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The role of human antigen R (HuR) in modulating
proliferation, senescence and radiosensitivity of skin cells
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Abstract. The skin is the largest outermost organ of the human
body. It is vulnerable to various damages, such as ionizing
radiation. Exploration of proliferation, senescence and radio-
sensitivity of skin cells contributes to the development of
medical and cosmetic countermeasures against skin aging and
toward injury protection. Human antigen R (HuR) is one of
the most widely studied RNA-binding proteins and serves an
important role in stabilization of mRNA and regulation of the
expression of the target genes. To investigate the role of HuR
in modulating proliferation, senescence and radiosensitivity
of skin cells, the present study performed an in vitro study
using lentivirus-mediated overexpression or silencing of HuR
in human keratinocyte HaCaT cells and human skin fibroblast
WSI cells. The results indicated that overexpression of HuR
promoted proliferation, whereas downregulation of HuR inhib-
ited proliferation of HaCaT and WSI cells. Overexpression of
HuR reduced apoptosis and senescence in skin cells. RNA-Seq
of skin cells with HuR overexpression or knockdown identi-
fied 77 mRNAs positively or negatively correlated with HuR
expression levels. In addition, silencing of HuR induced a
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significant increase in radiogenic reactive oxygen species after
irradiation. Overexpression of HuR increased radiotolerance
of HaCaT and WSI cells. RNA immunoprecipitation coupled
with RNA-Seq identified 14 mRNAs interacting with HuR
upon radiation exposure. Overall, the findings of the present
study illustrated the key role of HuR in modulating prolifera-
tion, senescence and radiosensitivity of skin cells providing
a new therapeutic strategy for cosmetic treatments and to
combat skin injury.

Introduction

Regulation of gene expression is a complex process that induces
gene expression in the cells providing spatiotemporal response
to changes in environmental conditions, which serve as the
molecular basis of cellular differentiation, morphogenesis and
ontogeny in the organism (1). This regulation can be carried out
at multiple levels, including the gene, transcriptional, post-tran-
scriptional, translational and post-translational levels (2-4).
Post-translational protein modification is important and occurs
in almost every protein during or after protein synthesis and
can change the stability, structure, localization and function
of the proteins (5). These modifications include ubiquitination,
phosphorylation and dephosphorylation, glycosylation and
deglycosylation, lipidation, methylation and acetylation (6,7).
RNA-binding proteins (RBPs) are critical regulators of
post-transcriptional gene regulation and a number of RBPs are
modified after the translation to influence localization, stability
and translation of the target mRNAs (5,8). Dysregulated
post-translational modifications have been shown to influence
pathological processes, such as cancer, neurodegenerative
disorders and cardiovascular disease (9). RBPs exert significant
control over numerous cellular functions and thus represent a
popular area of investigations by scientists. Recent developments
in experimental identification of RBPs significantly expanded
the number of known RBPs. Although RBPs serve a crucial role
in post-transcriptional regulation of gene expression, relatively
few RBPs have been studied systematically (10,11).
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Human antigen R (HuR; also known as HuA or ELAVLI)
is one of the most extensively studied RBPs and serves an
important role in the stabilization of mRNAs containing
AU-rich elements (AREs) and regulation of the expression of
the target genes (12). When cells are under normal conditions,
HuR is mainly located in the nucleus and is in an inactivated
state. When cells encounter certain pathological environments,
such as hypoxia, radiation damage and cytokine stimuli, HuR
translocates from the nucleus to the cytoplasm by binding
and interacting with various 3'-UTR AREs (8,12-14). Thus,
HuR can protect mRNAs from nuclease degradation in the
process of translocation from the nucleus to the cytoplasm
and increase the stability of mRNAs. HuR has been shown
to serve important roles in tumorigenesis and malignant
transformation and to regulate oncogenes, the cell cycle, apop-
tosis, inflammatory factors, invasion, metastasis and related
molecules by binding to the target genes (15-18). In addition,
several studies have shown that HuR contributes to the devel-
opment of resistance to chemotherapy in multiple types of
cancer (14,19,20). c-Myc, p53, cyclin DI, cyclin A, survivin,
Bcl-2, cyclooxygenase (COX)-2, VEGF and MMP-9 have been
identified as the downstream targets of HuR depending on
specific cell type (21).

