DNA High
Sensitivity Kit, and library quantification was performed using the li-
brary quantification kit and a Step One Real-Time PCR System (Life
Technologies, CA). High-throughput paired-end 100 sequencing was
conducted using a HiSeq X10 sequencer (Illumina, CA).

2.18. Immunohistochemistry staining

Mouse tissues were fixed in formalin for at least three days, pro-
cessed, and embedded in paraffin. Four-micron sections were cut, baked
at 60 °C for at least 30 min, and cooled. The sections were then depar-
affinized in three changes of xylene for 5 min each and rehydrated using
an alcohol and distilled water gradient. If necessary, heat-induced
epitope retrieval (HIER) was performed by steaming the slides for 20
min, cooling them for 20 min, and transferring them into wash buffer for
5 min. Citrate buffer at pH 6.0, Tris-EDTA buffer at pH 9.0, or Trilogy
was used as the antigen retrieval buffer. The slides were transferred to
TBS-Tween (TBS-T) wash buffer (0.05 M Tris, 0.15 M NacCl, 0.05 %
Tween-20, pH 7.6) for 5 min, then loaded onto a Dako Autostainer Plus
automated immunohistochemistry (IHC) system. Antibodies were
diluted in TBS containing 1 % BSA at pH 7.5. Endogenous peroxidase
was blocked with a 3 % hydrogen peroxide solution for 8 min. When
using the biotinylated goat anti-mouse secondary antibody, 15 %
normal goat serum in TBS with 1 % BSA was used for 10 min as the
protein block. To develop the signal, two sequential applications of 3,3
diaminobenzidine were used for 4 min each, followed by a 2-min in-
cubation of hematoxylin as the counterstain. After staining, the slides
were dehydrated via an alcohol gradient, cleared in xylene, and cover-
slipped.

2.19. Transcriptome analysis

Mouse skin samples were sequenced using a standard Illumina pro-
tocol (Shanghai Bingwang Biotechnology Co., Ltd.). The reads were
mapped to the mouse genome (Mm9) using HISAT2 (v2.1). Gene counts
were estimated using HTSeq. Differential expression analysis was per-
formed using the ‘DESeq2’ R package. Genes with a fold-change >2 and
an adjusted p-value <0.05 were defined as differentially expressed genes
(DEGs). GO enrichment analysis of the DEGs was performed using the

‘topGO’ R package. GSEA was conducted according to the GSEA manual
[36].

2.20. Statistical analysis

Dunnett’s pairwise multiple comparison t-test was performed using
GraphPad Prism 7 software (GraphPad Software, CA). Differences were
considered statistically significant at *p < 0.05.

3. Results

3.1. STS insufficiency impairs cell mobility and induces cell apoptosis in
human keratinocytes

Thickening of the stratum corneum can be attributed to reduced cell
migration and increased apoptosis. To investigate the effect of STS in-
hibition on cell mobility, shRNA was used to knock down STS expression
in human keratinocyte HaCaT cells, after which we measured wound
closure in the presence or absence of TNF-a, an STS inducer (Fig. 1A)
[37,38]. The control cells achieved complete wound closure, whereas
STS knockdown cells took >168 h to close the wound. However, when
control cells were treated with TNF-a (100 ng/ml), wound closure was
achieved 48 h earlier. Additionally, TNF-a also enhanced wound closure
in STS knockdown cells at 168 h. Similar results were obtained when STS
expression was downregulated using siRNA (Fig. S1A). Conversely,
transient overexpression of STS significantly shortened the time for
wound closure by 48 h, and STX-64, an irreversible STS inhibitor [39],
inhibited STS-mediated cell mobility (Fig. 1A). Based on these results,
we investigated cell invasion following STS deficiency. We found that
STS deficiency strongly inhibited cell invasion by >90 %. In contrast,
overexpression of STS increased cell invasion by 4.5-fold (Fig. 1B, C).
These findings demonstrate that downregulation of STS expression or
activity using shRNA or a specific inhibitor inhibits human keratinocyte
migration and invasion.

