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Abstract: Long-term exposure to arsenic has been linked to a variety of cancers, among which skin
cancer is the most prevalent form. However, the mechanism underlying arsenic carcinogenesis is
unclear, and there is still limited information on the role of miRNAs in arsenic-induced skin cancer.
This study aims to explore the role of miR-96-5p in the arsenite-induced proliferation and malignant
transformation of human HaCaT keratinocytes. The GEO database (accession numbers GSE97303,
GSE97305, and GSE97306) was used to extract mRNA and miRNA expression profiles of HaCaT cells
treated with or without 0.1 µmol/L sodium arsenite for 3 and 7 weeks. In this paper, according to the
CCK8 assay result, HaCaT cells exposed to 0.1 µmol/L sodium arsenite for 48 h were finalized. CCK8,
MTT, EdU incorporation, and colony formation assays were used to determine the viability and
proliferation of HaCaT cells and transformed HaCaT (T-HaCaT) cells. The subcellular localization
and relative expression levels of DTL, as well as miR-96-5p in HaCaT cells induced by arsenite, were
determined via immunofluorescence, RT-qPCR, and Western blot. Dual-luciferase reporter assay
was performed to identify miR-96-5p bound directly to DTL. Transfection of miR-96-5p mimics or
DTL siRNA was conducted to verify the arsenite-induced viability of HaCaT cells and T-HaCaT cells.
T-HaCaT cells and nude mice were used to construct arsenite-induced malignant transformation
and an in vivo xenograft model to demonstrate the over-expressed effect of miR-96-5p. The results
showed that DTL was the target gene of miR-96-5p. Meanwhile, we also found that 0.1 µmol/L
sodium arsenite upregulated DTL by decreasing the miR-96-5p level, leading to the proliferation
and malignant transformation of HaCaT cells. MiR-96-5p agomir treatment slowed the growth of
transplanted HaCaT cells transformed by arsenite in a manner associated with DTL downregulation
in the nude mice xenograft model. Taken together, we confirmed that miR-96-5p, as a potent regulator
of DTL, suppressed arsenite-induced HaCaT cell proliferation and malignant transformation, which
might provide a novel therapeutic target for the treatment of arsenic-induced skin cancer.

Keywords: arsenite; miR-96-5p; DTL; cell proliferation; malignant transformation; xenograft model

1. Introduction

Arsenic is a native metalloid element found in low concentration in virtually every
component of the environment [1]. From both natural and anthropogenic sources, arsenic
is mainly transported in water, resulting in water arsenic pollution. The World Health
Organization (WHO) has stated that the maximum permissible concentration of arsenic in
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drinking water is 10 µg/L [2]. Nevertheless, elevated levels of arsenic have been detected in
groundwater in over 70 nations spread across five continents, including Bangladesh, India,
China, Chile, Argentina, North America, Ghana, and Romania, threatening over 200 million
people [1,3,4]. Chronic exposure to low-dose inorganic arsenic leads to deleterious effects
in multiple organs and tissues [5]. A serious risk to worldwide public health is drinking
water exposed to inorganic arsenic [6]. Chronic arsenic exposure can cause skin lesions
such as skin pigmentation and hyperkeratosis (abnormal thickening of the skin) [7,8].
These unfavorable lesions can be precursors to several forms of skin cancer, the most
common type of cancer caused by arsenic exposure. Regretfully, those patients suffering
from arsenic lack proven, efficacious therapeutic approaches. For this reason, research
into the pathophysiology of arsenic-induced skin cancer is essential in order to establish a
theoretical foundation for its prevention and therapy.

Abnormal gene transcription has been proposed to address arsenic toxicity and carcino-
genicity [9]. Epigenetic alterations, including differential microRNA (miRNA) expression,
have been reported to influence the pathogenesis caused by arsenic via altering some
gene expression [10–12]. MicroRNAs (miRNAs) are endogenous, small, non-coding RNAs
consisting of 19–25 nucleotides. They target and inhibit the expression of many genes at
the post-transcriptional or translational levels, thereby regulating a wide array of biological
and pathogenic processes, including carcinogenesis or malignant transformation of cells.
In various cancer cells or malignant transformed cells induced by carcinogens, miRNAs
have been proven to be heavily dysregulated. Depending on certain contexts, miRNAs
might function as either oncogenes or tumor suppressors. It is reported that dysregulated
miRNAs influence carcinogenesis and development via disturbing cell growth, differenti-
ation, cell cycle, and cell death; therefore, miRNAs, as an inherent gene regulator, might
be a promising predictive and therapeutic target [13]. Recently, miRNAs have been found
to be an important regulator in the DNA damage response. It is known that arsenic is
responsible for ubiquitous damage to mammalian tissues by disrupting chromosomes and
damaging DNA strands [14–16]. Accumulating evidence has demonstrated the significance
of miRNA-mediated gene regulation in the arsenite-induced malignant transformation of
HaCaT cells [11,17,18], derived from normal adult skin keratinocytes, suggesting abnormal
miRNA expression might contribute to the arsenite-induced malignant transformation.
Therefore, it is worthy to further explore which miRNAs and their target genes mediate the
carcinogenesis of arsenic.

Al-Eryani, L. et al. found that the alteration in miRNA expression caused by chronic
exposure to arsenite would reveal early steps in the malignant transformation when they
detected the miRNA and mRNA expression in HaCaT cells treated with 0.1 µmol/L sodium
arsenite for 3 and 7 weeks using Affymetrix microarrays [19,20]. We discovered that miR-96-
5p was decreased, but DTL was increased in sodium arsenite-treated HaCaT cells using Al-
Eryani, L. et al.’s database (accession numbers GSE97303, GSE97305, and GSE97306) [19,20].
Furthermore, according to the public database TargetScan 7.2, DTL contains a direct binding
site for miR-96-5p, suggesting that it may be a target gene of miR-96-5p. Denticleless E3
ubiquitin protein ligase homolog (DTL), a critical regulator of chromosome segregation,
DNA replication, and cell division [21], is elevated in human gastric and breast cancers and
various cell lines derived from these primary tumors [22,23]. MiR-96-5p, however, may
act as a tumor suppressor or tumor promoter, depending on the context. Therefore, we
inferred that miR-96-5p might be involved in arsenite-induced HaCaT cell proliferation and
malignant transformation. In this study, we aim to investigate the function of miR-96-5p in
arsenite-induced proliferation and malignant transformation of HaCaT cells. This research
helps to illustrate the mechanism underlying arsenic carcinogenesis and to provide new
therapeutic targets in arsenic-induced skin cancer.
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2. Materials and Methods
2.1. Microarray Data Analysis

The mRNA and miRNA expression profiles in HaCaT cells treated with or without
0.1 µmol/L sodium arsenite for 3 and 7 weeks were extracted from the GEO database,
accession numbers GSE97303, GSE97305, and GSE97306. The CEL files were imported into
Partek Genomics Suite (Partek Inc., St. Louis, MO, USA), and the differentially expressed
mRNA or miRNA were analyzed considering arsenite treatment and time. Subsequently,
the statistical correlation between differentially expressed miRNA and mRNA was calcu-
lated by the Partek Genomics Suite.

2.2. Cell Culture and Treatment

The HaCaT cells, developed from normal adult skin keratinocytes [24], were purchased
from the Procell Life Science & Technology Co., Ltd. (Wuhan, China). Cells were cultured
in a DMEM medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Beyotime, Shanghai, China) and kept in a humidified incubator at 37 ◦C with 5% CO2. The
cells were exposed to 0 or 0.1 µmol/L sodium arsenite (NaAsO2, purity: 99.0%, Sigma, St
Louis, MI, USA). For chronic exposure, 6 × 105 HaCaT cells were maintained in 25 cm cell
culture flasks in a medium containing 0.1 µmol/L sodium arsenite and were subcultured
every 48–72 h for about 40 weeks (approximated to 80 passages).

2.3. Cell Transfection

MiR-96-5p mimics, DTL siRNA, and respective scramble control were purchased from
Shanghai Jima Co. (Shanghai, China). HaCaT cells were equally distributed into a 6-well
plate with 2 × 106 cells per well and cultured for 24 h. Then, 30 pmol miR-96-5p mimics (5′-
UUUGGCACUAGCACAUUUUUGCU-3′ and 5′-CAAAAAUGUGCUAGUGCCAAAUU-
3′), DTL siRNA (5′-GCACAUACUUCCAUAGAAATT-3′ and 5′-UUUCUAUGGAAGUAU
GUGCTT-3′), miR-96-5p scramble (5′-GGCCUAACACUACUAACGCTT-3′ and 5′-GCGUU
AGUAGUGUUAGGCCTT-3′) or DTL con-siRNA (5′-UUUUCCGAACGUGUCACGUTT-3′

and 5′-ACGUGACACGUUCGGAGAATT-3′) were transfected into HaCaT cells using Lipo-
fectamine RNAiMAX (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
protocol. After 6 h, HaCaT cells were treated with 0.1 µmol/L sodium arsenite for another
48 h. Then, the transfected cells were harvested for subsequent experiments after the
transfection efficacy was verified via the RT-qPCR analysis.