The skin is the largest outermost organ of the human
body. The primary role of the skin is to serve as a physical
barrier, protecting our bodies from potential assault by foreign
organisms or toxic substances. HuR is known to be modulated
by mitogenic and stress-causing agents, including UV radia-
tion (22). Stress-induced modulation of HuR activity may be
achieved by phosphorylation resulting in its translocation to
the cytoplasm. HuR binds to COX-2 mRNA in a constitutive
manner and forced overexpression of an HuR-GFP construct
stabilizes COX-2 mRNA in unstimulated HaCaT cells (23).
Given the importance of HuR in gene regulation, the aim of
the present study was to elucidate further the role and regu-
latory mechanisms of HuR in proliferation, senescence and
radiosensitivity of the skin

Materials and methods

Vectors and viruses. In the present study, the third genera-
tion of four-plasmid lentivirus vector system was used. The
lentiviral vector system was composed of four plasmids: The
expression plasmid and three packaging vectors, including
1.5 ug pMDLg-pRRE, 1.5 ug pMD2.G and 1.5 ug pRSV-Rev
Virus packaging helper plasmids. Lentiviral vectors and
packaging vectors were transfected into 293T cells (Wuhan
GeneCreate Biological Engineering Co., Ltd.). 293T cells were
seeded with DMEM (HyClone; Cytiva) supplemented with
10% fetal bovine serum (FBS; cat. no. 04-001-1A; Biological
Industries) and cultured in a 37°C incubator with a 6-well plate
of 2 ml/well. When the cell density reached 70-80%, it was
used for transfection. The cells were cultured in serum-free
medium before transfection. 2 yg expression plasmid, 1.5 ug
PMDLG-PRRE, 1.5 yg PMD2.g and 1.5 ug PRSV-Rev virus
packing assistant plasmid were diluted in 500 pl serum-free
medium. Lipofectamine® 2000 (15 pl; Invitrogen; Thermo
Fisher Scientific, Inc.) was diluted with 500 ul serum-free
medium. After standing for 5 min, The DNA solution was
mixed with Lipofectamine® 2000 solution and stood for 20 min

at room temperature. Serum-free medium (1 ml) was taken
from the 6-well plate and 1 ml plasmid and Lipofectamine®
2000 were dropped into the 6-well plate at 37°C and 5%
CO, for 8 h. Following transfection, the culture medium was
exchanged with DMEM (HyClone; Cytiva) supplemented
with 10% fetal bovine serum (FBS; cat. no. 04-001-1A;
Biological Industries). After 48 h, the supernatant containing
the retroviral particles was collected and then concentrated by
centrifugation at 4,000 x g for 10 min at 4°C. The cell super-
natant was filtered by a 0.45 um filter into a 50 ml ultrafast
centrifuge tube and 5X PEG8000 was added to precipitate at
4°C overnight. After centrifugation at 7,000 x g, the superna-
tant was discarded and the precipitation was redissolved with
10 ml PBS. The viral supernatants were added to the upper
layer of 20% sucrose solution, centrifuged at 20,000 x g for
2 h and 4°C. The precipitate was suspended with 1 ml PBS and
filtered by a 0.22 um filter for sterilization. The virus suspen-
sion was separated into 50 pl and stored at -80°C. A total of
1x10° cells/well were transduced with viral supernatants. The
cells were collected for subsequent experiments after being
cultured in fresh medium for 48 h at 37°C.

HuR overexpression and short hairpin (sh)RNA lentiviruses.
The human HuR coding region was amplified by polymerase
chain reaction (PCR) using a primer pair specific to HuR. The
fragments were inserted into the lentiviral expression vectors
(LV-HuR) and then packaged into viral particles. The negative
control lentiviral (LV-NC) was constructed by not inserting
any sequences. Lentivirus silencing HuR through shRNAs
were obtained from Hanbio Biotechnology (containing RFP).
The targeting sequences of shRNA control (sh-NC) and four
shRNA targeting HuR (sh-HuR-1, sh-HuR-2, sh-HuR-3 and
sh-HuR-4) are listed in Table SI.

Cell culture and transfection. Human keratinocyte HaCaT
(cat. no. iCell-h006, iCell Bioscience Inc.) and human skin
fibroblast WS1 (cat. no. CRL-1502T; ATCC) cells were main-
tained in DMEM supplemented with 10% FBS and 100 U/ml
penicillin-streptomycin at 37°C and a 5% CO, atmosphere. For
transfection, cells were transfected by Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) with viral particles.
Cells were exposed to a single dose (20 Gy) of X-rays using the
linear accelerator (RadSource) at a dose rate of 1.15 Gy/min.
The HaCaT cell line was obtained from iCell Bioscience
Inc. DNA was extracted with Axygen genome extraction kit
(cat. no. AP-GX-250; Axygen® AxyPrep DNA Gel Extraction
Kit; Corning, Inc.) and amplified with 21-str amplification
scheme. STR loci and sex gene Amelogenin were detected on
an ABI 3730XL genetic analyzer (Applied Biosytems; Thermo
Fisher Scientific, Inc.). The results showed that the cell line
was completely matched by DNA typing in cell line retrieval
and the cell name was HACAT and the cell number was 771
according to DSMZ database. No multiple alleles were found
in this cell line.