Furthermore, we assessed cellular apoptosis levels in HaCaT cells
based on STS regulation. STS inhibition by shRNA reduced cell viability,
whereas transient overexpression of STS increased cell viability
(Fig. 1D). Treatment with STX-64 at varying concentrations (0, 0.1, 1, or
10 pM) resulted in a concentration-dependent decrease in cell viability
(Fig. 1E). Cell cycle analysis showed that STS downregulation by shRNA
increased the proportion of cells in the Go/G; phase (Fig. 1F). Similarly,
treatment with STX-64 led to an increased proportion of cells in the Go/
Gj phase compared to the control treatment (Fig. 1G). Additionally, STS
deficiency by shRNA inhibited cell proliferation and promoted kerati-
nocyte differentiation (Fig. SIB-G). Since previous studies have reported
that keratinocytes undergo apoptosis during Go/G; cell cycle arrest
[40,41], we examined the levels of apoptotic factors, including caspase
3, Bax, and Bak, to confirm the increase in apoptosis following STS
knockdown (Fig. 1H). Here, we observed elevated cleavage of caspase-3
and increased expression of Bax and Bak in shSTS-transfected cells,
indicating that suppression of STS induced cellular apoptosis.
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Fig. 2. Effects of STS gene deficiency of gene expression in mouse skin. PCA analysis, scatter plot, heat map, and GSEA analysis of RNA-seq expression in STS KO, STS
TG, and normal mouse skin. (A) PCA analysis of STS KO, STS TG, and normal mouse. (B) Scatter plot of differentially expressed genes (DEGs) of upregulated (red) and
downregulated (green) gene clusters in STS KO mouse skin vs. normal mouse skin or STS TG mouse vs. normal mouse skin. The fold threshold line is set at 1.5. (C)
Gene ontology analysis of downregulated (green) and upregulated (red) gene clusters in STS KO and TG mouse skin. (D, E) Heatmap analysis of differentially
expressed genes in each comparison group, with expression adjusted and normalized on a log, scale. Red indicates upregulation, green indicates downregulation. (D)
Heatmaps of cell adhesion molecules and epithelial cell migration in STS KO, STS TG, and normal mouse skin. (E) Cell adhesion molecules and epithelial cell
migration pathways significantly enriched in STS KO and STS TG mouse skin based on GSEA analysis. (F) Heatmaps of epithelial-mesenchymal transition in STS KO,
STS TG, and normal mouse skin. (G) Total protein (40 pg) from the skin of STS KO and STS TG mice subjected to western blot analysis with E-cadherin, N-cadherin,
and vimentin antibodies. GAPDH was used as a loading control. (H) Immunohistochemistry (IHC) staining was performed on the skin of STS KO and STS TG mice
using STS, E-cadherin, and N-cadherin antibodies. Each data point represents the mean + SEM of three experiments. *p < 0.05 compared to control. (I) Real-time
qPCR to detect the expression of E-cadherin, N-cadherin, and vimentin mRNA in STS KO and STS TG mouse skin. Each data point represents the mean + SEM of three
experiments. *p < 0.05 compared to control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Conversely, STS overexpression decreased the levels of cleaved caspase
3, Bax, and Bak expression. Therefore, our findings suggest that STS
deficiency in keratinocytes decreases cell migration and increases
apoptosis. Also, pan-caspase inhibitor to inhibit apoptosis did not alter
cell mobility (Fig. 1I). Thus, the reduction in cell motility and the in-
duction of apoptosis due to STS deficiency may be independent
processes.

3.2. STS deficiency in mice and HaCaT cells regulates the gene expression
levels of EMT-related factors to suppress the EMT process.

