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Abstract

Background

Tight junction abnormalities are a common feature of inflammatory skin diseases such as
psoriasis and atopic dermatitis and contribute to systemic immune responses. Evidence
provided to date suggests that Heat shock protein 105 kDa (HSP105) exhibits significant
protective effects in response to destructive external stimuli. However, its role in UV-induced
skin tight junction remains to be fully understood.

Objective

To investigate the role and underlying mechanisms of HSP105 in acute UVB-induced tight
junction damage.

Methods

By utilizing bioinformatics analysis, together with an in vitro UVB-induced tight junction injury
model in HaCaT cells, we investigated the expression and localization of HSP105 and the
tight junction proteins CLDN1, CLDN4, and OCLN. The role of HSP105 was further explored
through shRNA-mediated silencing and lentiviral overexpression in HaCaT cells. Potential
pathways by which HSP105 regulates tight junction were analyzed using the GSEA algo-
rithm and validated through in vitro experiments.

Results

Acute UVB irradiation mainly disrupted the distribution of CLDN1, CLDN4, and OCLN in
HaCaT cells, while gene expression remained largely unaffected. Acute UVB irradiation
also caused a reduction in HSP105 protein levels in HaCaT cells. Inhibition of HSP105
expression worsened tight junction fragmentation. GSEA analysis showed that Store-oper-
ated calcium entry (SOCE) was significantly correlated with HSP105 expression. Silencing
HSP105 downregulated STIM1 transcription and inhibited SOCE, leading to further
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fragmentation of tight junction proteins. Overexpression of HSP105 partially mitigated the
damage to tight junction integrity caused by UVB and SOCE inhibition.

Conclusion

HSP105 protects against acute UVB-induced tight junction damage through the regulation
of SOCE. Our findings offer new insights into the treatment of skin barrier injury.

1. Introduction

Tight junction between epidermal cells form a continuous network of parallel, interconnected
membrane chains essential for maintaining skin barrier integrity [1]. Abnormal expression of
tight junction proteins plays a key role in various diseases involving skin barrier disruption,
such as atopic dermatitis and psoriasis [2,3]. Damage to tight junction leads to barrier
impairment, which is considered a persistent trigger that facilitates the penetration of external
antigens and their interaction with local immune cells, potentially leading to systemic immune
responses [4].

Tight junction proteins include claudins, occludin, junctional adhesion molecules, and
zonula occludens (ZO) proteins. Claudins interact with scaffolding proteins like ZO-1 and
Z0-2, which link claudins to actin filaments [5]. Occludin is believed to play a regulatory role
rather than directly contributing to the formation of tight junction strands [6]. Occludin, clau-
din-1, claudin-4, and ZO-1 are highly expressed in human keratinocytes and contribute to the
formation of a functional barrier under high-calcium conditions [7,8]. Therefore, tight junc-
tions involving claudins and occludin serve as a valuable model for studying the effects of
external stimuli on skin barrier damage.

UV radiation is known to disrupt the distribution of key tight junction proteins, including
Claudin-1, Claudin-4, and Occludin, thereby altering epidermal permeability [8]. Among the
various UV wavelengths, UVB (290-320 nm) has relatively low penetration but is highly cyto-
toxic, making it a major factor in epidermal damage. UVB induces DNA damage by generat-
ing photoproducts such as cyclobutane pyrimidine dimers, 6-4 photoproducts, and their
Dewar valence isomers, while also promoting the production of reactive oxygen species in the
epidermis, leading to the accumulation of oxidative products like 8-oxo-guanine [9]. However,
there is currently little research regarding the mechanisms of UVB-induced tight junction
damage, and this issue requires immediate attention.

Heat shock proteins can inhibit the activation of UV-induced inflammatory signaling path-
ways, reduce oxidative stress and DNA damage, thereby mitigating UV damage [10,11]. The
HSPH/Hsp110 molecular chaperone family, which is crucial in response to external stress,
comprises four human members: HSP105, APG2, APG1, and GRP170 [12-14]. This protein
family participates in nucleotide exchange within the Hsp70-Hsp40 system, alleviates protein
folding stress, and plays a critical role in maintaining protein homeostasis [15]. Early studies
have explored the role of the HSPH/Hsp110 molecular chaperone family in epithelial tight
junction proteins. For instance, in MDCK renal epithelial cells, APG2 has been identified as a
chaperone protein interacting with ZO-1 and regulates tight junction assembly and epithelial
morphogenesis by modulating the folding and function of ZO-1 [16].

Store-operated calcium entry (SOCE) is the primary pathway for Ca2+ to enter non-excit-
able cells. STIM1 is an endoplasmic reticulum Ca2+ sensor and responds by coupling with the
Ca2+ channel Orail at the plasma membrane, which opens the channel and initiates cellular
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Ca2+ influx [17]. Under physiological conditions, elevated intracellular Ca2+ stimulates vari-
ous calcium-dependent signaling cascades and is crucial for cellular functions such as secre-
tion, migration, and gene expression [18]. In keratinocytes, calcium functions as an
intracellular second messenger and plays a crucial role in cell proliferation and differentiation
[19,20]. HSP70 has been shown to regulate intracellular calcium overload in cardiomyocytes
by inhibiting STIM1, thereby reducing apoptosis [21]. Additionally, HSP27 is a chaperone
that stabilizes SOCE-related STIM1 [22].