Reverse transcription-quantitative (RT-q) PCR. After cells
reached 90% confluence, total RNA was extracted using
TRIzol® reagent (cat. no. 15596018; Thermo Fisher Scientific,
Inc.)) in accordance with the manufacturer's instructions.
RNA was reverse transcribed using a reverse transcription
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kit (cat. no. K1691; RevertAid RT Reverse Transcription Kit;
Thermo Fisher Scientific, Inc.) under 42°C for 60 min and
70°C for 5 min. The mRNA level of HuR gene in each sample
was measured by RT-PCR. The reaction was performed
at 37°C for 15 min followed by 85°C for 5 sec. cDNA was
amplified via qPCR with TB Green dye (cat. no. RR420S;
Takara Bio, Inc.) on a Prism 7500 RT-PCR machine (Applied
Biosystems; Thermo-Fisher Scientific, Inc.). The thermocy-
cling conditions included an initial denaturation step of 95°C
for 60 sec, followed by 40 cycles of amplification at 95°C for
15 sec and then annealing at 60°C for 30 sec. GAPDH was
used as an endogenous standard. The relative amount of target
genes was carried out according to the 2244 algorithm (24).
The experiments were repeated three times (HUR: Forward
Primer 5-GGGTGACATCGGGAGAACG-3', Reverse Primer
5'-CTGAACAGGCTTCGTAACTCAT-3'; GAPDH: Forward
Primer 5-GGAGCGAGATCCCTCCAAAAT-3', Reverse
Primer 5-GGCTGTTGTCATACTTCTCATGG-3").

Western blotting analysis. The cells were lysed in lysis buffer
(Promega Corporation) and centrifuged at 4°C, 12,000 x g
for 10 min. The supernatant was collected and subjected to
western blotting. Protein concentration was subsequently
measured using a BCA Protein Assay kit (cat. no. PO012;
Beyotime Institute of Biotechnology). Protein (50 ug) from
each lysate was fractionated by 10% SDS-PAGE. The samples
were electrophoresed for 2 h and transferred onto polyvi-
nylidene difluoride membranes (MilliporeSigma). After being
blocked with 5% BSA in TBS-0.1% Tween-20 (TBST) for 1 h
at room temperature, the membranes were blotted with HuR
(Abcam; cat. no. ab220342) or a-Tubulin (Beyotime Institute
of Biotechnology; cat. no. AFO001) primary antibodies at
1:1,000 dilutions. The membranes were then incubated with the
appropriate horseradish peroxidase-coupled secondary anti-
body (Beyotime Institute of Biotechnology; cat. no. A0277)
at a 1:2,000 dilution for 1 h at room temperature. After the
membranes were washed with TBST, the blots were incubated
with enhanced chemiluminescence (ECL) stable peroxide
solution (Beyotime Institute of Biotechnology). All blots were
visualized using a FluoroChem MI imaging system (Alpha
Innotech Corporation) at room temperature. Densitometry
was performed using ImageJ v1.8.0-172 software (National
Institutes of Health).

Cell viability assay. Cell viability was evaluated using the
Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Inc.)
assay. HaCaT and WSI cells were plated in 96-well plates
and cultured for 12 h at 37°C in a CO, incubator. The cells
were transfected with LV-NC, LV-HuR, sh-NC, sh-HuR-1 and
sh-HuR-2 viral particles. After treatment for 24 and 48 h at 37°C
in a CO, incubator, the cells were then incubated with 10 ul
CCK-8 for 4 h. Then the optical density (OD) at 450 nm was
measured using a Microplate Reader (Bio-Rad Laboratories,
Inc.). The viability index was calculated as experimental OD
value/control OD value. Three independent experiments were
performed in quadruplicate.

EdU assay. The proliferation of HaCaT and WSI cells
transfected with different viral particles was determined
by 5-Ethynyl-2'-deoxyuridine (EdU) assay kit. Cells were

pre-infected with LV-NC, LV-HuR, sh-NC, sh-HuR-1 and
sh-HuR-2 viral particles for 24 h at 37°C in a CO, incubator
before receiving sham or 20 Gy X-ray irradiation, after irra-
diation for 48 h at 37°C in a CO, incubator, cells were labeled
with 50 uM EdU (Guangzhou RiboBio Co., Ltd.) for 4 h at
37°C in a CO, incubator. Then, the cells were fixed with 4%
formaldehyde for 15 min at room temperature and treated
with 0.5% Triton X-100 for 20 min at room temperature. The
cells were washed with PBS for three times and treated with
100 ul of 1X ApolloR (EdU; Guangzhou RiboBio Co., Ltd.)
reaction cocktail in the dark at room temperature for 30 min.
Subsequently, the DNA of each well of cells were stained
with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI;
MilliporeSigma) for 30 min at room temperature and observed
under a fluorescence microscope (Olympus Corporation).