To further investigate the role of STS in stratum corneum formation,
we generated new STS knockout (KO) and transgenic (TG) mouse
models and conducted RNA-seq analysis using skin tissues from these
mice (8-week-old male). Principal components analysis (PCA) of quan-
titative data for the expression levels of approximately 39,000 genes
indicated distinct populations for STS KO, STS TG, and normal mice,
respectively (Fig. 2A). The gene expression distribution for each mouse
was visualized using scatter plots with a 1.5-fold threshold line (Fig. 2B).
Ontology analysis demonstrated significant alterations in genes involved
in cellular processes, including apoptosis, based on STS levels in mice
(Fig. 2C). Notably, genes associated with apoptosis, reactive oxygen
species, oxidative phosphorylation, and various other signaling path-
ways, including the Hippo pathway, were significantly upregulated in
STS KO mice, whereas they were significantly downregulated in STS TG
mice (Fig. 2C). Furthermore, we explored the potential correlation be-
tween STS insufficiency and inhibition of cell motility through differ-
ential gene expression analysis. To achieve this, we utilized the Mouse
Genome Informatics (MGI) database (https://www.informatics.jax.
org/) to select candidate cell adhesion molecules and factors for
epithelial cell migration from the RNA-seq data (Supplementary Data
Table S1) and generated gene heatmaps using the selected gene list
(Fig. 2D). As illustrated in the heatmaps in Fig. 2D, the expression levels
of cell adhesion molecules were increased, whereas factors associated
with epithelial cell migration were suppressed in response to STS defi-
ciency. Gene set enrichment analysis (GSEA) further confirmed the in-
duction of cell adhesion molecules and inhibition of epithelial cell
migration-related factors in STS KO mice compared to STS TG mice
(Fig. 2E). Collectively, our findings revealed that STS insufficiency in
mice significantly inhibited the expression of EMT markers and induced
cell adhesion molecules associated with cell mobility, as summarized in
Fig. 2F. Additionally, we determined the protein expression levels of
EMT-related factors in STS KO and TG mice. E-cadherin, a well-known
marker for the mesenchymal-epithelial transition (MET) process, was
strongly enhanced in STS KO mice, while EMT markers such as N-cad-
herin and vimentin were markedly downregulated (Fig. 2G-I).
Conversely, STS TG mice exhibited suppression of E-cadherin expression
along with a marked induction of N-cadherin and vimentin (Fig. 2G-I).

Furthermore, we examined the expression levels of EMT-related
factors in HaCaT cells to investigate whether STS deficiency also in-
hibits the EMT process. As a marker of MET, E-cadherin was signifi-
cantly increased, whereas N-cadherin and vimentin were strongly

reduced in the context of STS deficiency (Fig. 3A-F) [8]. Conversely, STS
overexpression notably hindered E-cadherin expression and elevated the
levels of N-cadherin and vimentin. Interestingly, the knockdown of STS
significantly increased the promoter activity of E-cadherin by approxi-
mately 2.5-fold, whereas STS overexpressing cells exhibited a 20 %
reduction in E-cadherin promoter activity (Fig. 3H). Given that we found
that STS also regulates EMT-inducing transcription factors that suppress
E-cadherin (Fig. S2F), we further investigated the key regulator
responsible for E-cadherin suppression by STS. Surprisingly, the results
of our ChIP assays demonstrated that Twist1, which is known as a master
regulator of cell migration and metastasis [42], and c-Myc, which is
known to promote EMT together with Twistl [42-44], both bind to the
promoter site of E-cadherin. The level of binding was significantly
reduced in STS knocked-down cells, indicating that the suppression of E-
cadherin transcription by Twistl and c-Myc was alleviated by STS
deficiency (Fig. 3I). However, overexpression of STS yielded opposite
results. Additionally, restoration of EMT, which was reduced upon STS
deficiency, increased cell mobility (Fig. S2G, H).

Collectively, our findings demonstrate that STS deficiency in cells
and mice inhibits the EMT process through the modulation of EMT-
related factors. Specifically, we observed the transcriptional regulation
of E-cadherin by Twistl and c-Myc, which directly bind to the promoter
region of E-cadherin.

3.3. STS deficiency may impede the EMT process through the activation
of the Hippo pathway and suppression of HIF-1a expression

To investigate the detailed molecular mechanisms underlying EMT
inhibition in STS-deficient conditions, we examined the protein levels of
key factors in the Hippo signaling pathway, including Lats1, YAP1, and
HIF-1a, which we found to be induced by STS through the activation of
the Wnt/p -catenin signaling pathway in our previous study [19].
Intriguingly, inhibition of STS activity by shRNA or STX-64 significantly
increased the protein levels of Latsl, pLatsl, and pYAP1, while down-
regulating YAP1, indicating that STS insufficiency activates the Hippo
signaling pathway. Conversely, STS overexpression or TNF-a treatment
yielded opposite results (Fig. 4A-C). These results suggest that STS
insufficiency may suppress the expression of EMT-related factors
through the activation of Hippo signaling.

