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ABSTRACT

Arsenic is a widely distributed toxic natural element. Chronic arsenic ingestion causes several cancers, especially skin
cancer. Arsenic-induced cancer mechanisms are not well defined, but several studies indicate that mutation is not the
driving force and that microRNA expression changes play a role. Chronic low arsenite exposure malignantly transforms
immortalized human keratinocytes (HaCaT), serving as a model for arsenic-induced skin carcinogenesis. Early changes in
miRNA expression in HaCaT cells chronically exposed to arsenite will reveal early steps in transformation. HaCaT cells
were maintained with 0/100 nM NaAsO2 for 3 and 7 weeks. Total RNA was purified. miRNA and mRNA expression was
assayed using Affymetrix microarrays. Targets of differentially expressed miRNAs were collected from TargetScan 6.2,
intersected with differentially expressed mRNAs using Partek Genomic Suite software, and mapped to their pathways using
MetaCore software. MDM2, HMGB1 and TP53 mRNA, and protein levels were assayed by RT-qPCR and Western blot.
Numerous miRNAs and mRNAs involved in carcinogenesis pathways in other systems were differentially expressed at 3
and 7 weeks. A TP53 regulatory network including MDM2 and HMGB1 was predicted by the miRNA and mRNA networks.
Total TP53 and TP53-S15-phosphorylation were induced. However, TP53-K382-hypoacetylation suggested that the induced
TP53 is inactive in arsenic exposed cells. Our data provide strong evidence that early changes in miRNAs and target mRNAs
may contribute to arsenic-induced carcinogenesis.
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Arsenic is a toxic metalloid that is naturally prevalent in the
earth’s crust and widely distributed in air and water. Ground
water as well as certain foods such as seafood and rice are the
most common sources of ingested arsenic (Hunt et al., 2014;
American Cancer Society, 2014). The toxicity of long-term expo-
sure to arsenic is associated with a broad range of health prob-
lems including skin lesions, pigmentary abnormalities,
arteriosclerosis, peripheral neuropathy, chronic lung disease,

wasting syndrome, and cancer (IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans, 2012; Hunt et al.,
2014; Mazumder, 2000; Minamoto et al., 2005; Smith and
Steinmaus, 2009; States, 2016). Arsenic is a known carcinogen
associated with skin, lung, bladder, prostate, and liver cancers
(Anetor et al., 2007). Arsenic has been ranked as number one in
the U.S. Agency for Toxic Substances and Disease Registry
(ATSDR) Priority List of Hazardous Substances since 2001
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(Agency for Toxic Substances and Disease Registry, 2014). The
upper limit of arsenic concentration recommended in drinking
water in the United States is 10 lg/l. However, in countries such
as Bangladesh, Taiwan, India, China, and Argentina, and in
unregulated private well water in the United States, arsenic wa-
ter levels often exceed 10 lg/l.

Skin cancer is the most common of all human cancers, and
arsenic is second to UV in sunlight as a cause of skin cancer. In
multiple epidemiologic studies, arsenical keratosis, hyperpig-
mentation, and multiple cutaneous malignancies were associ-
ated with arsenic exposure (Centeno et al., 2002; Maloney, 1996).
The signs of arsenic toxicity appear clearly in the skin as arseni-
cal keratosis in the palms, soles, and trunk (Centeno et al., 2002;
Hunt et al., 2014). Chronic arsenic exposure causes both basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC) of the
skin (IARC, 1987).

Several arsenic toxicity and carcinogenicity mechanisms have
been suggested and proposed including abnormal signaling cas-
cades, oxidative stress, and chromosomal aberrations as well as
abnormal transcriptional activity and global gene expression
(Isokpehi et al., 2012). Moreover, arsenic can induce environmen-
tally driven epigenetic alterations that are known to influence
disease development, including differential microRNA (miRNA)
expression (Gonzalez et al., 2015; Su et al., 2011).

MiRNAs are a family of small RNAs and an acknowledged
component of the epigenome regulating gene expression.
miRNAs were discovered in 1993 as small temporal RNAs
(stRNAs) that regulate developmental transitions in
Caenorhabditis elegans (Lee et al., 1993). MiRNAs target mRNAs by
hybridization to complementary sequences in their 30-untrans-
lated regions (UTRs) and repress translation (Felekkis et al.,
2010). Recent studies on some miRNAs showed they also can
bind to the 50-UTR or the open reading frame region (Iorio and
Croce, 2012). MiRNAs play a role in all the most important pro-
cesses in every biologic system (Lagos-Quintana et al., 2001). A
single miRNA can target hundreds of mRNAs, and the expres-
sion of a gene can be regulated by multiple miRNAs creating
complex feedback and feed-forward gene regulatory loops in a
cell. The regulatory loops provide checks and balances within
and across gene networks (Sato et al., 2011; Tsang et al., 2010).