Clonogenic assay. For standard clonogenic assays, cells were
re-suspended and seeded into six-well plates at 200 cells/well,
cells were pre-infected with LV-NC,LV-HuR, sh-NC, sh-HuR-1
and sh-HuR-2 viral particles 24 h at 37°C in a CO, incubator
before receiving sham or 20 Gy X-ray irradiation. The cells
were grown from 7-10 days to allow for colony formation
and were subsequently fixed and stained using crystal violet.
Colonies consisting of >50 cells were counted as a clone.

Apoptosis analysis. Apoptosis was measured using propidium
iodide (PI)/Annexin-V double staining following manufac-
turer's instructions (BD Biosciences). Cells were pre-infected
with LV-NC, LV-HuR, sh-NC, sh-HuR-1 and sh-HuR-2 viral
particles 24 h at 37°C in a CO, incubator before receiving
sham or 20 Gy X-ray irradiation. After irradiation for 48 h,
HaCaT and WSI cells were harvested and apoptotic fractions
were measured using flow cytometry (Beckman Coulter, Inc.).
The Annexin-V+/PI- cells are early in the apoptotic process,
the Annexin-V+/PI+ cells indicating late apoptosis. The
percentage of both types of cells was counted. To compute the
percentage of apoptotic cells, a flow cytometer (FACSCalibur;
BD Biosciences) with ModFit's LT v.3.0 software (BD
Diagnostics) was used for data analysis.

Cell senescence staining. The cell senescence of HaCaT
and WSI cells transfected with different viral particles was
determined by (-galactosidase staining. After the cells were
transfected with LV-NC, LV-HuR, sh-NC, sh-HuR-1 and
sh-HuR-2 viral particles for 24 h at 37°C in a CO, incubator.
The cell senescence staining was performed according
to the P-galactosidase staining kit (Beyotime Institute of
Biotechnology).

Cell senescence assay. HaCaT and WSI cells were fixed in 2%
formaldehyde/0.2% glutaraldehyde for 5 min at room tempera-
ture. B-Galactosidase staining solution containing X-gal
(cat. no. C0602; Beyotime Institute of Biotechnology) was
added after rinsing with PBS. The cells were then incubated
for 6-10 h in a 37°C incubator without CO,. Senescent cells
(stained blue) were observed and images were captured using
light microscopy (Olympus Corporation; magnification, x10)
and positive staining areas were calculated by determining the
percentage of SA-B-gal* cells in five random fields in each of
the three wells.
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Reactive oxygen species (ROS) generation assay. ROS levels
after irradiation were determined using the ROS assay kit
(Beyotime Institute of Biotechnology). HaCaT and WSI cells
were pre-infected with sh-NC, sh-HuR-1 and sh-HuR-2 viral
particles 24 h at 37°C in a CO, incubator before receiving 20 Gy
X-ray irradiation. After irradiation for 24 h, cells were labeled
with 10 uM 2,7-dichlorofluorescein diacetate (DCFH-DA) at
37°C for 30 min. Then, the cells were fixed with 4% formal-
dehyde for 15 min at room temperature and washed with PBS
for three times, after then treated with 5 ug/ml Hoechst 33258
(Beyotime Institute of Biotechnology) for 30 min and observed
under a fluorescence microscope (PerkinElmer, Inc.).

Sample preparation for RNA-seq. Total RNA was extracted
from HaCaT cells infected with LV-NC, LV-HuR, sh-NC or
sh-HuR-1 lentiviruses (n=3) using TRIzol® reagent (Thermo
Fisher Scientific, Inc.). For RNA high-throughput sequencing,
RNA libraries were created from each group using the
NEBNext Ultra Directional RNA Library preparation kit from
[Ilumina, Inc. The main steps in the workflow involved the
removal of ribosomal RNA, the fragmentation of total RNA,
reverse transcription and second-strand complementary DNA
(cDNA) synthesis, end repair, dA tailing and adaptor ligation.
The products of these reactions were purified and enriched by
polymerase chain reaction to create the final cDNA library. The
libraries were then sequenced using an Illumina HiSeq2500
(paired-end sequencing; Illumina, Inc.).

RNA-seq data acquisition and quality control. The RNA
sequence row data was obtained by RNA-seq on the Illumina
platform. Then, the reads were clipped and trimmed to avoid
low-quality data using Trim Galore (http://www.bioinfor-
matics.babraham.ac.uk/projects/trim_galore/). Trimmed
sequence files underwent quality control analysis using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
The present study utilized several parameters to evaluate
the read quality, including the number of the reads, guanine-
cytosine (GC) contents and average length of the reads.