Based on these findings, we hypothesize that HSP105 may modulate UVB-induced tight
junction damage. We used high-Ca2+ medium to enhance tight junction formation in HaCaT
cells and exposed them to UVB irradiation to simulate skin tight junction damage. By per-
forming bioinformatics analysis and employing shRNA-mediated gene silencing and lentivi-
rus-mediated overexpression techniques, we identified the protective role of HSP105 in UVB-
induced tight junction damage. Furthermore, we demonstrated that SOCE is a key pathway by
which HSP105 protects the skin barrier. Our results lay the foundation for developing
HSP105-based therapies to treat skin barrier injury.

2. Materials and methods
2.1. Single-cell RNA-sequencing data and microarray data analysis

First, we obtained bulk sequencing data of human skin from acute UVB exposure from the
GEO database (GSE41078). This dataset includes 10 UVB-exposed human skin samples and
10 control samples. Biopsy samples (6 mm) of irradiated skin were collected 24 hours after
exposure to twice the minimum erythema dose for sequencing [23]. Background correction
and normalization of all datasets were performed using the R package “limma” (version
3.54.0). For genes with multiple probes in ID conversion, the average value was used.

We also obtained single-cell RNA sequencing data (GSE173385) from the skin of a male
C57BL/6 mouse exposed to chronic UVB irradiation. This mouse was exposed to UVB radia-
tion three times a week, with each exposure delivering approximately 300 mJ/cm?, for a total
duration of three weeks. Non-irradiated mice served as control. Quality control was performed
on individual cells with the following criteria: 1) more than 200 genes expressed per cell, with
expression in more than 10 cells; 2) cells expressed between 500 to 5000 genes; 3) mitochon-
drial gene content was less than 10%; and 4) cells contained more than 1000 unique molecular
identifiers (UMIs). Subsequent data processing, including normalization, scaling, and cluster-
ing, was conducted using the Seurat package (version 4.4.1). Single cells were then clustered
into subpopulations using the ‘FindClusters’ and ‘FindNeighbors’ functions with dim = 20 and
resolution = 1. Finally, single cells were visualized using t-SNE (t-distributed Stochastic Neigh-
bor Embedding) for dimensionality reduction. Cells were manually annotated based on previ-
ous research [24,25].

The Monocle package (version 2.32.0) was used to analyze pseudotemporal trajectories of
the identified keratinocyte subpopulations. The “DDRTree” function with a maximum frac-
tion setting of 2 was used for dimensionality reduction of the cell data. Cell branching and
marker gene expression trends were visualized using the “plot_cell_trajectory” and “plot_pseu-
dotime_heatmap” functions.

Gene Set Enrichment Analysis (GSEA) allows the assessment of the enrichment strength of
pathways by analyzing the distribution of a predefined set of genes across a ranked gene list. In
this study, we used GSEA to assess the signaling pathways associated with HSP105. Keratino-
cytes were categorized into high and low HSP105 expression groups based on the median
expression level of HSP105. The differential gene expression between the two groups was cal-
culated, and all genes were subsequently ranked according to their log2FC values. MSigDB
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(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) was selected as the reference gene set
[26].

2.2. Cell culture

HaCaT cells were purchased from the Chinese Academy of Sciences (Shanghai, China) and
cultured in EpiLife cell culture medium (Thermo Fisher Scientific) containing 0.06 mM Ca*,
supplemented with 10% fetal bovine serum, 1% penicillin, and streptomycin (Gibco, Carlsbad,
USA). Cells were cultured under standard conditions in a humidified incubator with 5% CO,
at 37°C. When cells reached approximately 80% confluence, they were transferred to a
medium with 1.8 mM Ca®" and incubated for an additional 96 hours to induce intercellular
junction formation.

2.3. Cell viability calculation

Cell viability following UVB irradiation was assessed using the CCK-8 kit (Beyotime, Jiangsu,
China) in accordance with the manufacturer’s instructions. A total of 100 ul containing
approximately 5000 cells was seeded into each well of a 96-well plate. Following incubation,

10 pl of CCK-8 solution was added to each well, and the plate was incubated for 1 hour at 37°C
to allow the reaction to complete. Absorbance at 450 nm was then measured using a micro-
plate reader.

2.4. shRNA-mediating gene silencing

Three shRNAs targeting non-overlapping sequences of human HSP105 were designed and
experimentally validated by Genechem, with the sequences provided in S1 Table. The shRNAs
were subcloned into the GV493 (hU6-MCS-CBh-gcGFP-IRES-puromycin) vector (Gene-
chem) and co-transfected with a lentiviral packaging plasmid mixture into 293T cells. HaCaT
cells were seeded into six-well plates (1x10A5 cells per well) and cultured for 12 hours before
transduction. HSP105 shRNA lentivirus was added to cultured HaCaT cells under standard
infection conditions. Stable cell lines were selected by culturing the cells in complete medium
containing 2.0 pg/mL puromycin for three passages. The efficiency of HSP105 silencing in the
stable cell lines was evaluated by qPCR and Western blot analysis. Control cells were trans-
fected with lentivirus encoding a scrambled control shRNA ("shC").