2.4. Cell Viability Assay

The Cell Counting Kit-8 (CCK-8) assay was used to determine the effects of arsenite
on HaCaT cell viability. HaCaT cells were seeded in 96-well plates (5 × 103 cells/well)
and incubated for 24 h. Then, cells were treated with different concentrations of sodium
arsenite (0, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 µmol/L) in a DMEM medium containing 10% FBS
for 48 h. An amount of 10 µL of CCK-8 (Dojindo, Kumamoto, Japan) solution was added to
each well. Plates were incubated for a further 1 h at 37 ◦C and optical densities values at
450 nm (OD450) were recorded using Cytation 3 Cell Imaging Reader (BioTek, Winooski,
VT, USA). Cell viability was calculated according to the formula below:

Cell viability (%) =
OD450[experimental group]−OD450[blank group]

OD450[control group]−OD450[blank group]
× 100%

2.5. EdU Incorporation Assay

Exposed to 0.1 µmol/L of sodium arsenite for 48 h, HaCaT cells were incubated
with DMEM supplemented with 25 µmol/L 5-Ethynyl-2′-deoxyuridine (EdU, RiboBio,
Guangzhou, China) for 2 h. Cells were then washed with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde (PFA) fixation and incubation with glycine 2
mg/mL, washed with PBS twice, and permeabilized with 0.5% Triton X-100 (Biofroxx,
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Einhausen, Germany). After extensive washing with PBS, cells were incubated with
Apollo® staining solution for 30 min, washed with 0.5% Triton X-100 three times, followed
by 10 min incubation with Hoechst 33342. Photographs of the cells were captured with a
laser-scanning confocal microscope (Zeiss, Oberkochen, Germany).

2.6. Cell Cycle Assay

HaCaT cells were plated in 6-well plates at a density of 2 × 105 cells per well and
were allowed to adhere overnight in a complete medium. Then, cells were starved for
12 h in a DMEM complete medium containing 2% FBS. Cells were harvested at 48 h after
exposure to 0.1 µmol/L of sodium arsenite. After that, cells were fixed in 70% ice-cold
ethanol overnight at −20 ◦C. The fixed cells were then suspended in lysis buffer with 0.1%
Triton X-100 and incubated for 15 min at room temperature. The cells were incubated with
10 mg/mL RNAse A (Sigma, St Louis, MI, USA) for 10 min at room temperature, and DNA
was stained with 50 mg/mL propidium iodide (PI) for at least 30 min at 4 ◦C. PI-stained
cells were examined for their DNA content, which was determined via flow cytometry
using a BD AccuriTM C6 Plus (Becton Dickinson, Franklin Lakes, NJ, USA) equipped with
the ModiFit LT v5.0 software.

2.7. Immunofluorescence

The cells were fixed in cell fixative containing 4% PFA, permeabilized with 0.1% Triton
X-100 for 30 min at room temperature, and were blocked with 1% BSA for 1 h. The cells
were incubated with the diluted anti-DTL antibody (1:100, ab184548, Abcam, Cambridge,
UK) for 1 h at room temperature. Following three repeat PBS washes, the cells were treated
with secondary antibody in 1% BSA for 30 min at room temperature. Nuclei were stained
with 10 µg/mL DAPI (Beyotime, Shanghai, China).

2.8. Cell Growth Curve

HaCaT and transformed HaCaT (T-HaCaT) cells were seeded in 96-well culture plates
at a density of 1 × 103 cells/well. Every day, 20 µL MTT (Biofroxx, Einhausen, Germany)
solution (5 mg/mL) was added to each well, and the cells were then cultured in an incubator
containing CO2 for 4 h. The culture solution was then removed, and 150 µL DMSO
(Biofroxx, Einhausen, Germany) was added to each well; the plate was then agitated (MaxQ
4000, Thermo Scientific, Waltham, MA, USA) at room temperature for 8 min. The OD
values of each well were measured using the Cytation 3 Cell Imaging Reader. Six wells of
each cell line were monitored every 24 h for 1 week. Cell growth curves of the two cell lines
were drawn, and doubling times were calculated.

2.9. Flat Plate Colony Formation Assay

HaCaT cells were seeded into six-well plates with a density of approximately 200 cells
per well, transfected with miR-96-5p mimics or scramble, and were incubated at 37 ◦C for
14 days with a switch to fresh medium every 3 days. Cell colonies were then fixed with
4% PFA for 10 min at room temperature and stained with 0.05% crystal violet for 30 min.
With the use of a gel documentation system (Tanon, Shanghai, China), the plates were
photographed, and the colony numbers were counted.

2.10. Soft-Agar Colony Formation Assay

Soft agar dishes were prepared under layers of 0.70% agarose (Lonza, Basel, Switzer-
land) in a DMEM medium with 10% FBS added. Cells were plated in triplicate at a density
of 1 × 103 in 1 mL of 0.35% agarose over the agar base to assess colony growth capacity.
The plates were incubated at 37 ◦C for 2 weeks with a change of fresh medium every 3 days;
colonies with >50 cells were examined microscopically.
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2.11. RT-qPCR

The expression of DTL mRNA and miR-96-5p was determined via RT-qPCR. After
treatment with 0.1 µmol/L sodium arsenite for 48 h, cells were harvested, and total cellular
RNAs were extracted using Trizol reagent (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s instructions. The subsequent operations were carried out as described
previously [25]. Semi-quantification was calculated using the 2−∆∆Ct method and normal-
ized to β-actin or U6 expression for mRNAs or miRNAs. Specific primers were designed
by Primer 5.0 software and were ordered from Shanghai ShengGong Co. (Shanghai, China).
The primer sequences used in our study were listed as follows: miR-96-5p stem-loop primer:
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCAAA; miR-96-
5p (5′-GCGTTTGGCACTAGCACATT-3′ and 5′-ACGCTTCACGAATTTGCGTGTC-3′); U6
(5′-CTCGCTTCGGCAGCACATATACT-3′ and 5′-ACGCTTCACGAATTTGCGTGTC-3′);
DTL (5′-TAAAAGCTGGTGAGCTGATTGG-3′ and 5′-TCTTCCACCCGTACAGAATACA-
3′), β-actin (5′-GAGCACAGAGCCTCGCCTTT-3′ and 5′-ACATGCCGGAGCCGTTGTC-3′).
RT-qPCR was conducted in triplicate for each sample.

2.12. Luciferase Reporter Assay

Using TargetScan 7.2 software, DTL was predicted to be a target gene of miR-96-
5p. The full-length 3′ untranslated region (UTR) of DTL was amplified by PCR and
cloned at the SacI and XhoI sites into a luciferase reporter vector (Promega, Madison,
WI, USA). The mutant or wild-type construct of DTL 3′UTR was constructed by RiboBio
(RiboBio Co., Guangzhou, China). HEK293T cells in 96-well plates were co-transfected
with a reporter construct (pmiR-null Report plasmid, pmiR-DTL 3′UTR-wt, pmiR-DTL
3′UTR-mut) and miR-96-5p mimics or miR-negative control (NC) using Lipofectamine
3000 reagent (Invitrogen, Waltham, MA, USA). A dual-luciferase reporter assay system
(Promega, Madison, WI, USA) was used to measure the levels of luciferase activity after
48 h. The results were normalized by dividing the firefly luciferase activity by the Renilla
luciferase activity in accordance with the manufacturer’s instructions.

2.13. In Vivo Tumor Model

The study was authorized by the Institutional Animal Ethical Committee of Harbin
Medical University and maintained in a sterile environment according to standardized
animal care guidelines. Male BABL/C nude mice, 4 to 6 weeks of age, were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) in two
batches (n = 12 and n = 18, respectively).

To check whether T-HaCaT cells acquired a malignant phenotype, 12 mice were
randomly divided into two groups; approximately 5 × 106 HaCaT or T-HaCaT cells were
inoculated subcutaneously into the right flanks of BALB/c nude mice. Tumor development
was checked using an electronic caliper every other day for measurements of length (L)
and width (W) and calculated as follows: volume = L ×W2/2. The mice were euthanized
immediately when the tumor volume had grown to 1500 mm3.