Differential expression analysis of genes. For the analysis of
differentially expressed genes, the clean data for each sample
were aligned to the rat reference genome (ftp:/ftp.ensembl.
org/pub/release-83/fasta/rattus_norvegicus/dna/) using TopHat
(version 2.0.10) software (http://ccb.jhu.edu/software/tophat/
index.shtml). The alignment files were assembled using
Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/) and the
StringTie software (http://ccb.jhu.edu/software/stringtie/) based
on the location of the known transcript and the transcripts of
all samples were assembled again using Cuffmerge (http://cole-
trapnell-lab.github.io/cufflinks/cuffmerge/index.html). The
differential gene expressed values of each sample were normal-
ized using the fragments per kilobase of transcript per million
fragments mapped. The differential expression levels were
calculated and the statistical significance of detected genes
evaluated. Genes were considered as significantly differen-
tially expressed with false discovery rates (FDRs) <0.05 and
fold-changes =1.0.

Functional enrichment analysis. The database for anno-
tation, visualization and integrated discovery (DAVID;
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Figure 1. The overexpression and silencing of HuR in skin cells. Reverse
transcription-quantitative PCR analysis of (A) the overexpression efficiency
of lentiviral vectors and (B) the silencing efficiency of four shRNA targeting
HuR gene (shRNA-HuR). "P<0.05, “P<0.01. HuR, Human antigen R; sh,
short hairpin.

http://david.abce.ncifcrf.gov/) was used, which leveraged the
Gene Ontology (GO) to determine the most functional anno-
tation and classification of significant differently expressed
genes and DEL targets. To demonstrate GO or molecular
pathway enrichment, DAVID calculates a modified Fisher
exact P-value. P-value <0.05 was considered to be strongly
enriched in the annotation category. In addition, the present
study used the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) database (http://www.genome.ad.jp/kegg/) to analyze
the roles of differently expressed genes and DEL targets in the
pathways.

RNA immunoprecipitation (RIP) and sequencing. RIP was
performed as described previously (21). This radiation dose
(5 Gy X-ray) was selected because WSI cells are more sensitive
to radiation. The doses in cell studies were the same as previous
publications of others and our own (25,26). In short, WSI cells
were washed with PBS and harvested by adding 150 ml of
immunoprecipitation buffer (10 mM Tris-HCI, pH 7.4, 50 mM
NaCl, 0.5 mM EDTA, 1 mM phenylmethanesulfonylfluoride
and 1% Triton X-100). After the cells were sonicated (25 KHz,
5 sec/time) for 2 min on ice, insoluble material was removed
by centrifugation at 2,500 x g, 15 min, 4°C. Supernatants were
collected and pre-cleared by agarose-coupled protein A. The
agarose beads were removed by centrifugation at 2,500 x g,
5 min, 4°C. HuR (CST; cat. no. MA1-167) antibody and
GAPDH (Abcam; cat. no. ab181602;) antibody were added to
the supernatants (1:100 ratio) and the reaction was incubated at
4°C overnight with gentle rotation. Agarose-coupled protein A
(50 ul) were added to capture the antibody-protein complexes
by rotating for 2 h at 4°C. The supernatants were then removed
by centrifuging at 2,000 x g and 4°C for 5 min. RNA was
extracted using TRIzol® following the manufacturer's instruc-
tions (Thermo Fisher Scientific, Inc.). rRNAs were removed
from the immunoprecipitated RNA and input RNA samples
by using Ribo-Zero rRNA Removal kit (Illumina, Inc.). RNA
libraries were constructed by using rRNA-depleted RNAs with
TruSeq Stranded Total RNA Library Prep kit (Illumina, Inc.)
according to the manufacturer's instructions. Libraries were
controlled for quality and quantified using the BioAnalyzer
2100 system (Agilent Technologies, Inc.). Libraries (10 pM)
were denatured as single-stranded DNA molecules, captured
on Illumina flow cells, amplified in situ as clusters and finally
sequenced for 150 cycles on an Illumina HiSeq Sequencer
according to the manufacturer's instructions by CloudSeq.
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Figure 2. Overexpression and silencing of HuR affected the cell proliferation of HaCaT and WS1 cells. The cell viability of (A) overexpression and (B) silencing
of HuR on HaCaT and WS1 was measured by CCK-8 assay. EdU-based staining of HaCaT and WSI after (C) overexpression and (D) silencing of HuR. Scale
bar, 100 ym. "P<0.05, “P<0.01. HuR, Human antigen R; sh, short hairpin; NC, negative control; LV, lentiviral.

Statistical analysis. The data were evaluated using either
unpaired two-sided Student's t-tests or one-way analysis of
variance to determine statistical significance after confirming
that the data met appropriate assumptions. For all experi-
ments, three biological replicates were analyzed for each
condition and presented as the mean + standard error of the
mean. Differences between two groups were determined using
a paired Student's t-test and differences among >2 groups
were analyzed by one-way analysis of variance and Tukey
post hoc tests. Statistical analysis was performed using Prism
7 software (GraphPad Software, Inc.). Data are expressed as
mean =+ standard error of the mean. P<0.05 was considered to
indicate a statistically significant difference.