2.5. HSP105 overexpression

The full-length HSP105 cDNA sequence was synthesized by Genechem (Shanghai, China),
with primer sequences provided in S1 Table. The cDNA was cloned into the GV492 lentiviral
expression vector (Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin, Genechem). The con-
struct was co-transfected with a lentiviral envelope plasmid mixture into 293T cells to produce
HSP105-expressing lentivirus. Lentiviral transduction of HaCaT cells and the subsequent
screening for stable cell lines were performed similarly to the process used for shRNA-medi-
ated gene silencing.

2.6. UVB irradiation

UVB irradiation was carried out using a UVB fluorescent lamp (TL 40W/12 RS SLV/25, Phil-
ips, Amsterdam, Netherlands), and monitored with a UV340 Research Radiometer (Beijing
Shida Photoelectric Technology, Beijing, China). Prior to irradiation, the culture medium was
removed, and the cells were washed three times with PBS. Then, a thin layer of Hank’s Bal-
anced Salt Solution was spread over the cells. HaCaT cells were irradiated with a dose of 10—
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160 mJ/cm?, while controls were treated with the balanced salt solution but were not irradi-
ated. After irradiation, the medium was replaced with fresh medium, with or without 50 uM
2-aminoethoxydiphenyl borate (2-APB), and incubation continued for 12 hours.

2.7. Protein extraction and Western blot analysis

Total protein was obtained by lysing cells with RIPA lysis buffer (Beyotime, Jiangsu, China)
supplemented with a protease inhibitor cocktail to ensure complete protein extraction. Mem-
brane proteins were isolated using the membrane protein extraction kit (Invent Biotechnolo-
gies, Beijing, China), following the manufacturer’s protocol. Proteins were separated by
SDS-PAGE using 10% or 12.5% gels and then transferred to polyvinylidene difluoride mem-
branes (0.45 um). After transfer, the membranes were blocked for 15 minutes using a protein-
free rapid blocking buffer (P0240, Beyotime, Jiangsu, China). The membranes were then incu-
bated with primary antibodies at 4°C overnight. On the following day, the membranes were
washed three times for five minutes each with tris-buffered saline with Tween-20 (TBST).
Next, the membranes were incubated with secondary antibodies for one hour, followed by
three five-minute washes. Membrane images were acquired using a fusion imaging system.
The primary antibodies used in Western blotting included: rabbit anti-HSP105 (1:5000;
Abcam), rabbit anti-ORAI1 (1:1000; ProSci), mouse anti-STIM1 (1:500; Santa Cruz Biotech-
nology), mouse anti-OCLN (1:2000; Proteintech), rabbit anti-CLDN1 (1:2000; Proteintech),
rabbit anti-CLDN4 (1:2000; Proteintech), mouse anti-GAPDH (1:5000; Proteintech), rabbit
anti-AUBA1B (1:5000; Proteintech), and rabbit anti-ATP1A1 (1:5000; Proteintech).

2.8. Confocal microscopy

Cells were seeded on glass slides. Twenty-four hours after UV irradiation, the cells were fixed
for 10 minutes with 4% paraformaldehyde and subsequently permeabilized for 20 minutes
with Immunostaining Permeabilization Buffer with Saponin (Beyotime, Jiangsu, China). Fol-
lowing permeabilization, the cells were blocked with 1% BSA for 30 minutes, and then incu-
bated with anti-CLDN1 (1: 100, Santa Cruz Biotechnology), anti-CLDN4 (1: 100, Proteintech),
and anti-OCLN (1: 100, Proteintech) for 18 h at 4°C, followed by incubation with Alexa Fluor
555 or 647-conjugated secondary antibodies (1:200, Abcam). Fluorescence images were cap-
tured using a confocal laser scanning microscope (Leica, Wetzlar, Germany). Fluorescence
intensity was quantified using Image], and the MorphoLib] plug-in was employed to identify
cell membranes [27]. The ratio of the fluorescence area at the cell membrane to the total cellu-
lar fluorescence area was used as an indicator of tight junction integrity.

2.9. Determination of calcium concentrations

HaCaT cells were trypsinized and seeded onto confocal dishes. The cells were washed and
incubated at 37°C with Fluo-4 AM (Beyotime, Jiangsu, China) for 30 minutes. Following stain-
ing, the dishes were washed and mounted in a microscope chamber filled with calcium-free
HEPES buffer. Thapsigargin (Sigma-Aldrich, St. Louis, MO, USA) was added at 1 minutes to
induce endoplasmic reticulum calcium release, followed by the addition of 2 mM calcium
buffer at 7 minutes to initiate extracellular calcium influx. Intracellular calcium levels were
monitored in real-time by measuring the fluorescence intensity of Fluo-4 AM using an
inverted fluorescence microscope (Leica, Wetzlar, Germany) equipped with an sCMOS cam-
era. The medium was changed to 2-APB-containing medium 15 min prior to incubation of
the Fluo-4 AM as a control for the SOCE-inhibited group.

PLOS ONE | https://doi.org/10.1371/journal.pone.0314816 December 5, 2024 5/19


https://doi.org/10.1371/journal.pone.0314816

PLOS ONE

HSP105 inhibition downregulates SOCE and promotes acute UVB-induced TJ disruption

Table 1. Primers used for real-time PCR.