To verify the tumor suppressor ability of miR-96-5p, 18 mice were inoculated sub-
cutaneously with 5 × 106 T-HaCaT cells. When the average volume of tumors reached
100 mm3, 18 mice were randomly divided into three groups and were treated every three
days by tail vein injection with nuclease-free water (control group), miR-96-5p scramble
(5′-UUUUCCGAACGUGUCACGUTT-3′ and 5′-ACGUGACACGUUCGGAGAATT-3′), or
miR-96-5p agomir (5′-UUUGGCACUAGCACAUUUUUGCU-3′ and 5′-CAAAAAUGUGC
UAGUGCCAAAUU-3′), respectively. Tumor development was assessed by measuring the
length (L) and width (W) of the tumor every second day with an electronic caliper and
calculated as follows: volume = L ×W2/2. When the tumor volume of control mice grew
to 1500 mm3, all the mice were euthanized, and tumors were excised, photographed, and
fixed in formalin or frozen at −80 ◦C for further analysis.
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2.14. Western Blot

HaCaT cells (transplanted tumor) were collected and homogenized in a lysis buffer
containing proteinase inhibitors (Beyotime, Shanghai, China). Total protein concentration
was measured using a BCA assay kit (Beyotime, Shanghai, China). The subsequent pro-
cedures were described previously [25]. Finally, the protein expressions were visualized
and analyzed using ImageJ software. The primary antibodies used were as follows: DTL
(1:1000, ab184548, Abcam, Cambridge, UK); β-actin (1:1000, #7074, CST, Danvers, MA,
USA); and β-tubulin (1:1000, #2128, CST, Danvers, MA, USA).

2.15. Statistical Analysis

All experiments were repeated at least three times. Data are reported as mean ± standard
deviation. The statistical significance between the two groups was assessed using Student’s
2-tailed t-test. One-way ANOVA followed by a Bonferroni-Dunn test was used for the
comparison of more than two groups. A p-value of <0.05 was considered statistically
significant.

3. Results
3.1. Effects of a Low Level of Arsenite on HaCaT Cells Viability and Proliferation

After gradient concentration (0.0, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 µmol/L) of sodium
arsenite treatments for 48 h, the viability of HaCaT cells was measured via WST-8 hydrolysis
assay using a Cell Counting Kit-8 (Figure 1A). Compared with the control group, the
sodium arsenite concentration interval 0.05 µmol/L to 1.0 µmol/L promoted HaCaT cells
viability, and there was a proliferation peak value, 121.08 ± 1.33% when incubating with
0.1 µmol/L sodium arsenite (p < 0.01). Therefore, 0.1 µmol/L sodium arsenite treatment
for 48 h was finalized in the following experiments. Subsequently, cell cycle distribution
was analyzed via flow cytometry. As Figure 1B,C showed, these cell populations had a
significant reduction in the proportion of G1 phase cells and a concomitant increase in
the amount of S phase cells relative to control cells (p < 0.01), suggesting that 0.1 µmol/L
sodium arsenite-induced an accelerated cell cycle transition from G1 to S phase. The EdU
positive cell rate of 0.1 µmol/L arsenite-exposed cells was significantly increased compared
with control cells (p < 0.01, Figure 1D,E). These results validated that 0.1 µmol/L sodium
arsenite significantly increased keratinocyte HaCaT cell viability and proliferation.

3.2. Arsenite-Induced Malignant Transformation Model of HaCaT Cells Was Successfully
Constructed

To construct the model of malignant transformation, HaCaT cells were exposed to
0.1 µmol/L sodium arsenite for about 40 weeks (approximated to 80 passages) and des-
ignated as T-HaCaT cells. Flow cytometry analysis indicated that the proportion of S
phase in T-HaCaT cells was higher than that in passage control HaCaT cells (52.64 ± 0.41%
vs. 48.03 ± 0.61%; Figure 2A,B). As Figure 2C shows, the doubling time of passage con-
trol HaCaT cells was 26.74 ± 0.34 h, and the value for T-HaCaT cells was 23.48 ± 0.10 h
(p < 0.01). These results suggested that T-HaCaT cells presented a significant increase in
cell proliferation compared with HaCaT cells.
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presented as means ± SD, n = 3, ** p < 0.01 vs. Control. 
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presented as means ± SD, n = 3, ** p < 0.01 vs. Control.
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incidences were displayed. Data were presented as means ± SD, n = 3, ** p < 0.01.
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Since transformed cells exhibit anchorage-independent growth [26], the evaluation of
anchorage-independent growth of T-HaCaT cells was conducted. Two hundred T-HaCaT
cells generated 10 ± 2 colonies, as shown in Figure 2D; in contrast, passage control HaCaT
cells did not show anchorage-independent growth. Twelve male BALB/c-nude mice were
used to examine tumorigenicity; in mice injected with T-HaCaT cells, tumor incidences were
100% (6 of 6), while tumor incidences for the control HaCaT cells were 0% (0 of 6; Figure 2E).
As a result, it was possible to successfully construct the malignant transformation model of
HaCaT cells triggered by 0.1 µmol/L sodium arsenite.

3.3. DTL Activation Involved in the Proliferation of HaCaT Cells Induced by Arsenite

Cell cycle regulation is the core part of cell proliferation, which has a close relation-
ship with arsenic-induced carcinogenesis [27]. DTL is a master coordinator of cell cycle
progression and is involved in carcinogenesis and development of various cancers [21,28].
In the microarray data extracted from the GEO database (accession numbers GSE97303,
GSE97305, and GSE97306), the DTL mRNA in 0.1 µmol/L arsenite-treated HaCaT cells was
upregulated to 1.57-fold (p = 0.28) and 3.06-fold (p = 0.015) at 3 and 7 weeks, respectively.
Treatment with arsenite for 7 weeks increased the DTL mRNA to 2.19-fold (p = 0.016),
compared with the 3-week arsenite-treated group. These results suggested that 0.1 µmol/L
sodium arsenite treatment for several weeks can increase the DTL mRNA level. It is there-
fore intriguing to determine whether DTL protein is inducible in HaCaT cells exposed to
arsenite. As shown in Figure 3A–D, the protein level of DTL in HaCaT cells exposed to
arsenite for 48 h was increased. Meanwhile, 0.1 µmol/L sodium arsenite also increased
the DTL level in the nucleus. In addition, the level of DTL protein also increased in the
transformed T-HaCaT cells (Figure 3E,F). More importantly, while DTL expression was
decreased effectively by specific siRNAs (Figure 3G,H), the arsenite-induced viability of
HaCaT cells was dramatically reduced (Figure 3I). Thus, our findings indicated that DTL
activation mediated the proliferation of HaCaT cells.

3.4. MiR-96-5p, a Negative Regulator of DTL, Mediated the Proliferation of HaCaT Cells Induced
by Arsenite

Given the significance of DTL in proliferation and comparable overexpression of
DTL in arsenite-exposed HaCaT cells, the exploration of mechanisms responsible for DTL
expression seems extremely necessary. MicroRNAs regulate gene expression by repressing
translation or inducing mRNA degradation at target sequences, which are often located in
the 3′UTR. According to the microarray data extracted from the GEO database (accession
numbers GSE97303, GSE97305, and GSE97306), miR-96-5p might be related to DTL, and
miR-96-5p in arsenite-treated HaCaT cells was downregulated to 0.56-fold (p = 0.11) and
0.61-fold (p = 0.18) at 3 and 7 weeks, respectively. After arsenite treatment for 7 weeks,
miR-96-5p in HaCaT cells was decreased to 0.58-fold (p = 0.047), compared with the 3-
week arsenite-treated group. These data showed that miR-96-5p might be involved in the
upregulation of DTL in response to 0.1 µmol/L sodium arsenite.