Results

Overexpression and silencing of HuR in skin cells. To test the
overexpression of LV-HuR, the present study measured HuR

expression by RT-qPCR and western blotting. The results
showed that the expression of HuR mRNA in LV-HuR cells
was significantly higher compared with that in LV-NC cells
(Fig. 1A). In addition, the silencing effect of sh-NC and four
shRNAs targeting HuR (designated sh-HuR-1, sh-HuR-2,
sh-HuR-3 and sh-HuR-4) was also tested. The results showed
that four sh-HuRs significantly reduced the expression of HuR
and sh-HuR-1 and sh-HuR-2 had the strongest silencing effect
(Fig. 1A); subsequent experiments were performed using these
two sh-HuR vectors.

The effects of HuR on proliferation and apoptosis of skin cells.
Initially, the present study investigated the effect of HuR on
the proliferation of skin cells by a CCK-8 assay. The results
showed that overexpression of HuR promoted the growth of
HaCaT and WSI cells (Fig. 2A) and silencing HuR inhibited
the growth of these cells (Fig. 2B). Then, EdU staining was
used to confirm the role of HuR in the proliferation of skin
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Figure 3. Overexpression and silencing of HuR modulates the cell clonogenic survival and apoptosis of HaCaT and WSI. Clonogenic survival staining of
HaCaT and WS1 after (A) overexpression and (B) silencing of HuR. Flow cytometry measured cell apoptosis of HaCaT and WSI after (C) overexpression and
(D) silencing of HuR. "P<0.05, “P<0.01. HuR, Human antigen R; sh, short hairpin; NC, negative control; LV, lentiviral.

cells. The results also showed a positive association of HuR
with the percentage of EdU-positive HaCaT and WSI cells
(Fig. 2C and D). The results of a colony formation assay
showed that clonogenicity of HaCaT and WSI cells was signif-
icantly increased or reduced when HuR was overexpressed or
silenced, respectively (Fig. 3A and B). The results of a flow
cytometry-based apoptosis assay showed that overexpression
of HuR reduced apoptosis of HaCaT and WSI cells (Fig. 3C).
Conversely, downregulation of HuR increased apoptosis in the
two skin cell lines (Fig. 3D).

The effects of HuR on skin cell senescence. Temporal and
environmental aging influences skin structure and func-
tions, including the skin barrier and elastic and mechanical
properties of cutaneous tissue associated with alterations of
biomechanical properties of skin cells (27). Thus, the present
study evaluated the effect of HuR expression levels on HaCaT
and WSI cell senescence. Cellular senescence was evaluated by
[B-galactosidase staining (28). The results of senescence staining
in Fig. 4A showed that senescence of HuR-overexpressing WS1
and HaCaT cells was reduced by 50%. The results of Fig. 4B
indicated that senescence was increased by 60% in the cells
with silenced HuR. These results showed that overexpression
of HuR reduced senescence of HaCaT and WSI cells and that
HuR silencing increased senescence.

HuR modulated the expression of mRNAs in skin cells. Since
HuR influences the stability of mRNAs (7,8), the present study

sought to explore the landscape of HuR-influenced mRNAs
in skin cells. RNA-Seq was performed in WSI cells with
HuR overexpression or downregulation. The RNA-Seq data
are accessible from the GEO database (accession number
GSE161811). The results showed that comparison with the
control group (LV-NC) detected 2947 differentially expressed
genes in the overexpression group (LV-HuR; Fig. 5A and B),
including 1,449 upregulated genes and 1,498 downregulated
mRNAs. A total of 134 differentially expressed genes were
detected in the silenced group (sh-HuR vs. sh-NC), including
99 upregulated and 35 downregulated genes (Fig. 5C and D).
Combined sequencing data indicated that HuR positively
regulated 52 mRNAs and negatively regulated 25 mRNAs
(Fig. S1). These mRNAs included CALB2, INHBA, ACSS2,
OLFM4 and TMPRSSIIE.