Several studies have shown that differential miRNA expres-
sion can be a hallmark of cancer and miRNAs can function as
potential oncogenes or tumor suppressor genes influencing tu-
mor development, progression, and response to therapy (Iorio
and Croce, 2012; Kunej et al., 2012). MiRNAs exhibit differential
expression in different cancers, including cervical, lung, esoph-
ageal, oral, pharyngeal, and tongue SCC (Pi et al., 2008).
Furthermore, dysregulation of several miRNAs, including miR-
21, miR-200a, miR-141, and let-7c has been reported in HaCaT
cells after acute or subchronic exposure to moderate levels of
arsenic (Gonzalez et al., 2015; Jiang et al., 2014).

HaCaT cells are a spontaneously immortalized human epi-
thelial cell line established in 1988 from adult human skin
(Boukamp et al., 1988). HaCaT cells are an in vitro model com-
monly used to study epidermal carcinogenesis (Williams et al.,
2011). HaCaT cells malignantly transformed by chronic incuba-
tion in low concentration of sodium arsenite (Sun et al., 2009)
are the only currently available in vitro model to study arsenic-
induced skin carcinogenesis (Bruegger et al., 2013; Cha et al.,
2014; Chowdhari and Saini, 2014; Jian et al., 2014; Syed et al.,
2013; Xu et al., 2012). However, miRNA expression profiling has
never been obtained in human keratinocytes chronically ex-
posed to low physiologically relevant arsenic (100 nM). We hy-
pothesize that investigating differential miRNA expression at

different times during arsenite-induced transformation of
HaCaT cells will show key events in the cellular transformation
process. Thus, this report is focused on identifying differentially
expressed miRNAs and their target genes in the early stages of
arsenic-induced skin cancer using HaCaT cells exposed to
100 nM NaAsO2 for 3 and 7 weeks. For broad detection coverage,
hybridization microarrays were used to measure mRNAs and
small RNAs differentially expressed at the early stages of
arsenic-induced skin cancer using HaCaT cells exposed to
100 nM NaAsO2 for 3 and 7 weeks.

MATERIALS AND METHODS

Cell culture and RNA isolation. HaCaT cells were the kind gift of Dr
TaiHao Quan, University of Michigan. HaCaT cells are known to
be compound heterozygous mutant in TP53 (H179Y and R282W;
Lehman et al., 1993). The cells were cultured in MEM alpha modifi-
cation media supplemented with 10% fetal bovine serum,
100 units/ml penicillin/100mg/ml streptomycin) and 2 mM gluta-
mine. Cultures were maintained at 37�C in a humidified 5% CO2

atmosphere. Multiple cultures of cells (4 with and 4 without
100 nM NaAsO2) were maintained separately for 7 weeks providing
quadruplicate biological replicates. Cells were passaged twice a
week and a million cells were plated per 100 mm dish every time.
NaAsO2 (CAS 7784-0698) cell culture media and supplements were
obtained from Thermo Fisher Scientific INC., Waltham. MA. Total
RNA was purified from the cells (quadruplicate unexposed and
exposed cultures) after 3 and 7 weeks using the mirVana RNA
Isolation Kit (ThermoFisher Scientific Inc., Waltham,
Massachusetts). RNA quality was determined using the Agilent
RNA 6000 Pico Kit, Eukaryote, version 2.6 and the Agilent 2100
Bioanalyzer instrument (Agilent Technologies Inc., Santa Clara,
California). All samples used had RIN (RNA integrity number)> 9.