Using the TargetScan 7.2 (http://www.targetscan.org, accessed from 9 April 2018 to
22 April 2018), a direct binding site for miR-96-5p was predicted at 1814-1821-bp of DTL
mRNA (Figure 4A). We created luciferase reporter vectors that contained the predicted DTL
3′UTR (3′UTR-wt) or mutant sequences (3′UTR-mut) in order to investigate the binding
mechanism between miR-96-5p and DTL in more detail (Figure 4B). Notably, the greatest
reduction in luciferase activity was observed in HEK293T cells after cotransfecting miR-96-
5p mimics with DTL 3′UTR-wt (Figure 4C). When miR-96-5p mimics were cotransfected
with DTL 3′UTR-mut instead of DTL 3′UTR-wt, the decline in luciferase activity was less
pronounced, indicating the importance of these miR-96-5p binding sites in the DTL 3′UTR
sequence for the function of miR-96-5p. Overall, the above findings revealed that miR-96-5p
binds directly to the DTL-predicted sequence.

http://www.targetscan.org
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Figure 3. DTL activation mediated the proliferation of HaCaT cells induced by arsenite. (A) Protein
levels of DTL in each group were presented by Western blot. β-tubulin was used as a loading control.
(B) DTL relative protein expression levels were evaluated. (C) Immunofluorescence staining for DTL
localization in HaCaT cells exposed to 0.1 µmol/L sodium arsenite. (D) The relative intensity of
nuclear DTL fluorescence. (E) Protein levels of DTL in passage control cells and T-HaCaT cell groups
were presented by Western blot. β-tubulin was used as a loading control. (F) DTL relative protein
expression levels were evaluated. (G) HaCaT cells were transfected with DTL-siRNA or scramble
control siRNA followed by 0.1 µmol/L sodium arsenite treatment for 48 h. DTL protein levels were
displayed, and β-tubulin was used as a loading control. (H) DTL relative protein expression levels
were evaluated, and (I) cell viabilities of all treatment groups were evaluated by CCK-8 assays. Data
were presented as means ± SD, n = 3, ** p < 0.01.
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Figure 4. MiR-96-5p regulated DTL. (A) The schematic showed putative miR-96-5p target sites in the
3′UTR of DTL predicted by TargetScan 7.2. (B) Predicted miR-96-5p target site in the 3′UTR of DTL.
The wild-type DTL mRNA sequence was shown with potential binding sites indicated at 1814-1821-
bp. The highly conserved mature miR-96-5p sequence and potential binding between the miR-96-5p
seed region to the DTL 3′UTR sequence were shown and mutated bases were indicated below.
(C) MiR-96-5p mimics were cotransfected with the DTL wild-type or mutant 3′UTR as indicated.
Luciferase activities were used to detect the effect on DTL expression at 48 h after transfection. Data
were presented as means ± SD, n = 3, ** p < 0.01 vs. Control.

Upon investigating the regulatory role of miR-96-5p in tumorigenesis and its signifi-
cant decrease in the cellular growth of colorectal cancer cells [29], we further explored the
involvement of miR-96-5p in the proliferation of HaCaT cells exposed to sodium arsen-
ite. MiR-96-5p was downregulated in sodium arsenite-treated cells (p < 0.01), compared
with that in the control cells (Figure 5A,B). The level of miR-96-5p also decreased in the
transformed T-HaCaT cells (Figure 5C). As shown in Figure 5D, when miR-96-5p mimics
increased miR-96-5p level in HaCaT cells, the level of DTL mRNA in the miR-96-5p mimic-
transfected cells reduced 29% (p < 0.01, Figure 5E), compared with cells transfected with
the scramble, supporting the idea that miR-96-5p is capable of targeting the DTL 3′UTR
to prevent DTL expression. Moreover, EdU staining measured via flow cytometry also
demonstrated that miR-96-5p mimics substantially reduced the proliferation of HaCaT
cells, compared with the scramble group (Figure 5F,G). In addition, a significant decrease
in colony formation rates was also discovered in HaCaT cells overexpressing miR-96-5p
(Figure 5H,I). Western blot assays also showed the enhancement of miR-96-5p attenuated
the arsenite-induced increases in DTL expression (Figure 5J,K). Subsequently, cell viability
analysis demonstrated the transfection of miR-96-5p mimics dramatically reduced the
arsenite-induced viability of HaCaT cells (Figure 5L).
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Figure 5. MiR-96-5p involved in the proliferation of HaCaT induced by arsenite. (A) The amount of
miR-96-5p against U6 snRNA; (B) DTL mRNA against β-actin mRNA expression of arse-nite-exposed
HaCaT cells and control cells were detected by RT-qPCR. (C) The amount of miR-96-5p against U6
snRNA in passage control cells and T-HaCaT cells. (D) HaCaT cells were transfected with miR-96-5p
mimics compared to scramble control, the amount of miR-96-5p against U6 snRNA; (E) DTL mRNA
against β-actin mRNA expression were detected by RT-qPCR. (F) EdU incorporation in HaCaT
cells transfected with miR-96-5p scramble or miR-96-5p mimics was detected by flow cytometry.
(G) Statistical analysis of EdU positive cells. (H) Colony formation in HaCaT cells transfected with
miR-96-5p scramble or miR-96-5p mimics. (I) Colony formation rates were evaluated. (J) HaCaT
cells were transfected with miR-96-5p mimics compared to scramble control followed by 0.1 µmol/L
sodium arsenite treatment for 48 h. Protein levels of DTL and β-actin were presented. (K) DTL
relative protein expression levels were evaluated. (L) Cell viability was evaluated by CCK-8 assays.
Data were presented as means ± SD, n = 3, ** p < 0.01.
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All of these findings together demonstrated unequivocally that miR-96-5p was in-
volved in sodium arsenite-induced proliferation of HaCaT cells via negatively regulat-
ing DTL.

3.5. MiR-96-5p Treatment Suppressed T-HaCaT Cells Growth in Xenograft Model

MiR-96-5p mimics may have the ability to reduce the proliferation of HaCaT cell
growth, as revealed by in vitro studies. To further demonstrate the over-expressed effect
of miR-96-5p in nude mice, we conducted an in vivo xenograft experiment with T-HaCaT
cells. In total, 18 male nude mice were injected with T-HaCaT cells subcutaneously. When
the average volume of tumors reached 100 mm3, 18 mice were randomly divided into three
groups and were injected with nuclease-free water, miR-96-5p scramble, and miR-96-5p
agomir, respectively. Three models exhibited differences on day 14 after the injection. The
average tumor volume was significantly decreased in the miR-96-5p agomir treatment
group compared with the other two groups (Figure 6A,B).
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Figure 6. MiR-96-5p treatment suppressed T-HaCaT cell growth in the nude mice xenograft model.
(A) The xenograft tumors were harvested from the nuclease-free water group, miR-96-5p scramble,
and miR-96-5p agomir group. (B) Growth curves of xenograft tumors derived from different models
were drawn. (C) DTL protein levels in xenograft tumor tissues were shown, β-actin was used as a
loading control, and (D) DTL relative protein expression levels were calculated. Data were presented
as means ± SD, n = 3, ** p < 0.01 vs. Control.

In addition, Western blot analysis showed that the miR-96-5p agomir group had a
significantly lower level of DTL compared with the other two groups (Figure 6C,D). These
in vivo and in vitro data concluded the negative regulation of DTL by miR-96-5p.

4. Discussion

Arsenic compounds have been recognized as anticancer drugs for the treatment of
leukemia, including acute promyelocytic leukemia [30] and chronic myeloid leukemia [31]
and inducing apoptosis in breast cancer cells [32] in clinical and in vitro trials. Neverthe-
less, as a known human carcinogen, chronic arsenic exposure results in skin pathology,
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including hyperkeratosis, pigmentation changes, Bowen’s disease, basal cell carcinomas,
and squamous cell carcinomas [5,7]. Recent reports have indicated that chronic low-to-
moderate arsenic exposure elevates the risk of urothelial tract cancers, for instance, bladder
cancer and upper urothelial tract cancer [33,34]. In vitro studies also proved that chronic
exposure to low concentrations of arsenic can induce malignant transformation of various
cells, including HaCaT cells [35–37]. However, there is not yet agreement on the mech-
anisms underlying the arsenic-induced malignant transformation. It is well known that
enhanced cell proliferation due to accelerated cell cycle progression may play key roles in
the progression of malignant transformation induced by arsenite [38,39]. Low-dose arsenite
can promote the proliferation of a variety of cells [12,40,41]. Our research showed that
0.1 µmol/L sodium arsenite, a concentration comparable to human blood arsenic levels
found in chronic arsenicosis patients in Inner Mongolia, China [42], can induce malignant
transformation of HaCaT cells. This concentration could increase the viability and pro-
liferation of HaCaT cells, accompanied by an accelerated G1/S transition, manifested as
the decrease in the proportion of G1 phase and an increase in the proportion of S phase.
Therefore, it is worth studying the role of key molecular mediated in the cell cycle control
in the proliferation and malignant transformation induced by arsenite.

In this study, we focused on the role of DTL in the proliferation and malignant
transformation induced by arsenite. DTL is a critical gene for cell cycle regulation and
DNA repair [21]. Error replication licensing and aberrant protein degradation are two
possible initiators of genomic instability during carcinogenesis [43]. This is supported
by previous data that the increased expression levels of DTL in aggressive hepatocellular
carcinomas and colorectal cancer and that this expression level positively correlates with
tumor progression and unfavorable prognosis [44–47]. DTL expression is also elevated in
multiple myeloma, non-small cell lung cancer, ovarian cancer, head and neck squamous cell
carcinoma, and cervical cancer [48–53]. In vitro, DTL can promote the growth of mammary
epithelial cells, and silencing DTL via siRNA significantly impairs the growth of these cells
with defects in apoptosis [22]. Although DTL has been investigated to be over-expressed in
various cancers, its role in arsenic-induced skin cancer is unclear. Consistently, our study
suggested that DTL mediated the proliferation of HaCaT cells induced by arsenite, which
was approved by the following evidence: (1) DTL mRNA in arsenite-treated HaCaT cells
was upregulated; (2) DTL protein expression was markedly increased in the HaCaT cells
exposed to 0.1 µmol/L sodium arsenite for 48 h and arsenite-induced transformed T-HaCaT
cells; and (3) knockdown of DTL by small interfering RNAs restrained the arsenite-induced
proliferation of HaCaT cells. In conclusion, upregulated DTL might contribute to the
proliferation induced by arsenite.