As illustrated in Fig. 2C, Wnt/f-catenin signaling was inhibited in
STS knockout (KO) mice. Therefore, we next investigated whether HIF-
la expression was decreased in STS-downregulated human keratino-
cytes. Surprisingly, STS suppression markedly decreased the protein
level of HIF-1a, whereas STS induction significantly elevated HIF-1a
expression in cells (Fig. 4D, E). Furthermore, the gene expression levels
of several prolyl hydroxylases (PHD) including PAHA2 and P4HB, which
are known to induce the phosphorylation of HIF-la [16-18], were
significantly increased in STS KO mice according to our RNA-seq data
(Fig. 4F). The induction of PHDs in response to STS deficiency may
hinder HIF-1a expression by enhancing phosphorylation and protein
degradation. These findings indicate that the inhibition of the EMT
process in STS-insufficient conditions may occur through the activation
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Fig. 3. STS suppresses EMT makers such as N-cadherin and vimentin in HaCaT cells. (A, C, E) Total cellular protein (20 ug) was subjected to western blot analysis
using STS, E-cadherin, N-cadherin, and vimentin antibodies. GAPDH was used as a loading control. (B, D, F) Immunofluorescence staining. Cells were fixed,
incubated with E-cadherin, N-cadherin, and vimentin antibodies, stained with Alexa Fluor 594-labeled secondary antibody, and imaged using fluorescence mi-
croscopy. Microscopy scale bar = 20 pm. (A, B) shSTS-HaCaT or pcDNA3.1-STS HaCaT cells were used. (C, D) HaCaT cells were treated with STX-64 (0, 0.1, 1, and
10 pM) for 48 h. (E) pcDNA3.1-STS HaCaT cells were treated with STX-64 (0 and 10 uM) for 48 h. (G) Real-time qPCR was performed to detect the expression of E-
cadherin, N-cadherin, and vimentin mRNA in shSTS-HaCaT and pcDNA3.1-STS HaCaT cells. Each data point represents the mean + SEM of three experiments. *p <
0.05 compared to control. (H) shSTS-HaCaT or pcDNA3.1-STS HaCaT cells were transfected with an E-cadherin promoter vector for 48 h. The relative firefly
luciferase activity, normalized by the renilla luciferase activity, is shown. Each data point represents the mean + SEM of three experiments. *p < 0.05 compared to
control. (I) Chromatin immunoprecipitation (ChIP) assay on the E-cadherin promoter in shSTS-HaCaT or pcDNA3.1-STS HaCaT cells. Twistl and c-Myc antibodies
were used for the ChIP assay. Each data point represents the mean + SEM of three experiments. *p < 0.05 compared to control.

of the Hippo pathway and suppression of HIF-1a expression.

3.4. STS modulates cellular respiration in HaCaT cells

Previous studies have reported that cellular respiration regulates the
expression of HIF-1a and PHDs [16-18]. Based on the data in Fig. 2C,
which suggests a potential role for STS in regulating cellular respiration,
we further investigated how changes in STS expression affect mito-
chondrial respiration. Surprisingly, the results from extracellular flux

oxygen consumption rate measurements revealed that cells transfected
with STS-shRNA exhibited an approximately 2.6-fold increase in oxygen
consumption rate (OCR) (Fig. 5A). This increase corresponded to a
nearly 2.7-fold increase in ATP production (Fig. 5B). We also observed
higher OCR rates in terms of basal respiration, maximal respiratory
capacity, spare respiratory capacity, non-mitochondrial oxygen con-
sumption, coupling efficiency (%), and spare respiratory capacity (%),
thus confirming an overall increase in cellular respiration (Fig. 5B, C).
Conversely, transient overexpression of STS in cells significantly
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reduced OCR by approximately 4-fold and ATP production by approxi-
mately 3-fold (Fig. 5A, B), resulting in a hypoxic state. Furthermore, we
depicted the energy map of STS knocked-down or overexpressed cells
based on OCR and extracellular acidification rate (ECAR), thus
demonstrating that cells tend to be more active and energetic when STS
is deficient (Fig. 5D). These findings indicate that STS deficiency is
closely involved in the induction of cellular respiration and energy
metabolism.