Microarray analysis. Expression profiles of mRNA and small RNA
were obtained for 4 independent cultures of HaCaT cells ex-
posed to 0 or 100 nM NaAsO2 for 3 and 7 weeks using the
GeneChip PrimeView Human Gene Expression and GeneChip
miRNA 4.0 Affymetrix arrays. The former, used for measuring
mRNA expression, contains more than 530 000 probes that de-
tect over 36 000 transcripts and variants, representing over
20 000 genes mapped via RefSeq or via UniGene annotation. The
latter arrays probe for small noncoding RNA transcripts: 100%
miRBase v20 coverage, 30 424 mature miRNAs (all organisms),
5214 human, mouse, and rat miRNAs, 1996 human small nucle-
olar RNAs (snoRNA), small Cajal body RNAs (scaRNA) and 3770
probe sets unique to human, mouse, and rat pre-miRNA hairpin
sequences including 3 types of small RNAs, snoRNAs, and both
stem-loop and mature miRNAs. Biotinylated complementary
RNA (cRNA) was prepared according to the standard protocol
for Affymetrix 30 IVT Express Plus Reagent Kit from 250 ng total
RNA. Following fragmentation, cRNA was hybridized for 16 h at
45�C to Affymetrix Primeview Human arrays according to the
Affymetrix GeneChip 30 array Hybridization User Manual.
GeneChips were scanned using GeneChip Scanner 3000 7G
(Affymetrix) and the GeneChip Command Console 4.0
(Affymetrix). For miRNA 4.0 arrays, biotinylated RNAs were pre-
pared according to the standard protocol for Affymetrix
FlashTag Biotin HSR RNA labeling Kit from 800 ng total RNA.
Biotin-labeled samples were hybridized for 18 h at 48�C to
Affymetrix miRNA 4.0 arrays. GeneChips were scanned using
GeneChip Scanner 3000 7G (Affymetrix) and the GeneChip
Command Console 4.0 (Affymetrix). The CEL files were imported
into Partek software Version 6.6 (Partek Inc.) and normalized
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using Robust Multi-Array normalization. Contrasts of interest
were analyzed using a 2-way ANOVA considering treatment
and time. Using Partek Genomic Suite, potential targets of 6 of
the 19 differentially expressed miRNAs (p-value� .05) at both 3
and 7 weeks were obtained from the TargetScanHuman 6.2
database (2450 genes). Intersecting the target mRNA list with
the differentially expressed mRNA lists at both 3 and 7 weeks
(323 mRNAs, p-value� 0.05), we obtained a list of differentially
expressed mRNAs that are potential targets of differentially
expressed miRNAs at both 3 and 7 weeks based on having the
same probe annotation number on GeneChip (Figure 1). Data
have been deposited in the GEO database, accession numbers
GSE97303, GSE97305, and GSE97306.

Most of miRNAs lead the RNA-induced silencing complex to
the 30 UTRs of their mRNA targets causing degradation or inhib-
iting translation of the mRNAs (Macfarlane and Murphy, 2010;
Soifer et al., 2007). Using this approach, we obtained lists of dif-
ferentially expressed target mRNAs at 3 and 7 weeks with ex-
pression direction opposite to that of the targeting miRNAs
(differentially expressed miRNAs at 3 or 7 weeks, p-value� .05),
e.g. induced mRNA targets for suppressed miRNA and vice versa
(Supplementary Tables 3 and 4).

Immunoblotting. Total protein was extracted from the cells (qua-
druplicate unexposed and exposed cultures) after 7 weeks using
lysis solution (0.01 M Tris-HCl pH 7.4, 1 mM EDTA, 0.1% SDS,
180 mg/mL PMSF and 1� protease inhibitor cocktail [Complete,

Roche, Mannheim, Germany]). Lysates were sonicated and pro-
tein concentrations were measured using the BCA assay kit
(Sigma-Aldrich, BCA1 and B9643). Proteins were resolved by
electrophoresis using Bio-Rad 4%–15% Mini-PROTEAN TGX
Precast Protein gels. Gels were electrotransferred onto cellulose
nitrate (wet transfer). Membranes were blocked using 5% skim
milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T)
for 2 h, then incubated at 4�C overnight with the following anti-
bodies diluted in 5% (w/v) BSA in TBS-T: rabbit mAb anti-HMGB1
(D3E5) (6893S) (Cell Signaling Inc., Danvers, Massachusetts)
(1:800), mouse monoclonal anti-MDM2 (Santa Cruz
Biotechnology Inc., Dallas, Texas) (1:800), rabbit polyclonal anti-
TP53 (no. 9282) (1:650), rabbit polyclonal anti-Phospho-p53
(Ser15) (1:800) and rabbit polyclonal anti-Acetyl-p53 (Lys382)
(1:800) (Cell Signaling Inc., Danvers, Massachusetts), followed by
an anti-rabbit (for anti-HMG, anti-TP53, anti-Phospho-p53, anti-
Acetyl-p53) and anti-mouse (for anti-MDM2) secondary antibod-
ies conjugated with horseradish peroxidase (Cell Signaling, 7074
and 7076, respectively) (1:3000). PageRuler Plus Prestained
Protein Ladder no. 26619 (ThermoFisher Scientific) was used as
a molecular weight marker. b-Actin was used loading control
(Santa CruzBiotechnology Inc., Dalla, TX, SC47778-HRP, 1:2500).
Antibody reactive bands were detected using Pierce ECL Plus kit
(ThermoScientific, 32132). Imaging and quantitation were done
using ImageQuant LAS 4000 biomolecular imager (GE
Healthcare Life Sciences, Pittsburgh, Pennsylvania). Two-tailed
Student’s t-test was used for statistical analyses.