It is widely accepted that miRNAs, in most instances, fulfill their functions by binding
to target genes and inhibiting the protein expression of these genes. Current studies
have shown evidence that miRNAs regulate mRNAs in various physiological processes,
including tumorigenesis [54]. Multiple studies have explored the role of miRNAs in the
regulation of DTL. Li J. et al. declared that miR-490-5p inhibited the malignant progression
of gastric cancer cells via DTL suppression [55]. Georges, S.A. et al. reported that miR-192
and miR-215 targeted DTL for degradation [56]. Baraniskin A. et al. found that miR-30a-5p
was frequently downregulated in colon carcinoma and altered cell cycle via modulating
DTL expression [57]. MiR-92 has been reported to regulate DTL by Helwak, A. et al. [58].
However, in the GEO database (accession numbers GSE97303, GSE97305, and GSE97306),
none of these above-mentioned miRNAs were regulated in the HaCaT cells treated with
arsenite for 3 and 7 weeks, while miR-96-5p was downregulated in the arsenite-treated
HaCaT cells. We also found that miR-96-5p was downregulated in the HaCaT cells exposed
to 0.1 µmol/L sodium arsenite for 48 h and arsenite-induced transformed T-HaCaT cells;
moreover, the mRNA and protein level of DTL decreased as the level of miR-96-5p increased.
Subsequently, the luciferase reporter assays revealed that the binding ability of miR-96-5p
to the wild-type target sequence was stronger than that to the mutant target sequence,
confirming that by specifically targeting the DTL 3′UTR, miR-96-5p regulates the expression
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of DTL. Therefore, DTL was the target and was regulated by miR-96-5p. Consequently, this
finding partially corroborates our theory that miR-96-5p may be the main factor influencing
DTL expression in skin cancer caused by arsenic exposure.

Due to conflicting data, it is unclear whether miR-96-5p promotes or suppresses tumor
growth in cancer. A subgroup of human cancers, such as ovarian cancer [59], cervical
cancer [60], hepatocellular carcinoma [61], gastric cancer [62,63], prostate cancer [64], and
non-small cell lung carcinomas [65], have elevated expression of miR-96-5p, which causes
key genes linked to cancer to be downregulated. On the other hand, miR-96-5p para-
doxically suppresses proliferation in different cancer types, including osteosarcoma [66],
pancreatic carcinoma [67], and colorectal cancer [29,68]. The function of miR-96-5p as a
tumor anti-oncomiR is becoming progressively more unambiguous, although its influence
on tumor suppression in skin cancer caused by arsenic exposure is unknown. In this work,
we offer a comprehensive investigation into the role and likely underlying mechanisms of
miR-96-5p in HaCaT cells.

Our investigation also revealed that miR-96-5p functioned as an anti-oncomiR, in-
fluencing the proliferation and progression of the cell cycle in HaCaT cells stimulated
by arsenite. Firstly, we found that the miR-96-5p was decreased after treatment with
0.1 µmol/L sodium arsenite for 48 h in comparison with the unexposed group. Secondly,
transfected miR-96-5p mimics reduced the growth of HaCaT cells induced by arsenite.
Thirdly, in vivo tumor formation assays, the miR-96-5p agomir group displayed a smaller
tumor volume than the miR-96-5p scramble group, enhancing the expression of miR-96-5p
performed a positive function. The evidence presented above all pointed to miR-96-5p’s
antitumorogenic function in the arsenite-induced carcinogenesis of HaCaT cells.

The following limitations remain in this work. Firstly, DTL acted as a mediator and
was involved in the proliferation and malignant transformation of HaCaT cells caused by
arsenite exposure, but direct evidence and precise molecular regulatory mechanisms need
to be explored further. Additionally, the mechanism by which the miR-96-5p/DTL axis
regulates its downstream signaling pathway in sodium arsenite-induced proliferation of
HaCaT cells is yet to be fully elucidated.

5. Conclusions

In this study, we confirmed that 0.1 µmol/L sodium arsenite significantly decreased
miR-96-5p levels and upregulated DTL, which in turn accelerated the cell cycle and led
to malignant transformation. MiR-96-5p, in our study as an anti-oncomiR, inhibited the
proliferation of HaCaT cells by targeting DTL. Furthermore, we found that miR-96-5p
agomir treatment slowed tumor growth in a manner associated with DTL downregulation
in the nude mice xenograft model. These findings uncover a potential oncogenic axis, the
miR-96-5p/DTL axis, which might provide a novel therapeutic target for the treatment of
arsenic-induced skin cancer.

Author Contributions: Y.L.: Conceptualization, Methodology, Formal analysis, Writing—original
draft, Visualization. Q.Z.: Conceptualization, Methodology, Formal analysis, Writing—original draft,
Visualization. J.Y.: Software, Visualization. C.L.: Software; Visualization. Y.G.: Conceptualization,
Methodology. D.S.: Conceptualization, Methodology, Formal analysis, Visualization, Writing—
review and editing, Funding acquisition. Y.Y.: Conceptualization, Methodology, Formal analysis,
Visualization, Writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of China (No. 81673109), the
Postgraduate Research & Practice Innovation Program of Harbin Medical University (No. YJSKYCX
2018-15 HYD), the Natural Science Foundation of Heilongjiang Province (LH2023H014), and the
University Nursing Program for Young Scholars with Creative Talents in Heilongjiang Province (No.
UNPYSCT-2017058).



Toxics 2023, 11, 978 15 of 17

Institutional Review Board Statement: All animal study procedures were in accordance with the
ethical standards and approved by the Medical Ethics Committee of the Center for Endemic Disease
Control of Harbin Medical University (Approval No. hrbmuecdc20200317).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yu, G.; Sun, D.; Zheng, Y. Health effects of exposure to natural arsenic in groundwater and coal in China: An overview of

occurrence. Environ. Health Perspect. 2007, 115, 636–642. [CrossRef]
2. Naujokas, M.F.; Anderson, B.; Ahsan, H.; Aposhian, H.V.; Graziano, J.H.; Thompson, C.; Suk, W.A. The broad scope of health

effects from chronic arsenic exposure: Update on a worldwide public health problem. Environ. Health Perspect. 2013, 121, 295–302.
[CrossRef]

3. Bhattacharjee, P.; Chatterjee, D.; Singh, K.K.; Giri, A.K. Systems biology approaches to evaluate arsenic toxicity and carcinogenicity:
An overview. Int. J. Hyg. Environ. Health 2013, 216, 574–586. [CrossRef]

4. Huang, L.; Wu, H.; van der Kuijp, T.J. The health effects of exposure to arsenic-contaminated drinking water: A review by global
geographical distribution. Int. J. Environ. Health Res. 2015, 25, 432–452. [CrossRef]

5. Lamm, S.H.; Boroje, I.J.; Ferdosi, H.; Ahn, J. A review of low-dose arsenic risks and human cancers. Toxicology 2021, 456, 152768.
[CrossRef]

6. Smith, A.H.; Hopenhayn-Rich, C.; Bates, M.N.; Goeden, H.M.; Hertz-Picciotto, I.; Duggan, H.M.; Wood, R.; Kosnett, M.J.; Smith,
M.T. Cancer risks from arsenic in drinking water. Environ. Health Perspect. 1992, 97, 259–267. [CrossRef] [PubMed]

7. Khairul, I.; Wang, Q.Q.; Jiang, Y.H.; Wang, C.; Naranmandura, H. Metabolism, toxicity and anticancer activities of arsenic
compounds. Oncotarget 2017, 8, 23905–23926. [CrossRef] [PubMed]

8. Dastgiri, S.; Mosaferi, M.; Fizi, M.A.; Olfati, N.; Zolali, S.; Pouladi, N.; Azarfam, P. Arsenic exposure, dermatological lesions,
hypertension, and chromosomal abnormalities among people in a rural community of northwest Iran. J. Health Popul. Nutr. 2010,
28, 14–22. [CrossRef] [PubMed]

9. Isokpehi, R.D.; Udensi, U.K.; Anyanwu, M.N.; Mbah, A.N.; Johnson, M.O.; Edusei, K.; Bauer, M.A.; Hall, R.A.; Awofolu, O.R.
Knowledge building insights on biomarkers of arsenic toxicity to keratinocytes and melanocytes. Biomark. Insights 2012, 7,
127–141. [CrossRef] [PubMed]