Based on the metabolic analyses of cells following STS regulation, we
determined the changes in gene expression related to mitochondrial
function using our RNA-seq data to explore the detailed correlation
between STS and cellular respiration. Interestingly, gene heatmaps and
GSEA data revealed a significant induction of numerous genes associ-
ated with mitochondrial energy metabolism, oxidative stress, and
oxidative phosphorylation in STS-deficient mice compared to STS TG
mice, indicating a positive correlation between STS deficiency and
activation of mitochondrial functions for cellular respiration (Fig. 5E, F,
Supplementary Table S2).

Furthermore, key factors known to enhance mitochondrial respira-
tory functions, such as mitochondrial DNAs (mtDNAs), cytochrome c
oxidases, and AMP-activated protein kinases (AMPKs), were substan-
tially upregulated in STS-deficient mice compared to their STS-
overexpressed counterparts (Fig. 5G) [45-47]. Importantly, all
mtDNAs exhibited significant upregulation, ranging from a minimum of
1.2-fold to a maximum of 19-fold. Additionally, we assessed the level of
intracellular ROS production, an important indicator of mitochondrial
respiratory activation, following STS partial knockout using the
CRISPR/Cas9 system or lentiviral overexpression of STS in HaCaT cells.
Our findings demonstrated that STS deficiency caused a 2.6-fold in-
crease in intracellular ROS production, whereas STS overexpression
slightly inhibited ROS production (Fig. 5H). Collectively, our findings
demonstrate that STS deficiency enhances mitochondrial respiration in
human keratinocytes through the induction of mtDNAs, cytochrome ¢
oxidases, and AMPKs, resulting in the establishment of a hyperoxic

environment by promoting ROS generation.

3.5. STS deficiency increases ROS production, leading to the release of
cytochrome c and modulation of gene expression associated with apoptosis

Previous studies have reported that increased ROS in keratinocytes
can induce apoptosis [29,30]. Given that increased cell apoptosis in
keratinocytes has been suggested as a cause of excessive stratum cor-
neum formation, we investigated whether high levels of ROS in STS-
deficient conditions induce apoptosis in keratinocytes, contributing to
the symptoms of XLI. RNA-seq data showed a strong increase in the
expression levels of genes associated with cell death and apoptosis in the
absence of STS (Fig. 6A, B, Supplementary Table S3). Specifically, genes
involved in mitochondrial permeabilization, a critical process for the
release of cytochrome ¢ from mitochondria to induce cell apoptosis,
were significantly upregulated in STS KO mice compared to STS TG mice
(Fig. 6C). Additionally, pro-apoptotic genes such as cytochrome c, Bax,
Bak, Binp3, and Pmaipl were significantly elevated, whereas the
expression of the anti-apoptotic factor Bcl-xL was greatly decreased by
STS deficiency in mice (Fig. 6D). Therefore, we concluded that STS
deficiency in mice may induce intrinsic apoptosis by promoting cyto-
chrome c release from mitochondria through the regulation of genes
involved in mitochondrial permeabilization [30,48]. Additionally, we
demonstrate that cells deficient in STS exhibit increased expression of
the monomer and dimer form of Bnip3, which promotes increased cell
membrane permeability (Fig. S3A, B).