Gene
HSP105
ORAII
STIM1
OCLN
CLDN1
CLDN4
GAPDH

https://doi.org/10.1371/journal.pone.0314816.t001

Forward primer (from 5’ to 3’) Reverse primer (from 5’ to 3°)
AGATTGTTGGAGGCGCTAC CCTCTGGCTACTGCTTCATC
GTCAGCACCAGCGGCATCAC AAGTGGACGGCGAAGACGATAAAG
GGGTATCTCTGCGGCGAATGC TGGTGGTGGTGGTGGTGGTAG

AGCTTCCATTAACTTCGCCTGTG TCGCCGCCAGTTGTGTAGTC

CCGTGCCTTGATGGTGGTTGG CATCTTCTGCACCTCATCGTCTTCC

ATCGGCAGCAACATTGTCACCTC CAGCAGCGAGTCGTACACCTTG
CACCCACTCCTCCACCTTTGAC GTCCACCACCCTGTTGCTGTAG

2.10. Quantitative RT-PCR

Total RNA was extracted from cells using the RNA Easy Fast Kit (Tiangen, Beijing, China).
RNA concentration and purity were measured with a NanoDrop 2000 spectrophotometer,
and cDNA was synthesized with the FastKing cDNA Kit (Tiangen, Beijing, China) following
the manufacturer’s instructions. We used 500 ng of RNA to synthesize cDNA in a 20 pL reac-
tion. cDNA templates (0.6 uL) were used for real-time PCR with the SYBR Green FastReal
qPCR PreMix (Tiangen, Beijing, China). GAPDH served as the reference gene. Each sample
was analyzed in triplicate, and gene expression levels were quantified using the comparative Ct
method (27*“") to determine fold changes. Primer sequences are provided in Table 1.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, Inc.,
United States). Data are presented as mean + standard deviation (SD). Differences between
two groups were analyzed using the Student’s t-test. For comparisons among multiple groups,
one-way analysis of variance (ANOVA) was used. p < 0.05 was considered statistically
significant.

3. Results
3.1. Effect of UVB radiation on HSP110 family expression

To characterize HSP110 family gene expression in UVB-induced skin barrier damage, we
accessed single-cell RNA sequencing data from the GEO database, including mouse photo-
damage models and non-irradiated controls. After removing low-quality cells and performing
normalization and PCA, we identified 10,317 cells, which were categorized into 22 clusters (S1
Fig). By labeling skin cells, we identified 11 cell types, including both undifferentiated and dif-
ferentiated keratinocytes (Fig 1A and 1B). Among these cell types, the proportion of keratino-
cytes in UVB-irradiated mice was lower than in normal controls (Fig 1C), indicating a
thinned and damaged skin barrier. As keratinocytes undergo continuous differentiation, we
conducted a pseudotemporal analysis of this cell type. S2 Fig shows that the nine identified
clusters of keratinocytes exhibited a continuous differentiation process. Heatmaps of cell
development indicated that HSP105, Apgl and Apg2 from the HSP110 family were predomi-
nantly expressed during the middle stage of differentiation, while Grp170 was primarily
expressed during the early and middle stages (Fig 1D). We used violin plots to visualize
changes in HSP110 family gene expression in differentiated keratinocytes following UVB irra-
diation, revealing that the expression of HSP105, Apgl, and Apg2 was significantly reduced in
UVB-irradiated keratinocytes compared to the normal group (Fig 1E).
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Fig 1. UVB irradiation affects the expression of HSPH family. (A) TSNE plot colored by cells after annotation. (B) Heat map
shows the expression of hallmark genes in different cell clusters. The scaled average expression levels of marker genes and the
percentage of cells expressing marker genes are expressed by color and size of each dot corresponding to cell clusters,
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HSP105 was assessed by quantitative PCR. GAPDH was the internal control. (I) HSP105 was detected by western blot analyses.
TUBAIB was the internal control. The number of control samples was adjusted to 1. The experiments were independently
repeated at least three times. ** indicates p < 0.005. ns p > 0.05, * p < 0.05, *** p < 0.001, **** p < 0.0001.

https://doi.org/10.1371/journal.pone.0314816.g001

Since heat shock protein expression varies significantly between acute and chronic UVB
injury, we downloaded the GSE41078 microarray dataset, which focuses on acute UVB-
induced injury in human skin. Our analysis demonstrated a significant increase in the expres-
sion of HSP105, APG2, and GRP170 following acute UVB irradiation (Fig 1F).

To assess the impact of varying acute UVB radiation doses on HaCaT cell viability, we per-
formed in vitro experiments informed by previous studies [8,28]. As illustrated in Fig 1G, the
CCK-8 assay revealed that low doses of UVB irradiation did not significantly impact HaCaT
cell viability. At a dose of 80 mJ/cm?, we observed a significant decrease in cell viability, indi-
cating a substantial reduction in proliferative capacity. Additionally, the impact of UVB on
HSP105 was confirmed through experimental assays. Compared to the control group, the
mRNA levels of HSP105 increased with higher UVB doses, showing statistically significant dif-
ferences at 80 mJ/cm? (Fig 1H). In contrast, the protein levels of HSP105 were inversely corre-
lated with UVB dose and decreased significantly at doses of 20 mJ/cm? and above (Fig 11).