10. Islam, R.; Zhao, L.; Wang, Y.; Lu-Yao, G.; Liu, L.Z. Epigenetic Dysregulations in Arsenic-Induced Carcinogenesis. Cancers 2022,
14, 4502. [CrossRef] [PubMed]

11. Gonzalez, H.; Lema, C.; Kirken, R.A.; Maldonado, R.A.; Varela-Ramirez, A.; Aguilera, R.J. Arsenic-exposed keratinocytes exhibit
differential microRNAs expression profile; potential implication of miR-21, miR-200a and miR-141 in melanoma pathway. Clin.
Cancer Drugs 2015, 2, 138–147. [CrossRef]

12. Ferragut Cardoso, A.P.; Nail, A.N.; Banerjee, M.; Wise, S.S.; States, J.C. miR-186 induces tetraploidy in arsenic exposed human
keratinocytes. Ecotoxicol. Environ. Saf 2023, 256, 114823. [CrossRef]

13. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203. [CrossRef]

14. Mahata, J.; Basu, A.; Ghoshal, S.; Sarkar, J.; Roy, A.; Poddar, G.; Nandy, A.; Banerjee, A.; Ray, K.; Natarajan, A. Chromosomal
aberrations and sister chromatid exchanges in individuals exposed to arsenic through drinking water in West Bengal, India.
Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2003, 534, 133–143. [CrossRef] [PubMed]

15. Martinez, V.D.; Vucic, E.A.; Becker-Santos, D.D.; Gil, L.; Lam, W.L. Arsenic exposure and the induction of human cancers. J.
Toxicol. 2011, 2011, 431287. [CrossRef]

16. Niedzwiecki, M.M.; Hall, M.N.; Liu, X.; Oka, J.; Harper, K.N.; Slavkovich, V.; Ilievski, V.; Levy, D.; van Geen, A.; Mey, J.L. A
dose–response study of arsenic exposure and global methylation of peripheral blood mononuclear cell DNA in Bangladeshi
adults. Environ. Health Perspect. 2013, 121, 1306–1312. [CrossRef] [PubMed]

17. Xue, J.; Chen, C.; Luo, F.; Pan, X.; Xu, H.; Yang, P.; Sun, Q.; Liu, X.; Lu, L.; Yang, Q. CircLRP6 regulation of ZEB1 via miR-455 is
involved in the epithelial-mesenchymal transition during arsenite-induced malignant transformation of human keratinocytes.
Toxicol. Sci. 2018, 162, 450–461. [CrossRef]

18. Banerjee, M.; Ferragut Cardoso, A.; Al-Eryani, L.; Pan, J.; Kalbfleisch, T.S.; Srivastava, S.; Rai, S.N.; States, J.C. Dynamic alteration
in miRNA and mRNA expression profiles at different stages of chronic arsenic exposure-induced carcinogenesis in a human cell
culture model of skin cancer. Arch. Toxicol. 2021, 95, 2351–2365. [CrossRef]

19. Al-Eryani, L.; Waigel, S.; Tyagi, A.; Peremarti, J.; Jenkins, S.F.; Damodaran, C.; States, J.C. Differentially Expressed mRNA
Targets of Differentially Expressed miRNAs Predict Changes in the TP53 Axis and Carcinogenesis-Related Pathways in Human
Keratinocytes Chronically Exposed to Arsenic. Toxicol. Sci. 2018, 162, 645–654. [CrossRef]

https://doi.org/10.1289/ehp.9268
https://doi.org/10.1289/ehp.1205875
https://doi.org/10.1016/j.ijheh.2012.12.008
https://doi.org/10.1080/09603123.2014.958139
https://doi.org/10.1016/j.tox.2021.152768
https://doi.org/10.1289/ehp.9297259
https://www.ncbi.nlm.nih.gov/pubmed/1396465
https://doi.org/10.18632/oncotarget.14733
https://www.ncbi.nlm.nih.gov/pubmed/28108741
https://doi.org/10.3329/jhpn.v28i1.4519
https://www.ncbi.nlm.nih.gov/pubmed/20214082
https://doi.org/10.4137/BMI.S7799
https://www.ncbi.nlm.nih.gov/pubmed/23115478
https://doi.org/10.3390/cancers14184502
https://www.ncbi.nlm.nih.gov/pubmed/36139662
https://doi.org/10.2174/2212697X02666150629174704
https://doi.org/10.1016/j.ecoenv.2023.114823
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1016/S1383-5718(02)00255-3
https://www.ncbi.nlm.nih.gov/pubmed/12504762
https://doi.org/10.1155/2011/431287
https://doi.org/10.1289/ehp.1206421
https://www.ncbi.nlm.nih.gov/pubmed/24013868
https://doi.org/10.1093/toxsci/kfx269
https://doi.org/10.1007/s00204-021-03084-2
https://doi.org/10.1093/toxsci/kfx292


Toxics 2023, 11, 978 16 of 17

20. Al-Eryani, L.; Waigel, S.; Jala, V.; Jenkins, S.F.; States, J.C. Cell cycle pathway dysregulation in human keratinocytes during chronic
exposure to low arsenite. Toxicol. Appl. Pharmacol. 2017, 331, 130–134. [CrossRef]

21. Abbas, T.; Dutta, A. CRL4Cdt2: Master coordinator of cell cycle progression and genome stability. Cell Cycle 2011, 10, 241–249.
[CrossRef]

22. Ueki, T.; Nishidate, T.; Park, J.; Lin, M.; Shimo, A.; Hirata, K.; Nakamura, Y.; Katagiri, T. Involvement of elevated expression of
multiple cell-cycle regulator, DTL/RAMP (denticleless/RA-regulated nuclear matrix associated protein), in the growth of breast
cancer cells. Oncogene 2008, 27, 5672–5683. [CrossRef]

23. Bartel, D.P.; Chen, C.-Z. Micromanagers of gene expression: The potentially widespread influence of metazoan microRNAs. Nat.
Rev. Genet. 2004, 5, 396–400. [CrossRef]

24. Fusenig, N.E.; Boukamp, P. Multiple stages and genetic alterations in immortalization, malignant transformation, and tumor
progression of human skin keratinocytes. Mol. Carcinog. 1998, 23, 144–158. [CrossRef]

25. Jiang, Y.; Yang, Y.; Wang, H.; Darko, G.M.; Sun, D.; Gao, Y. Identification of miR-200c-3p as a major regulator of SaoS2 cells
activation induced by fluoride. Chemosphere 2018, 199, 694–701. [CrossRef] [PubMed]

26. Freedman, V.H.; Shin, S.-I. Cellular tumorigenicity in nude mice: Correlation with cell growth in semi-solid medium. Cell 1974, 3,
355–359. [CrossRef]

27. Calcinotto, A.; Kohli, J.; Zagato, E.; Pellegrini, L.; Demaria, M.; Alimonti, A. Cellular senescence: Aging, cancer, and injury.
Physiol. Rev. 2019, 99, 1047–1078. [CrossRef] [PubMed]

28. Havens, C.G.; Walter, J.C. Mechanism of CRL4Cdt2, a PCNA-dependent E3 ubiquitin ligase. Genes Dev. 2011, 25, 1568–1582.
[CrossRef]

29. Ress, A.L.; Stiegelbauer, V.; Winter, E.; Schwarzenbacher, D.; Kiesslich, T.; Lax, S.; Jahn, S.; Deutsch, A.; Bauernhofer, T.; Ling, H.
MiR-96-5p influences cellular growth and is associated with poor survival in colorectal cancer patients. Mol. Carcinog. 2015, 54,
1442–1450. [CrossRef]

30. Colita, A.; Tanase, A.D.; Tomuleasa, C.; Colita, A. Hematopoietic Stem Cell Transplantation in Acute Promyelocytic Leukemia in
the Era of All-Trans Retinoic Acid (ATRA) and Arsenic Trioxide (ATO). Cancers 2023, 15, 4111. [CrossRef]

31. Wang, Z.Y. Arsenic compounds as anticancer agents. Cancer Chemother. Pharmacol. 2001, 48 (Suppl. 1), S72–S76. [CrossRef]
32. Bakhshaiesh, T.O.; Armat, M.; Shanehbandi, D.; Sharifi, S.; Baradaran, B.; Hejazi, M.S.; Samadi, N. Arsenic Trioxide Promotes

Paclitaxel Cytotoxicity in Resistant Breast Cancer Cells. Asian Pac. J. Cancer Prev. 2015, 16, 5191–5197. [CrossRef] [PubMed]
33. Liao, P.J.; Lee, C.H.; Wang, S.L.; Chiou, H.Y.; Chen, C.J.; Seak, C.J.; Wu, I.W.; Hsu, K.H. Low-to-Moderate Arsenic Exposure and