Figure 1. Exposure and time-dependent differential expression of small RNAs and mRNAs detected by hybridization microarrays. A, Venn diagrams of differentially

expressed small RNAs at both 3 and 7 weeks (p< .05). Unsupervised hierarchical clustering of the 19 small RNAs differentially expressed at both 3 and 7 weeks of expo-

sure to arsenite. B, Arsenite exposure-dependent induced (red boxed) and suppressed (green boxed) small RNAs. C, Time-dependent differentially expressed miRNAs

and the expression pattern is flipped by arsenite exposure compared with nonexposed cells, induced (red boxed) and suppressed (green boxed). D, Venn diagram of dif-

ferentially expressed mRNAs at 3 and 7 weeks. E, Predicted mRNA targets of 6 differentially expressed miRNAs were found in TargetScan Human V6.2 database. F,

Venn diagram of intersection of predicted mRNA targets of differentially expressed miRNAs and differentially expressed 323 mRNAs at both 3 and 7 weeks.

Unsupervised hierarchical clustering of the 39 mRNAs differentially expressed at both 3 and 7 weeks of exposure to arsenite that are predicted targets of 6 miRNAs dif-

ferentially expressed at both 3 and 7 weeks. G, Arsenite exposure-dependent induced (red boxed) and suppressed (green boxed) mRNAs. H, Time-dependent differen-

tially expressed mRNAs and the expression pattern is flipped by arsenite exposure compared with nonexposed cells, induced (red boxed) and suppressed (green

boxed). Analysis was done using Partek Genomic Suite.
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RESULTS

Arsenite-Dependent Small RNA and mRNA Differential Expression
Samples of RNA purified from quadruplicate cultures of
arsenite-exposed and unexposed HaCaT cells after 3 and
7 weeks of culture were analyzed by hybridization to miRNA 4.0
Affymetrix microarrays. The results showed that 293 and 373
small RNAs were differentially expressed, respectively, after 3
and 7 weeks exposure to 100 nM sodium arsenite (p-value� .05)
(Figure 1A). Nineteen small RNAs were differentially expressed
at both time points and included 8 snoRNAs, 5 stem-loop
miRNAs and 6 mature miRNAs (Table 1; Figure 1A).
Unsupervised hierarchical clustering of these 19 small RNAs
showed exposure-dependent differential expression of 12 small
RNAs with 4 increased and 8 decreased compared with unex-
posed cells at both time points (Figure 1B). Time-dependent dif-
ferential expression was observed for 6 small RNAs and this
differential expression was reversed by arsenite exposure
(Figure 1C). Analysis of mRNA expression revealed that 1197
and 4840 mRNAs were differentially expressed after 3 and
7 weeks exposure to 100 nM sodium arsenite (p-value� .05), re-
spectively, and 323 mRNAs were differentially expressed at both
time points (Figure 1D).

Cancer-Associated Pathways of Arsenite-Dependent mRNA
Differential Expression (Targets of Differentially Expressed Small
RNAs)
In order to learn about the potential impact of the 11 differential
expressed miRNAs (Table 1), potential targets of differentially
expressed miRNAS were sought. Only 6 of the 11 miRNAs had
predicted targets listed (Figure 1E). There were 2450 potential
targets of these 6 miRNAs listed in TargetScanHuman 6.2 data-
base. By intersecting the list of predicted target mRNAs (2450
mRNAs) with the 323 mRNAs differentially expressed at both 3
and 7 weeks of arsenite exposure (Figure 1D; Supplementary
Table 1), 38 predicted target mRNAs were found differentially
expressed in arsenic-exposed cells at both time points (p-val-
ue� .05) (Supplementary Table 2; Figure 1F). Unsupervised

hierarchical clustering of the 38 mRNAs showed exposure-
dependent differential expression of 13 mRNAs with 5 increased
and 8 decreased compared with unexposed cells at both time
points (Figure 1G). Time-dependent differential expression was
also observed for some of the 38 mRNAs. In comparison to
3 weeks, 15 mRNAs were induced and 15 were suppressed at
7 weeks. Expression of 12 mRNAs was reversed by arsenite ex-
posure (Figure 1H).