3.2. Effect of UVB on tight junction protein expression and localization

First, we analyzed the expression of tight junction proteins Cldn1, Cldn4, Ocln, and Zo-1 in
keratinocytes using Single-cell sequencing data. Pseudotime analysis revealed that Cldn1 was
predominantly expressed during the early and middle stages of keratinocyte differentiation,
whereas Cldn4, Ocln, and Zo-1 were mainly expressed during the middle and late stages (Fig
2A). The expression periods of Cldn1, Cldn4, and Ocln were complementary and spanned the
entire epidermal layer, which aligns with findings reported by Yuki et al. in human skin [8].
Sequencing data obtained after acute UVB irradiation were analyzed (Fig 2B). This analysis
revealed that the expression of CLDN1 and CLDN4 was significantly reduced, while the
expression of OCLN and ZO-1 remained unchanged.

Subsequently, we measured the protein levels of CLDN1, CLDN4 and OCLN in HaCaT cells sub-
jected to UVB irradiation at doses ranging from 0 to 80 mJ/cm2. The results indicated that only
CLDN4 showed a significant decrease following UVB irradiation at the dose of 80 mJ/cm2 (Fig 2C).

Damage to tight junctions is primarily characterized by alterations in the distribution of
tight junction proteins within the cell membrane [8,29]. We therefore used immunofluores-
cence to assess changes in the distribution of CLDN1, CLDN4 and OCLN following UVB irra-
diation at doses from 0 to 80 mJ/cm2. The results revealed that CLDN1, CLDN4 and OCLN
exhibited dispersed and fragmented localization in a dose-dependent manner (Fig 2D and
2E). Additionally, quantitative analysis of membrane proteins revealed that UVB irradiation at
40 mJ/cm?2 resulted in a significant decrease in the distribution of CLDN1, CLDN4 and OCLN
within the cell membrane (Fig 2F). In summary, we found that acute exposure to UVB
reduced mRNA levels of CLDN4, but at the protein level, only a dose of 80 mJ/cm2 resulted in
areduction of CLDN4. In addition, UVB irradiation significantly disrupted the localization of
CLDNI1, CLDN4, and OCLN in the cell membrane.

3.3. Knockdown of HSP105 promotes UVB-induced tight junction injury
in HaCaT cells, while ectopic overexpression of HSP105 prevents it

To investigate the role of HSP105 in UV-induced tight junction damage, we employed shRNA
and lentivirus-mediated overexpression approaches. Three lentiviral shRNAs targeting non-
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Fig 2. Effect of UVB on the tight junction barrier. (A) Heatmap of Cldn1, Cldn4, Ocln and Zo-1 genes expression along the pseudotime trajectory. (B)
The violin plots illustrate the expression levels of CLDN1, CLDN4, OCLN, and ZO-1 in the UVB-exposed and control groups within the acute UVB
damage model dataset GSE41078. (C) CLDN1, CLDN4, and OCLN in acute UVB-damaged HaCaT cells were detected by Western blot analysis, with
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PLOS ONE | https://doi.org/10.1371/journal.pone.0314816 December 5, 2024 9/19


https://doi.org/10.1371/journal.pone.0314816

PLOS ONE HSP105 inhibition downregulates SOCE and promotes acute UVB-induced TJ disruption

bar = 20 um. (E) The fluorescence values of CLDN1, CLDN4 and OCLN at the tight junction are shown as a percentage of the total fluorescence values.
The experiments were independently repeated at least three times. (F) Western blot analysis was used to detect CLDN1, CLDN4, and OCLN in the cell
membrane, with ATP1A1 serving as an internal control.

https://doi.org/10.1371/journal.pone.0314816.9002

overlapping sequences of human HSP105 (105140-1, 105141-1, and 105142-2) were individu-
ally transduced into HaCaT cells. Stable cell lines were established by selecting for puromycin
resistance. QPCR assays confirmed that HSP105 mRNA was reduced by over 85% in all three
HSP105 shRNA-stabilized HaCaT cell lines; thus, we randomly selected the 105140-1 line for
turther experiments (Fig 3A and 3B). Additionally, HSP105 protein levels were significantly
downregulated in these cells (Fig 3C). We hypothesized that ectopic overexpression of
HSP105 (OE-HSP105) would counteract these effects. To test this, we transfected HaCaT cells
with lentiviral constructs encoding full-length HSP105 cDNA and established stable
OE-HSP105 cells through selection (Fig 3A). Both HSP105 mRNA and protein levels were sig-
nificantly elevated in OE-HSP105 cells compared to control cells containing an empty vector
(“Vec”) (Fig 3B and 3C).

Subsequently, we detected the mRNA and protein levels of tight junction proteins by qPCR
and Western blotting. The results showed that HSP105 shRNA significantly decreased the
mRNA level of CLDN4 but had no effect on the protein level. In contrast, ectopic overexpres-
sion of HSP105 increased the mRNA level of CLDN4. Neither HSP105 shRNA nor ectopic
overexpression affected the mRNA and protein levels of CLDN1 and OCLN (Fig 3D and 3E).

Additionally, we employed immunofluorescence and cell membrane protein immunoblot-
ting to examine the distribution of CLDN1, CLDN4, and OCLN in HaCaT cells following
UVB irradiation at 40 mJ/cm?. The results demonstrated that HSP105 shRNA exacerbated
tight junction protein fragmentation after UVB exposure, whereas ectopic overexpression of
HSP105 partially mitigated this fragmentation (Fig 3F). Similarly, HSP105 shRNA promoted a
reduction in tight junction proteins in cell membranes post-UVB irradiation (Fig 3H), while
ectopic overexpression of HSP105 partially reversed this reduction (Fig 3I). In conclusion, the
effects of HSP105 on the protein levels of CLDN1, CLDN4 and OCLN were not significant.
However, HSP105 partially prevented the damage caused by UVB on the cell membrane locali-
zation of CLDN1, CLDN4 and OCLN.