To investigate whether STS deficiency promotes cytochrome c
release from mitochondria, we measured the protein levels of cyto-
chrome c in the cytosolic and mitochondrial fractions of STS partially
knocked-out or stably STS-overexpressed cells. Consistent with the RNA-
seq data, Bax and Bak, key factors for mitochondrial permeability, were
translocated from the cytosol to mitochondria, which coincided with an
increased release of cytochrome ¢ from mitochondria to the cytosol in
STS-deficient conditions. This suggests that translocated Bax and Bak
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Fig. 5. STS deficiency increases cellular respiration and generates ROS. (A-D) Mitochondrial activity in shSTS-HaCaT or pcDNA3.1-STS HaCaT cells was determined
by measuring the oxygen consumption rate (OCR) using the Seahorse Bioscience analyzer. OCR values for basal respiration, maximal respiration, ATP-coupled
respiration, spare capacity, proton leak, and non-mitochondrial respiration were recorded and calculated. OCR was measured with serial injections of oligomycin
(1 uM), FCCP (1 pM), antimycin (0.5 pM), and rotenone (0.5 pM). Each data point represents the mean + SEM of three experiments. *p < 0.05 compared with
control. (A) OCR. (B) Basal respiration, proton leak, maximal respiration, spare respiratory capacity, non-mitochondrial oxygen consumption, and ATP production.
(C) Coupling efficiency (%) and spare respiratory capacity (%). (D) Energy map. (E) Heatmap analysis was performed on differentially expressed genes in each
comparison group, and the expression was normalized and adjusted on a log, scale. Red indicates upregulation, and green indicates downregulation. Heatmaps of
mitochondrial genes, mitochondrial energy metabolism, oxidative stress, and oxidative phosphorylation in STS KO and STS TG mouse skin. (F) Mitochondrial gene
expression, cellular respiration, oxidative stress, and oxidative phosphorylation pathways significantly enriched in STS KO and STS TG mouse skin by GSEA analysis.
(G) RNA-seq analysis of gene expression in mtDNA, cytochrome c oxidase, and AMPK. The data represent the mean + SD (n = 3). * #p < 0.05. (H) ROS generation in
Cas9-STS*/~ and pLjm1-STS HaCaT cells were measured using 10 puM DCFH-DA, and fluorescence intensity was determined. Each data point represents the mean +
SEM of three experiments. *p < 0.05 compared with control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
\‘lersion of this article.)

may promote mitochondrial permeabilization by forming pores to deficiency. To examine this, we assessed the translocation of cyto-
release cytochrome c (Fig. 6E). Stably STS-overexpressing cells showed chrome c, Bax, and Bak in the presence of N-acetylcysteine (NAC), a ROS
the opposite results (Fig. 6F). Additionally, we further investigated scavenger. Interestingly, under STS deficiency, the induction of cyto-
whether the increased cytochrome c release in STS partially knocked-out chrome c release and mitochondrial translocation of Bax and Bak were

cells was triggered by the elevated levels of ROS generated due to STS strongly inhibited by NAC, suggesting that increased ROS levels due to
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Fig. 6. STS deficiency induces cell apoptosis. (A, C) Heatmap analysis was performed on differentially expressed genes in each comparison group, and the expression
was normalized and adjusted on a log; scale. Red indicates upregulation, and green indicates downregulation. (A) Heatmaps of cell death and cell apoptosis in STS
KO, STS TG, and normal mouse skin. (B) Significantly enriched regulation of cell death and apoptosis signaling pathways in STS KO and STS TG mouse skin by GSEA
analysis. (C) Heatmaps of mitochondrial permeabilization in STS KO, STS TG, and normal mouse skin. (D) RNA-seq analysis of gene expression in cytochrome c and
cell apoptosis factors. The data represent the mean = SD (n = 3). * *p < 0.05. (E, F, G, H) Mitochondrial and cytosolic lysates of cells were subjected to western blot
analysis with cytochrome c, Bax, or Bak antibodies. (E) Cas9-STS" /~ HacCaT cells were used. (F) pLjm1-STS HaCaT cells were used. (G) Cas9-STS” /~ HaCaT cells were
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STS deficiency induce intrinsic apoptosis by promoting cytochrome c
release (Fig. 6G). Conversely, ROS generation resulting from hydrogen
peroxide (H202) in STS-overexpressing cells enhanced the induction of
cytochrome c release and mitochondrial translocation of Bax and Bak
(Fig. 6H).

Taken together, our findings demonstrate that higher ROS levels in
STS-deficient conditions induce intrinsic apoptosis in human keratino-
cytes and skin tissues of mouse models by promoting the release of cy-
tochrome ¢ from mitochondria through the regulation of several genes
involved in enhancing mitochondrial permeability. These findings shed
light on the previously unknown mechanisms underlying the excessive
formation of the stratum corneum in the skin of XLI patients.

4. Discussion

In this study, we investigated the impacts of STS deficiency on cell
motility and apoptosis by examining gene expression in human kerati-
nocyte cells (HaCaT) and skin tissues from newly generated STS KO and
TG mouse models. Our in vivo experimental models for STS insufficiency
provided valuable insights into the mechanisms underlying X-linked
ichthyosis (XLI), thus complementing the findings of previous studies
that were only capable of limited analysis, such as levels of metabolites
or gene expression patterns in existing patient serum [31-33]. More-
over, RNA-seq analyses were conducted to examine the effects of STS on
gene expression patterns associated with epithelial-mesenchymal tran-
sition (EMT) and mitochondrial apoptosis, which were previously
difficult to study based solely on patient samples.