In order to gain an understanding of the potential impact of
these differentially expressed genes, we performed pathway
analysis using Metacore software to place the differentially
expressed target mRNAs on pathways. The top 10 pathways are
listed in Table 2. Three of these pathways, cytoskeleton remod-
eling (predicted to be induced), WNT signaling (predicted to be
induced), and signal transduction PTEN (predicted to be sup-
pressed), are all known to play a role in carcinogenesis, and
have a single mRNA in common. This mRNA, TCF7L2, was in-
duced at 3 and 7 weeks and is a predicted target for miR-548a-
3p, which is significantly suppressed at both 3 and 7 weeks
(Table 1). TCF7L2 is a transcription factor that participates in the
WNT signaling pathway (among others) and promotes c-MYC
expression (Shao et al., 2013). TCF7L2 has a known role in colon
cancer (Chen et al., 2013; Rosales-Reynoso et al., 2016). These
results suggest that the chronic arsenite exposure at early times
decreases the expression of miR-548a-3p, relieving suppression
of TCF7L2 expression. The increase in TCF7L2 expression then
promotes these oncogenic pathways.

In addition to TCF7L2, MDM2 (mouse double minute 2 homo-
log) also is among the 38 target mRNAs and also is a predicted
target of miR-548a-3p (Figure 3). MDM2 is a well-established
suppressor of TP53 expression (Shangary and Wang, 2008).
MDM2 mRNA was induced at 3 weeks and suppressed at
7 weeks as assayed by microarray hybridization. Suppression of
miR-548a-3p would increase MDM2 levels, which then can act
to suppress TP53 (Figure 3) at 3 weeks. High mobility group box 1
protein (HMGB1), a target of multiple differentially expressed
miRNAs (Figure 3), also was among the differentially expressed

Table 1. Differentially Expressed Small RNAs at Both 3 and 7 Weeks of Exposure to Arsenite

No. Transcript ID (Array Design) Sequence Type 3 Weeks 7 Weeks

Fold-Change p-Value Fold-Change p-Value

1. 14qII-1 CDBox (subtype of snoRNA) �1.197 0.04363 �1.296 0.00691
2. ENSG00000212338 snoRNA �1.246 0.02753 1.241 0.02979
3. ENSG00000221345 snoRNA �1.132 0.01756 1.148 0.00968
4. ENSG00000221496 snoRNA 1.187 0.00091 1.109 0.02166
5. ENSG00000238611 snoRNA �1.070 0.02915 �1.121 0.00132
6. ENSG00000238807 snoRNA �1.351 0.00779 1.307 0.01494
7. ENSG00000239188 snoRNA �1.562 0.00005 �1.235 0.01288
8. ENSG00000252290 snoRNA �1.241 0.02864 1.237 0.03033
9. hsa-miR-339 stem-loop 1.289 0.03267 1.312 0.02403
10. hsa-miR-1228a stem-loop �1.167 0.02415 1.160 0.02888
11. hsa-miR-4309a stem-loop 1.448 0.00026 �1.172 0.04897
12. hsa-miR-4692 stem-loop �1.298 0.03144 1.284 0.03749
13. hsa-miR-548au stem-loop �1.234 0.02995 �1.292 0.01113
14. hsa-miR-548a-3pa miRNA �2.388 0.02041 �2.564 0.01362
15. hsa-miR-645a miRNA 1.194 0.03779 1.204 0.03067
16. hsa-miR-1254a miRNA �1.671 0.02557 �1.657 0.02756
17. hsa-miR-2682-5p miRNA 1.189 0.03746 1.316 0.00298
18. hsa-miR-3618a miRNA �1.183 0.03511 �1.194 0.02762
19. hsa-miR-8083 miRNA �1.270 0.03868 �1.287 0.03050

amiRNAs with available predicted targets in the TargetScanHuman 6.2 database.
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target mRNAs at 3 and 7 weeks by microarray hybridization.
HMGB1 is a predicted target of 3 differentially expressed
miRNAs: miR-410, miR-548ac, and miR-3174 that were all sup-
pressed at either 3 or 7 weeks (Figure 3). HMGB1 acts to suppress
TP53 transcription (�Stros et al., 2002). Thus, there appears to be a
temporal switching of suppression of miRNAs that target
HMGB1, with miR-410 and miR-548ac suppressed at 3 weeks
(Supplementary Table 3) and miR-3174 suppressed at 7 weeks
(Supplementary Table 4). This change in expression is likely an
adaptive response to elevated TP53.