3.4. Silencing HSP105 expression abolished store-operated calcium entry

To investigate the intrinsic mechanism of HSP105 in maintaining tight junction localization,
we used scRNA sequencing data to analyze potential downstream mechanisms. Through
GSEA, we identified 10 Gene Ontology terms closely related to HSP105, including SOCE (Figs
4A and S3). Since calcium concentration gradient is required for epidermal differentiation,
and calcium signaling is crucial for regulating cell survival and gene expression [19], we
hypothesized that HSP105 regulates SOCE, thus influencing the integrity of tight junctions. In
the experiments, endoplasmic reticulum calcium depletion was induced by treating cells with
2 uM Thapsigargin (TG) in a calcium-free solution. Calcium influx was detected following the
addition of 2 mM calcium solution. As shown in Fig 4B, calcium influx was attenuated in sh-
HSP105 cells. Stim1 and Orail are key regulators of SOCE, so we analyzed their expression in
Keratinocytes using scRNA sequencing data. Pseudotime analysis revealed that Stim1 and
Orail were primarily expressed during the early and middle stages of keratinocyte differentia-
tion, aligning with the expression timeline of Hsp105 (Fig 4C). After UVB irradiation, the
expression of both Stim1 and Orail significantly decreased in mouse keratinocytes (Fig 4D).
Keratinocytes were divided into high and low expression groups based on the median value of
Hsp105 expression, with a significant decrease in both Stim1 and Orail observed in the low
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Fig 3. HSP110 expression has an impact on the tight junction barrier. (A) Fluorescence images show the efficiency
of lentiviral transfection. Scale bar = 200 um. (B, C) mRNA expression of HSP105 after stRNA-mediated gene
silencing or lentivirus-mediated overexpression (B) and Western blot analysis (C). (D) mRNA expression of CLDN1,
CLDN4 and OCLN after HSP105 silencing or overexpression. (E) Western blot analysis of CLDN1, CLDN4, and
OCLN following HSP105 silencing (top row) or overexpression (bottom row). (F) Immunofluorescence staining of
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CLDN1, CLDN4, and OCLN in sh-HSP105, OE-HSP105 and control HaCaT cells 24 hours after exposure to UVB
dose of 40m]J/cm?. Nuclei were stained with DAPI (blue). Scale bar = 20 pm. (G) The fluorescence values of CLDN1,
CLDN4 and OCLN at the tight junction are shown as a percentage of the total fluorescence values. The experiments
were independently repeated three times. (H, I) Following 24 hours of UVB irradiation at 40 mJ/cm®, Western blot
analysis was performed to detect CLDN1, CLDN4, and OCLN in the cell membranes of HSP105-silenced (G) and
HSP105-overexpressing cells (H), using ATP1A1 as a internal control.

https://doi.org/10.1371/journal.pone.0314816.g003

expression group (Fig 4E). In in vitro experiments, the levels of STIM1 and ORAI1 were fur-
ther evaluated by qPCR and western blotting in sh-HSP105, OE-HSP105 and control HaCaT
cells. Transcript levels of STIM1 were reduced in sh-HSP105 cells and elevated in OE-HSP105
cells. However, there was no significant change in the transcript levels of ORAI1 (Fig 4F).
Changes in the protein levels of STIM1 and ORAII mirrored the observed changes in their
transcript levels (Fig 4G). In summary, these results suggest that HSP105 levels may influence
both the transcript and protein levels of STIM1, but do not significantly affect ORAII.

3.5. HSP105 reduces UVB-induced tight junction damage by protecting the
SOCE

To further investigate the role of SOCE in the protective effect of HSP105 against UVB-
induced tight junction damage, we first assessed the transcriptional and protein levels of
STIM1 and ORAII following 0-80 m]J/cm® UVB irradiation in vitro. The results showed that
the mRNA level of STIM1 decreased significantly at UVB doses of 40 mJ/cm® and 80 m]J/cm?.
However, the mRNA level of ORAII did not show a significant reduction (Fig 5A). Consistent
with the transcript levels, the protein levels of STIM1 also decreased with increasing UVB
dose, and were statistically different at UVB doses of 20 mJ/cm? and above (Fig 5B).

2-APB is a well-known SOCE inhibitor that directly inhibits ORAI1 channels at a concen-
tration of 50 uM. Additionally, it suppresses STIM1 protein by enhancing intramolecular
interactions between the CC1 and SOAR regions of STIM1 [30]. Therefore, we added 50 uM
2-APB to the culture medium 15 minutes before UVB irradiation to explore the effect of
SOCE inhibition on tight junction damage. As shown in Fig 5C, after 40 mJ/cm” UVB irradia-
tion, the tight junctions in the 2-APB group appeared more dispersed and fragmented com-
pared to those in the group exposed to UVB alone. Additionally, the HSP105 overexpression
significantly alleviated the dispersion and fragmentation of tight junctions induced by 2-APB.