Urothelial Tract Cancers with a Long Latent Period of Follow-Up in an Arseniasis Area. J. Epidemiol. Glob Health 2023, 13, 807–815.
[CrossRef] [PubMed]

34. Steinmaus, C.; Yuan, Y.; Bates, M.N.; Smith, A.H. Case-control study of bladder cancer and drinking water arsenic in the western
United States. Am. J. Epidemiol. 2003, 158, 1193–1201. [CrossRef] [PubMed]

35. Rajput, M.; Kujur, P.K.; Mishra, A.; Singh, R.P. Flavonoids inhibit chronically exposed arsenic-induced proliferation and malignant
transformation of HaCaT cells. Photodermatol. Photoimmunol. Photomed. 2018, 34, 91–101. [CrossRef] [PubMed]

36. Cui, Y.H.; Yang, S.; Wei, J.; Shea, C.R.; Zhong, W.; Wang, F.; Shah, P.; Kibriya, M.G.; Cui, X.; Ahsan, H.; et al. Autophagy of
the m(6)A mRNA demethylase FTO is impaired by low-level arsenic exposure to promote tumorigenesis. Nat. Commun. 2021,
12, 2183. [CrossRef] [PubMed]

37. Nail, A.N.; McCaffrey, L.M.; Banerjee, M.; Ferragut Cardoso, A.P.; States, J.C. Chronic arsenic exposure suppresses ATM pathway
activation in human keratinocytes. Toxicol. Appl. Pharmacol. 2022, 446, 116042. [CrossRef]

38. Hoesl, C.; Zanuttigh, E.; Fröhlich, T.; Philippou-Massier, J.; Krebs, S.; Blum, H.; Dahlhoff, M. The secretome of skin cancer
cells activates the mTOR/MYC pathway in healthy keratinocytes and induces tumorigenic properties. Biochim. Biophys. Acta
(BBA)-Mol. Cell Res. 2020, 118717. [CrossRef]

39. Wang, S.; Cheng, H.; Wang, L.; Zhao, R.; Guan, D. Overexpression of NRF1-742 or NRF1-772 Reduces Arsenic-Induced
Cytotoxicity and Apoptosis in Human HaCaT Keratinocytes. Int. J. Mol. Sci. 2020, 21, 2014. [CrossRef]

40. Li, J.; Xue, J.; Wang, D.; Dai, X.; Sun, Q.; Xiao, T.; Wu, L.; Xia, H.; Mostofa, G.; Chen, X. Regulation of gasdermin D by miR-379-5p
is involved in arsenite-induced activation of hepatic stellate cells and in fibrosis via secretion of IL-1β from human hepatic cells.
Metallomics 2019, 11, 483–495. [CrossRef]

41. Sun, J.-L.; Chen, D.-L.; Hu, Z.-Q.; Xu, Y.-Z.; Fang, H.-S.; Wang, X.-Y.; Kan, L.; Wang, S.-Y. Arsenite promotes intestinal tumor cell
proliferation and invasion by stimulating epithelial-to-mesenchymal transition. Cancer Biol. Ther. 2014, 15, 1312–1319. [CrossRef]
[PubMed]

42. Pi, J.; Kumagai, Y.; Sun, G.; Yamauchi, H.; Yoshida, T.; Iso, H.; Endo, A.; Yu, L.; Yuki, K.; Miyauchi, T. Decreased serum
concentrations of nitric oxide metabolites among Chinese in an endemic area of chronic arsenic poisoning in inner Mongolia. Free
Radic. Biol. Med. 2000, 28, 1137–1142. [CrossRef]

43. Zlotorynski, E. Chromosome biology: Controlling CENPA mislocalization. Nat. Rev. Mol. Cell Biol. 2014, 15, 368.
44. Yang, C.; Wu, J.; He, H.; Liu, H. Small molecule NSC1892 targets the CUL4A/4B-DDB1 interactions and causes impairment of

CRL4DCAF4 E3 ligases to inhibit colorectal cancer cell growth. Int. J. Biol. Sci. 2020, 16, 1059. [CrossRef] [PubMed]
45. Lu, W.; Yang, C.; He, H.; Liu, H. The CARM1-p300-c-Myc-Max (CPCM) transcriptional complex regulates the expression of

CUL4A/4B and affects the stability of CRL4 E3 ligases in colorectal cancer. Int. J. Biol. Sci. 2020, 16, 1071. [CrossRef]

https://doi.org/10.1016/j.taap.2017.06.002
https://doi.org/10.4161/cc.10.2.14530
https://doi.org/10.1038/onc.2008.186
https://doi.org/10.1038/nrg1328
https://doi.org/10.1002/(SICI)1098-2744(199811)23:3%3C144::AID-MC3%3E3.0.CO;2-U
https://doi.org/10.1016/j.chemosphere.2018.01.095
https://www.ncbi.nlm.nih.gov/pubmed/29471239
https://doi.org/10.1016/0092-8674(74)90050-6
https://doi.org/10.1152/physrev.00020.2018
https://www.ncbi.nlm.nih.gov/pubmed/30648461
https://doi.org/10.1101/gad.2068611
https://doi.org/10.1002/mc.22218
https://doi.org/10.3390/cancers15164111
https://doi.org/10.1007/s002800100309
https://doi.org/10.7314/APJCP.2015.16.13.5191
https://www.ncbi.nlm.nih.gov/pubmed/26225652
https://doi.org/10.1007/s44197-023-00152-x
https://www.ncbi.nlm.nih.gov/pubmed/37725327
https://doi.org/10.1093/aje/kwg281
https://www.ncbi.nlm.nih.gov/pubmed/14652304
https://doi.org/10.1111/phpp.12357
https://www.ncbi.nlm.nih.gov/pubmed/29049844
https://doi.org/10.1038/s41467-021-22469-6
https://www.ncbi.nlm.nih.gov/pubmed/33846348
https://doi.org/10.1016/j.taap.2022.116042
https://doi.org/10.1016/j.bbamcr.2020.118717
https://doi.org/10.3390/ijms21062014
https://doi.org/10.1039/C8MT00321A
https://doi.org/10.4161/cbt.29685
https://www.ncbi.nlm.nih.gov/pubmed/25010681
https://doi.org/10.1016/S0891-5849(00)00209-4
https://doi.org/10.7150/ijbs.40235
https://www.ncbi.nlm.nih.gov/pubmed/32140073
https://doi.org/10.7150/ijbs.41230


Toxics 2023, 11, 978 17 of 17

46. Zhou, Z.; Li, Y.; Hao, H.; Wang, Y.; Zhou, Z.; Wang, Z.; Chu, X. Screening Hub genes as prognostic biomarkers of hepatocellular
carcinoma by bioinformatics analysis. Cell Transplant. 2019, 28, 76S–86S. [CrossRef] [PubMed]

47. Sang, L.; Wang, X.-M.; Xu, D.-Y.; Zhao, W.-J. Bioinformatics analysis of aberrantly methylated-differentially expressed genes and
pathways in hepatocellular carcinoma. World J. Gastroenterol. 2018, 24, 2605. [CrossRef]

48. Barrio Garcia, S.; Da Via, M.; Garitano-Trojaola, A.; Ruiz-Heredia, Y.; Bittrich, M.; Shi, C.; Zhu, Y.; Lehners, N.; Mai, E.K.; Raab,
M.S. IKZF1/3 and CRL4CRBN E3 ubiquitin ligase mutations associate with IMiD resistance in relapsed multiple myeloma. Blood
2017, 130, 270.