The effect of HuR on skin cell radiosensitivity.
Radiation-induced skin injury is a common complication
after radiation accidents, tumor radiation therapy and bone
marrow transplantation pretreatment (29,30). ROS produced
by ionizing radiation in the skin are an important cause of skin
injury (31,32). The present study explored the effect of HuR on
intracellular ROS levels after radiation and the results showed
that the level of ROS in the sh-HuR group was significantly
increased after 20 Gy X-ray irradiation (Fig. 6A). In addi-
tion, we investigated the effects of HuR on the proliferation
and apoptosis of HaCaT and WSI cells after irradiation. The
results of EdU staining showed that overexpression of HuR



EXPERIMENTAL AND THERAPEUTIC MEDICINE 24: 566, 2022 7

A HaCaT
LV-NC LV-HuR Y
A r -‘3\:
: o 15
©
210
"I‘ .g ok
o 5
@
: i
. e 0 & i
1 1m % = 3
= I
=3
LV-HuR —
ik 2 @ 15
: ©
.‘. 02:‘ 10
. = *k
. % 3 . w
A SRR £ s
U v o
< b
100ym & 2 ;-
= ;
B 5 3
sh-NC ;g‘
R e g% .o
.-‘.'
: 2 20
‘@
o
i [0
[1:]
i
3 0
- = o
5 9 & ¢
= T z
w [ 0
WSH1 &= <
sh-HuR1 ~
' 2
i,
% 2
= o
©
: >
e (<=1
& <
%)

O
=
¥
[

sh-HuR1
sh-HuR2

Figure 4. Overexpression and silencing of HuR modulates the cell senescence of skin cells. (A) B-galactosidase staining of HaCaT and WSI cells after overex-
pression of HuR. (B) 3-galactosidase staining of HaCaT and WSI cells after silencing of HuR. Representative images of staining and calculated positive cell
percentage are shown. Scale bar, 100 gm. “P<0.01. HuR, Human antigen R; sh, short hairpin; NC, negative control; LV, lentiviral.

promoted cell proliferation after 20 Gy X-ray irradiation
(Fig. 6B) and downregulation of HuR enhanced inhibition of
cell proliferation after irradiation (Fig. 6C). The results of a
colony formation assay showed that overexpression of HuR
significantly increased cell survival after X-ray irradiation at
20 Gy (Fig. 6D); however, downregulation of HuR significantly
reduced cell survival after irradiation (Fig. 6E). The results of
a cellular apoptosis assay showed that overexpression of HuR
reduced apoptosis of HaCaT and WSI cells after X-ray irradia-
tion at 20 Gy (Fig. 6F) and HuR silencing increased apoptosis
after irradiation (Fig. 6G). Overall, these results indicated that
HuR modulated radiosensitivity of skin cells in vitro.

Characterization of HuR-interacting mRNAs after
irradiation. The present study used RIP combined with

RNA-Seq to detect changes in the HuR-binding sequence and
expression profile of WSI cells after O or 5 Gy irradiation
(Fig. 7A). The RNA-Seq data are accessible from the GEO
database (accession number GSE111823). The results indi-
cated the lack of significant changes in the binding locations
(Fig. 7C). Hundreds of HuR-binding sites were changed after
5 Gy irradiation (Fig. 7B). Combined data of RIP-Seq and
RNA-Seq indicated that 14 mRNAs were associated with
changes in HuR binding and expression after irradiation
(Fig. 7D), indicating that the abundance of these mRNAs may
be modulated by HuR binding (Figs. S2 and S3). For example,
the levels of NLRP10, SERPINE] and CLCA2 mRNAs
were increased in WSI cells after 5 Gy irradiation. NLRP10
is expressed at high levels in the skin and contributes to
cell-autonomous responses against invasive bacteria. HUR
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exerted its influence through wide spectrum targets, which
was consistent with its behavior in other types of cells. These
genes were explored by RIP-Seq and RNA Seq in the present
study. However, which one could be the exact target for HUR
that leads to cell proliferation, senescence and radiosensitivity
needs to be further studied.

Discussion

HuR is an RNA-binding protein that recognizes U/AU-rich
elements in diverse RNAs and post-transcriptionally regulates
the fate of target RNAs. HuR regulates cellular responses to
differentiation, senescence, inflammatory factors and immune
stimuli by tightly controlling the post-transcriptional fate
of specific mRNAs (33,34). HuR is expressed at high levels
in a number of types of cancers and is believed to promote
tumorigenesis by interacting with mRNAs encoding proteins
implicated in cell proliferation and survival, angiogenesis,
invasion and metastasis (23). For example, HuR serves
pro-proliferative and anti-apoptotic roles in colorectal cancer
cells (5). In the present study, the role of HuR in modulating
proliferation and senescence of skin cells was explored using
HuR overexpression and silencing. Consistent with previous
reports in other cell lines, HuR facilitated the proliferation of

skin cells and inhibited their senescence, suggesting a new
therapeutic strategy for cosmetic treatments and to combat
skin injury.