Additionally, Western bloting quantification experiments were performed using extracted
membrane proteins. The results showed that adding 2-APB to the culture medium before
UVB irradiation at 40 mJ/cm” led to a significant decrease in the distribution of CLDNT,
CLDN4, and OCLN in the cell membranes of shC group cells, similar to what was observed in
the sh-HSPO5 group (Fig 3G). Moreover, incubation of OE-HSP105 group cells with 2-APB
prevented the increased distribution of CLDN1, CLDN4, and OCLN in the cell membrane
(Fig 3H). These results suggest that HSP105 may exert its effect on tight junctions by protect-
ing the function of SOCE, and that STIMI is a key factor mediating the protective effect of
HSP105 on SOCE.

4. Discussion

Tight junction damage is common in skin diseases. For instance, a premature stop codon in
CLDN1 has been identified in neonatal ichthyosis [31]. As a key component of the skin bar-
rier, tight junction damage may be a precursor to immune and allergic skin disorders [4].
Among the significant environmental factors affecting the epidermis, UVB radiation from
sunlight plays a prominent role [32].
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times. (C) Heatmap of Orail and Stim1 genes expression along the pseudotime trajectory. (D) The violin plots illustrate the
expression of Orail and Stim1 in control and UVB groups from single-cell sequencing data. (E) Violin plots based on single-cell
sequencing data display the expression levels of Orail and Stim1 in HSP105 low-expression and high-expression groups. Groups were
stratified based on the median value of HSP105. (F) mRNA expression of ORAI1 and STIM1 were assessed by quantitative PCR. (G)
ORAI1 and STIM1 were detected by western blot analyses. TUBA1B or GAPDH were the internal control.

https://doi.org/10.1371/journal.pone.0314816.9004

In our study, we initially investigated the effects of acute UVB exposure on the expression
and distribution of tight junction proteins. The results showed that acute UV exposure primar-
ily disrupted the membrane distribution of tight junction proteins. After UVB exposure,
CLDN4 transcript levels decreased. However, following acute exposure to low-dose UVB
(which did not significantly affect cell viability), no reduction in the protein levels of CLDNI,
CLDN4, or OCLN was observed. This finding is consistent with the results of Yuki et al [8].
The reason for the discrepancy between the transcription and protein levels of tight junction
proteins remains unclear. We propose that CLDN4 is more susceptible to UVB-induced dam-
age compared to CLDN1 and OCLN, with this susceptibility initially reflected in reduced tran-
script levels.

Next, we examined the changes in HSP105 expression following both acute and chronic
UVB exposure. In our study, sequencing data obtained 24 hours after acute UV irradiation
revealed elevated transcript levels of HSP105, Apg2, and GRP170. In vitro experiments further
demonstrated that the increase in HSP105 transcript levels was dose-related. Conversely,
sequencing data from chronic UVB exposure demonstrated a significant decrease in transcript
levels of HSP105, Apg2, and Apgl in the HSPH family. The expression levels of UVB-induced
heat shock proteins are dynamic, exhibiting significant variation between chronic and acute
UVB exposure [10,33,34]. The rapid increase in expression during the acute phase may reflect
an immediate response to harmful stimuli, while later phases are likely associated with adapta-
tion or recovery from stress [35].

The protein levels of HSP105 decreased in a dose-dependent manner following acute UVB
exposure, contrasting with the increase in its transcript levels. This discrepancy highlights the
limitations of using transcription levels as a proxy for protein abundance, particularly under
stress conditions [36,37]. Although our study does not fully elucidate the reasons behind the
discrepancy between HSP105 protein levels and mRNA expression, it provides evidence sug-
gesting that UVB leads to reduced HSP105 protein levels through a non-transcriptional
pathway.

The role of the HSPH family members, especially HSP105, in regulating the tight junctions
remains inadequately understood. In MDCK renal epithelial cells, Apg2, a chaperone for ZO-
1, was observed to co-localize at cell junctions and assist in the assembly of ZO-1 [16,38]. Spe-
cific knockout of Apgl in the cortical segment of distal tubular epithelial cells may disrupt the
renal epithelial barrier, making mice more susceptible to osmotic stress [39].

Our study demonstrated that UVB-induced disruption of CLDN1, CLDN4, and OCLN dis-
tribution in keratinocytes was exacerbated by silencing HSP105, while overexpressing HSP105
mitigated this impairment. Interestingly, silencing HSP105 only reduced the transcript levels
of CLDN4, with no effect on CLDN1 or OCLN. This suggests that HSP105 may be involved in
the regulation of the transcriptional level of CLDN4, but has no effect on CLDN1 and OCLN.

At the protein level, neither silencing nor overexpressing HSP105 affected CLDN1,
CLDN4, or OCLN. These results suggest that HSP105 does not primarily protect against UVB-
induced tight junction damage by regulating transcript levels or preventing protein degrada-
tion. Instead, HSP105’s protective role in tight junctions seems to be mainly related to main-
taining their functional distribution. To further investigate the potential downstream

PLOS ONE | https://doi.org/10.1371/journal.pone.0314816 December 5, 2024 14/19


https://doi.org/10.1371/journal.pone.0314816.g004
https://doi.org/10.1371/journal.pone.0314816

PLOS ONE HSP105 inhibition downregulates SOCE and promotes acute UVB-induced TJ disruption

A B UVB dose (mJ/cm?)
0 10 20 40 80

Py
i

Relative STIM1 mRNA
level (Fold Expression)