49. Li, T.; Wu, S.; Jia, L.; Cao, W.; Yao, Y.; Zhao, G.; Li, H. CUL4 E3 ligase regulates the proliferation and apoptosis of lung squamous
cell carcinoma and small cell lung carcinoma. Cancer Biol. Med. 2020, 17, 357. [CrossRef]

50. Hu, X.; Meng, Y.; Xu, L.; Qiu, L.; Wei, M.; Su, D.; Qi, X.; Wang, Z.; Yang, S.; Liu, C. Cul4 E3 ubiquitin ligase regulates ovarian
cancer drug resistance by targeting the antiapoptotic protein BIRC3. Cell Death Dis. 2019, 10, 1–16. [CrossRef]

51. Shen, J.; Yu, S.; Sun, X.; Yin, M.; Fei, J.; Zhou, J. Identification of key biomarkers associated with development and prognosis in
patients with ovarian carcinoma: Evidence from bioinformatic analysis. J. Ovarian Res. 2019, 12, 1–13. [CrossRef]

52. Vanderdys, V.; Allak, A.; Guessous, F.; Benamar, M.; Read, P.W.; Jameson, M.J.; Abbas, T. The Neddylation Inhibitor Pevonedistat
(MLN4924) Suppresses and Radiosensitizes Head and Neck Squamous Carcinoma Cells and Tumors. Mol. Cancer Ther. 2018, 17,
368–380. [CrossRef]

53. Kiran, S.; Dar, A.; Singh, S.K.; Lee, K.Y.; Dutta, A. The deubiquitinase USP46 is essential for proliferation and tumor growth of
HPV-transformed cancers. Mol. Cell 2018, 72, 823–835.e825. [CrossRef] [PubMed]

54. Caiazza, C.; Mallardo, M. The roles of miR-25 and its targeted genes in development of human cancer. Microrna 2016, 5, 113–119.
[CrossRef] [PubMed]

55. Li, J.; Xu, X.; Liu, C.; Xi, X.; Wang, Y.; Wu, X.; Li, H. MiR-490-5p Restrains Progression of Gastric cancer through DTL Repression.
Gastroenterol. Res. Pract. 2021, 2021, 2894117. [CrossRef]

56. Georges, S.A.; Biery, M.C.; Kim, S.-y.; Schelter, J.M.; Guo, J.; Chang, A.N.; Jackson, A.L.; Carleton, M.O.; Linsley, P.S.; Cleary,
M.A. Coordinated regulation of cell cycle transcripts by p53-Inducible microRNAs, miR-192 and miR-215. Cancer Res. 2008, 68,
10105–10112. [CrossRef] [PubMed]

57. Baraniskin, A.; Birkenkamp-Demtroder, K.; Maghnouj, A.; Zöllner, H.; Munding, J.; Klein-Scory, S.; Reinacher-Schick, A.;
Schwarte-Waldhoff, I.; Schmiegel, W.; Hahn, S.A. MiR-30a-5p suppresses tumor growth in colon carcinoma by targeting DTL.
Carcinogenesis 2012, 33, 732–739. [CrossRef] [PubMed]

58. Helwak, A.; Kudla, G.; Dudnakova, T.; Tollervey, D. Mapping the human miRNA interactome by CLASH reveals frequent
noncanonical binding. Cell 2013, 153, 654–665. [CrossRef]

59. Wu, M.; Qiu, Q.; Zhou, Q.; Li, J.; Yang, J.; Zheng, C.; Luo, A.; Li, X.; Zhang, H.; Cheng, X.; et al. circFBXO7/miR-96-5p/MTSS1
axis is an important regulator in the Wnt signaling pathway in ovarian cancer. Mol. Cancer 2022, 21, 137. [CrossRef] [PubMed]

60. Shao, S.; Wang, C.; Wang, S.; Zhang, H.; Zhang, Y. LncRNA STXBP5-AS1 suppressed cervical cancer progression via targeting
miR-96-5p/PTEN axis. Biomed. Pharmacother. 2019, 117, 109082. [CrossRef]

61. Zheng, Y.; Yu, K.; Huang, C.; Liu, L.; Zhao, H.; Huo, M.; Zhang, J. Integrated bioinformatics analysis reveals role of the
LINC01093/miR-96-5p/ZFAND5/NF-κB signaling axis in hepatocellular carcinoma. Exp. Ther. Med. 2019, 18, 3853–3860.
[CrossRef] [PubMed]

62. Zhang, C.; Zhang, C.-D.; Liang, Y.; Wu, K.-Z.; Pei, J.-P.; Dai, D.-Q. The comprehensive upstream transcription and downstream
targeting regulation network of miRNAs reveal potential diagnostic roles in gastric cancer. Life Sci. 2020, 253, 117741. [CrossRef]
[PubMed]

63. Wang, B.; Liu, X.; Meng, X. miR-96-5p enhances cell proliferation and invasion via targeted regulation of ZDHHC5 in gastric
cancer. Biosci. Rep. 2020, 40, BSR20191845. [CrossRef] [PubMed]

64. Lian, Z.; Chang, T.; Ma, S.; Li, J.; Zhang, H.; Wang, X.; Liu, R. MiR-96-5p induced NDRG1 deficiency promotes prostate cancer
migration and invasion through regulating the NF-κB signaling pathway. Cancer Biomark. 2022, 35, 83–98. [CrossRef] [PubMed]

65. Wei, S.; Zheng, Y.; Jiang, Y.; Li, X.; Geng, J.; Shen, Y.; Li, Q.; Wang, X.; Zhao, C.; Chen, Y. The circRNA circPTPRA suppresses
epithelial-mesenchymal transitioning and metastasis of NSCLC cells by sponging miR-96-5p. EBioMedicine 2019, 44, 182–193.
[CrossRef]

66. Wang, T.; Xu, Y.; Liu, X.; Zeng, Y.; Liu, L. miR-96-5p is the tumor suppressor in osteosarcoma via targeting SYK. Biochem. Biophys.
Res. Commun. 2021, 572, 49–56. [CrossRef]

67. Li, C.; Du, X.; Tai, S.; Zhong, X.; Wang, Z.; Hu, Z.; Zhang, L.; Kang, P.; Ji, D.; Jiang, X. GPC1 regulated by miR-96-5p, rather than
miR-182-5p, in inhibition of pancreatic carcinoma cell proliferation. Int. J. Mol. Sci. 2014, 15, 6314–6327. [CrossRef]

68. Li, J.; Chen, Y.; Guo, X.; Zhou, L.; Jia, Z.; Peng, Z.; Tang, Y.; Liu, W.; Zhu, B.; Wang, L. GPC 1 exosome and its regulatory mi RNA s
are specific markers for the detection and target therapy of colorectal cancer. J. Cell. Mol. Med. 2017, 21, 838–847. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/0963689719893950
https://www.ncbi.nlm.nih.gov/pubmed/31822116
https://doi.org/10.3748/wjg.v24.i24.2605
https://doi.org/10.20892/j.issn.2095-3941.2019.0107
https://doi.org/10.1038/s41419-018-1200-y
https://doi.org/10.1186/s13048-019-0578-1
https://doi.org/10.1158/1535-7163.MCT-17-0083
https://doi.org/10.1016/j.molcel.2018.09.019
https://www.ncbi.nlm.nih.gov/pubmed/30415951
https://doi.org/10.2174/2211536605666160905093429
https://www.ncbi.nlm.nih.gov/pubmed/27594089
https://doi.org/10.1155/2021/2894117
https://doi.org/10.1158/0008-5472.CAN-08-1846
https://www.ncbi.nlm.nih.gov/pubmed/19074876
https://doi.org/10.1093/carcin/bgs020
https://www.ncbi.nlm.nih.gov/pubmed/22287560
https://doi.org/10.1016/j.cell.2013.03.043
https://doi.org/10.1186/s12943-022-01611-y
https://www.ncbi.nlm.nih.gov/pubmed/35768865
https://doi.org/10.1016/j.biopha.2019.109082
https://doi.org/10.3892/etm.2019.8046
https://www.ncbi.nlm.nih.gov/pubmed/31641376
https://doi.org/10.1016/j.lfs.2020.117741
https://www.ncbi.nlm.nih.gov/pubmed/32360623
https://doi.org/10.1042/BSR20191845
https://www.ncbi.nlm.nih.gov/pubmed/32202303
https://doi.org/10.3233/CBM-210072
https://www.ncbi.nlm.nih.gov/pubmed/35912726
https://doi.org/10.1016/j.ebiom.2019.05.032
https://doi.org/10.1016/j.bbrc.2021.07.069
https://doi.org/10.3390/ijms15046314
https://doi.org/10.1111/jcmm.12941

	Introduction 
	Materials and Methods 
	Microarray Data Analysis 
	Cell Culture and Treatment 
	Cell Transfection 
	Cell Viability Assay 
	EdU Incorporation Assay 
	Cell Cycle Assay 
	Immunofluorescence 
	Cell Growth Curve 
	Flat Plate Colony Formation Assay 
	Soft-Agar Colony Formation Assay 
	RT-qPCR 
	Luciferase Reporter Assay 
	In Vivo Tumor Model 
	Western Blot 
	Statistical Analysis 

	Results 
	Effects of a Low Level of Arsenite on HaCaT Cells Viability and Proliferation 
	Arsenite-Induced Malignant Transformation Model of HaCaT Cells Was Successfully Constructed 
	DTL Activation Involved in the Proliferation of HaCaT Cells Induced by Arsenite 
	MiR-96-5p, a Negative Regulator of DTL, Mediated the Proliferation of HaCaT Cells Induced by Arsenite 
	MiR-96-5p Treatment Suppressed T-HaCaT Cells Growth in Xenograft Model 

	Discussion 
	Conclusions 
	References