HuR has been shown to associate with numerous tran-
scripts, including coding and noncoding transcripts, and
controls their splicing, localization, stability and transla-
tion (16). HuR is predominantly nuclear in unstimulated
cells and shuttles to the cytoplasm in response to various
stimuli, including stress signals and mitogens (5). HuR
stabilizes a large subset of target mRNAs, including mRNAs
implicated in various pathologies, particularly cancer and
inflammation (16). Known HuR-regulated mRNAs include
cyclin family proteins (A2, B1, E1 and D1), cyclin-dependent
kinase inhibitor p21, inducible nitric oxide synthase,
granulocyte-macrophage colony-stimulating factor, murine
double minute 2, VEGF, TGF-f, TNF-a, Bcl-2, COX-2, p53,
Toll-like receptor 4, MMP-9 and MAPK (35). In the present
study, 77 mRNAs were positively or negatively associated
with HuR expression levels. However, the majority of these
mRNAs were not reported to be regulated by HuR in other
types of cells, indicating the presence of a cell type- or
organ-specific regulatory network. Calcium retinal protein 2
(calretinin, calb2), a calcium binding protein, is mainly
expressed in the nervous system, ovary, adrenal glands and
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testis (36). This protein functions as a sensor and buffer of
intracellular Ca?* to prevent Ca** overloading. Increasing
evidence indicates that calretinin is involved in multiple
physiological processes by regulating Ca** (37). Ca** has
been identified as a messenger that coordinates endoplasmic
reticulum (ER)-mitochondrial interactions that regulate
apoptosis (38). Induction of ER stress has been reported
to enhance chemotherapy sensitization (39). Therefore, the
regulation of Ca** release is tightly controlled and a number
of Ca®*-binding proteins, such as calretinin, may func-
tion downstream of ER Ca?" release to modulate apoptosis
or other cell functions. NLRPI1O is involved in the innate
immune response by contributing to proinflammatory cyto-
kine release in response to invasive bacterial infection (40)
and contributes to T-cell-mediated inflammatory responses
in the skin. SERPINEI is required for stimulation of kera-
tinocyte migration during cutaneous injury repair (41) and
is involved in cellular and replicative senescence (42). These
mRNAs may be novel and direct targets of HuR for cosmetic
treatments and to combat skin injury.

Skin aging is a slow and complex process subjected to
intrinsic alterations at the cellular, molecular and genetic
levels and by exposure to extrinsic factors (43). Aging affects
all layers of the skin; in particular, the underlying epidermis
and dermis undergo numerous cellular and molecular
changes due to aging (44). The skin, as an external organ,
is inevitably exposed to radiation that induces various skin
reactions. Ionizing radiation is widely used in military,
industrial, agricultural, medical and pollution treatments.
Ionizing radiation causes both direct and indirect damage to
the cells (45). DNA is the major cellular target of ionizing
radiation and can be damaged directly by ionizing radiation,
resulting in DNA double-strand breaks, or indirectly through
the generation of ROS (46). HuR facilitates radiation resis-
tance in triple-negative breast cancer (TNBC) by protecting
against radiation-induced DNA damage (47). Silencing HuR
results in radiosensitization of TNBC cells due to enhanced
ROS accumulation along with inhibition of the thioredoxin
reductase system (47).

The results of RIP-Seq analyses identified 14 mRNAs
that preferentially interacted with HuR after ionizing radia-
tion. A number of these genes are known to participate in
certain key cellular processes, including proliferation,
apoptosis, immune response and metastasis. For example,
ENDOCAN is a novel human endothelial cell-specific
molecule mainly expressed in endothelial cells in various
tissues (48) and is expressed and secreted by vascular endo-
thelial cells, including the skin (49). ENDOCAN is known
to be involved in the development of vascular tissue in health
and disease (50). IL-33 has been reported to be constitutively
expressed in the nuclei of endothelial and epithelial cells and
is released into the extracellular space as an alarmin after
tissue damage to alert the immune system (51). The level of
alarmin IL-33 is quickly elevated in the bone marrow serum
after ionizing radiation and confers radioprotection (52).
Studies have shown that PIDI inhibits the phosphoryla-
tion of Akt and Erk, suggesting that PID1 may modulate
the signaling pathways involved in cell proliferation and
survival (53-55). Previous studies have shown that CLCA2
is a stress-inducible gene and is strongly upregulated by

p53 in response to cell detachment, DNA damage and other
stressors (56,57). CLCA2 is anovel UVB target gene that may
serve a role in epidermal differentiation and UV-dependent
skin malignancies (58). These findings suggest that these 14
HuR-interacting mRNAs may contribute to enhanced regen-
eration and damage repair potential following irradiation.
Therefore, HuR is likely to modulate skin cell radiosensi-
tivity through complex mechanisms.

In order for HuR to exert its effects, it must dimerize prior
to binding its targets. Thus, targeting of HuR may offer the
ability to modulate a broad range of HuR-mediated effects,
by interfering with the actions of a single target. HUR served
a positive role in modulating proliferation, senescence and
radiosensitivity of skin cells and modulated downstream
mRNAs implicated in multiple pathways in skin cells,
providing a new therapeutic strategy for cosmetic treatments
and to combat skin injury.
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