101 STIMT s super s s o -86kDa
k%
*kk R -
ORAIT /SN SIS SNNS Saee ey o
| ‘ l TUBATE s S SN S - 5502
0.0+ T T
0 10 20 40 80
UVB (mJlcm?) GAPDH «ss s S SIS S -36kDa
1.5
; 5 1.5+ 1.5+
€2
E 2 104 ] & S
EE ggm- - gém-
O©o %: *kk &g
= - =
.g u? 0.5 E - ek g =
83 2 E os ‘%é 05+
& E E (22 E, <
0.0+ T T
10 20 40 80 0o oo
UVB (mJ/cm?) 0 10 20 40 80 0 10 20 40 80
UVB (mJ/cm?) UVB (mJ/cm?)
C CLDN1 OCLN Merge CLDN4 OCLN Merge
" ¥ J. =) ". 4 i‘t -

¥

CON

CON+2-APB §

Vec + 2-APB

OE-HSP105
+2-APB  §

O

5 5 = T 5 =
o @ Q o 2!
2§ . 3 32 = = £
St &E St g% 520 £
S0 S0 g3 5 0 50 58
28 28 2310 23 23 2g2
55 55 £ g g Z3
a2 a2 a3 ag1o a2 83
= o oL o o5 10 o
€3 o5 €3 o5 £ 05 el 3 €T 1
go” g5 53 g5 g5 §3
sL s& 58 SL 05 SL o5 S
is is i iz is 22
=53 25 23 =3 =3 23
9 00 9 0o =9 o0 3 o0 9 00 go
© CON CON+2-APB © CON CON+2-APB ° CON CON+2-APB L B Q0 Q B B L g
PN £F b
A id A < &
&8 &8 & S
< < <
& S 5
& & d
S S 9

Fig 5. The role of SOCE in mediating UVB-induced tight junction barrier damage. (A) mRNA expression of ORAII and STIM1 were
assessed by quantitative PCR. (B) ORAII and STIM1 were detected by western blot analyses. TUBA1B or GAPDH were the internal control.
(C) Immunofluorescence staining of CLDN1, CLDN4, and OCLN in HaCaT cells 24 hours after exposure to 40 mJ/cm* UVB, following SOCE
inhibition with 2-APB and lentiviral overexpression. Nuclei are stained with DAPI (blue). Scale bar = 20 um. (D) The fluorescence values of
CLDN1, CLDN4 and OCLN at the tight junction are shown as a percentage of the total fluorescence values. The experiments were
independently repeated three times.

https://doi.org/10.1371/journal.pone.0314816.9005
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pathways through which HSP105 protects tight junctions in the UVB damage model, we per-
formed GSEA enrichment analysis. Notably, the SOCE pathway was significantly enriched.

Given that calcium ions are involved in the localization and formation of tight junctions,
and SOCE is crucial for maintaining intracellular calcium levels, we conducted further investi-
gations focusing on the SOCE pathway [40]. Our findings suggested that UV exposure may
impair SOCE by affecting the transcription levels of STIM1, while ORAI1 remains unaffected.
We also found that silencing HSP105 significantly inhibited Ca2+ influx following ER Ca2
+ depletion, likely through the downregulation of STIM1 expression. Additionally, the SOCE
inhibitor 2- APB exacerbated the disruption of CLDN1, CLDN4, and OCLN distribution after
UVB exposure, whereas HSP105 overexpression partially alleviated this effect, indicating that
SOCE plays a role in HSP105-mediated protection against UVB-induced tight junction dam-
age. Based on these results, we propose that in acute UVB damage, HSP105 functions as a reg-
ulatory protein, potentially acting as a transcription factor or kinase to modulate stress
response pathways or expression cascades [35]. The reduction of HSP105 leads to STIM1 tran-
scriptional downregulation, weakening SOCE and ultimately disrupting intracellular calcium
homeostasis, resulting in impaired functional distribution of tight junctions. However,
HSP105 does not appear to regulate the transcript levels of ORAII.

Although we combined online dataset analysis with experimental data, our findings are still
largely based on in vitro studies. Therefore, further validation of HSP105’s protective role
against UVB-induced tight junction damage through in vivo experiments will be necessary. To
investigate SOCE’s role in HSP105-mediated protection against tight junction injury, we
employed the commonly used SOCE inhibitor, 2-APB. However, we cannot rule out the possi-
bility that 2-APB inhibits other pathways, including IP3-induced Ca2+ release, transient recep-
tor potential cation channels, potassium channels, and volume-regulated anion channels,
which may also affect tight junction integrity [41-44]. Developing and using more specific
SOCE inhibitors would aid future research. Additionally, further studies are required to inves-
tigate other mechanisms through which HSP105 protects the skin barrier, beyond SOCE.

In conclusion, the present study demonstrated that acute UVB exposure results in impaired
functional distribution of tight junction proteins, including CLDN1, CLDN4, and OCLN, with
variable expressions of transcription and protein levels. Furthermore, acute UVB exposure was
shown to reduce HSP105 protein levels, resulting in decreased STIM1 expression and
impaired SOCE, which subsequently contributes to damage to the functional distribution of
tight junction proteins. Conversely, the overexpression of HSP105 was demonstrated to miti-
gate the deleterious effects observed. These findings highlight the regulatory function of
HSP105 in tight junctions and suggest potential therapeutic strategies for addressing damage
to the skin barrier.
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