Interestingly, we found that STS deficiency downregulated the
expression of HIF-1a, which is likely mediated by the upregulation of
oxygen receptor PHD due to increased cellular respiration and ATP
production in STS-insufficient conditions [16-18]. In addition to sup-
pressing HIF-1a, a critical factor for EMT, STS deficiency activates the
Hippo signaling pathway by regulating key genes, thus hindering cell
mobility [15,49]. Recent studies have suggested a potential correlation
between HIF-1a and the Hippo pathway, particularly the YAP/HIF-1a
complex formation, which is activated during hypoxia. This complex
binds to the PKM2 gene promoter and directly activate transcription,
accelerating glycolysis under hypoxic conditions [50]. Further investi-
gation is needed to determine if the downregulation of HIF-1a in STS
deficiency can activate the Hippo signaling pathway.

Surprisingly, we found that STS deficiency significantly enhanced
the signal pathway associated with mitochondrial respiration. Notably,
there was a remarkable increase in the expression of mtDNA in the
absence of STS. mtDNA is more susceptible to DNA damage compared to
nuclear DNA due to the lack of protective histones, continuous exposure
to ROS in the inner mitochondrial membrane, and limited DNA repair
systems [45,51,52]. mtDNA is more likely to exhibit mutated forms, as
mtDNA mutations occur 10-20 times more frequently than nuclear DNA
mutations [51,52]. Therefore, increased mtDNA in STS deficiency may
also result in mutations with a high probability. mtDNA mutations can
cause mitochondrial dysfunction, and previous studies have reported 3-
to 5-fold increases in mtDNA mutation levels due to cellular senescence,
ROS formation, and apoptosis in a mouse mode [53,54]. These findings
align with our results, indicating significant induction of mtDNA
expression and ROS generation in STS deficiency, which activate Hippo
signaling and promote mitochondrial apoptosis [54]. However, addi-
tional studies are needed to uncover the specific mechanism through
which STS controls mtDNA expression.

Apoptosis is a programmed process that occurs during keratinocyte
differentiation [20]. In our study, we found that STS deficiency caused
cell cycle arrest in the Go/G; phase, inhibiting cell proliferation and
promoting keratinocyte differentiation (Fig. S1B-G). Our RNA-seq data
supported these findings, revealing significant upregulation of keratin
differentiation markers, such as keratin 1, keratin 10, and keratinocyte
differentiation-associated protein (KRTdap) in response to STS depletion
(Fig. S1G). These observations suggest that STS deficiency may enhance
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keratinocyte apoptosis by inducing cell differentiation.

Apoptosis in the epidermis is known to be activated by UVB
radiation-induced cell damage, which increases ROS levels [8,23,24].
Our data demonstrates that STS deficiency also promotes ROS genera-
tion by enhancing mitochondrial respiration, leading to increased
oxidative stress and activation of oxidative phosphorylation. This sug-
gests that apoptosis may occur in the epidermis under STS-deficient
conditions. Additionally, keratinocyte apoptosis, which is primarily
observed in the basal layer of the epidermis, is an active, rapid, and
energy-dependent process [55]. In STS-deficient conditions, human
keratinocytes showed significantly elevated cellular energy levels
(Fig. 5D), indicating that keratinocytes under STS-deficient conditions
may undergo apoptosis. This excessive cell apoptosis is likely respon-
sible for excessive stratum corneum formation in XLI.

Our analyses indicated that STS deficiency inhibits cell migration by
suppressing the EMT process and promotes intrinsic cell apoptosis by
enhancing mitochondrial respiration, which results in excessive ROS
production in human keratinocytes and mouse skin tissues. Based on
these findings, we proposed a novel molecular mechanism for the
excessive formation of stratum corneum, thus expanding our under-
standing of the mechanisms that drive XLI. Although XLI remains an
incurable disease, our findings may provide valuable insights for the
development of new and effective therapeutic strategies.
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