HMGB1, MDM2, and TP53 protein levels were examined at
7 weeks (Figure 3). The levels of HMGB1 were induced, yet the
induction was not statistically significant (Figure 3A). MDM2 is
an oncoprotein that has multiple isoforms and few of which
can bind TP53 (Bartel et al., 2002; Schuster et al., 2007). Several
MDM2 isoforms (multiple bands) were detected in exposed and
unexposed cells (Figure 3B). Although levels of MDM2 isoforms
increased in arsenite-exposed cells, only the increase of MDM2-
A (�60 kDa) was statistically significant. The levels of HMGB1

were induced, yet the induction was not statistically significant
(Figure 3A). Total TP53 and phosphorylated TP53 (TP53-S15P)
were induced (Figure 3C). In contrast, acetylated TP53 (TP53-
K382Ac) was suppressed with arsenite exposure (Figure 3D).

Additional data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.3q26p.

DISCUSSION

The mechanism of arsenic-induced skin cancer is not well un-
derstood, but several studies indicate that mutation is not the
driving force as it is for sunlight-induced skin cancers (Castren
et al., 1998; Hsu et al., 1999; States, 2015). Different mechanisms
of induction and progression of arsenic-induced carcinogenesis
have been proposed including miRNA expression dysregulation
(States, 2015). The current study focuses on early changes in
gene expression linked to arsenic-induced changes in mRNA
and small RNA expression in the HaCaT-cell chronic arsenic ex-
posure model using Affymetrix hybridization microarrays. The
results showed that arsenite exposure changes the expression
pattern of small RNAs, including miRNAs, after 3 and 7 weeks
exposure to 100 nM arsenite (Figure 1). This concentration of ar-
senite is physiologically relevant in that it reflects in vivo arsenic
concentration in people exposed to moderately high arsenic in
drinking water (Pi et al., 2008).

A major strength of the current study is that unlike previous
reports investigating arsenic transformation of HaCaT cells, we
have used four independent cultures of exposed and four inde-
pendent cultures of exposed cells. Because transformation
events are stochastic by nature, this approach is more realistic
than reporting on a single culture, although it risks some vari-
ability in response. In spite of the variability, we were able to in-
fer information on early events in arsenic transformation of
keratinocytes in this model system.

The results identified 3 of the 6 miRNAs with predicted tar-
gets that were differentially expressed after 3 and 7 weeks (miR-
1228, miR-1254, miR-645). These miRNAs were associated with
cancer in previous studies (Foss et al., 2011; Lin et al., 2015; Sun
et al., 2015). MiR-1228 (suppressed at 3 weeks, induced at
7 weeks) was reported to be induced in breast cancer tissues
and cell lines and regulates the levels of mRNA and protein of
SCAI (suppressor of cancer cell invasion) (Lin et al., 2015). MiR-
1254 (suppressed at 3 and 7 weeks) was reported to be induced
in the sera of nonsmall cell lung cancer patients (Foss et al.,
2011). MiR-645 (induced at 3 and 7 weeks) was induced in head
and neck SCC and its induction was found to promote cell inva-
sion and metastasis (Sun et al., 2015).

Table 2. Top 10 Pathways of the Differentially Expressed 38 mRNAs at Both 3 and 7 Weeks That Are Predicted Targets of miRNAs Differentially
Expressed at Both 3 and 7 Weeks

No. Pathway FDR

1. Development WNT signaling pathway.
Part 1. Degradation of beta-catenin in the absence WNT signaling

1.231E�02

2. Action of GSK3 b in bipolar disorder 1.231E�02
3. Cytoskeleton remodeling TGF, WNT, and cytoskeletal remodeling 1.231E�02
4. Signal transduction PTEN pathway 2.498E�02
5. Immune response NFAT in immune response 2.498E�02
6. Development WNT signaling pathway. Part 2 2.50E�02
7. PGE2 pathways in cancer 2.50E�02
8. Immune response CD28 signaling 2.50E�02
9. Ligand-independent activation of androgen receptor in prostate cancer 2.92E�02
10. Signal transduction mTORC2 downstream signaling 2.92E�02

Figure 2. miRNA and target genes expression target TP53. Arsenite suppressed

the expression miR-410, -548ac, and -548a-3p. MDM2 mRNA expression levels

were induced at 3 weeks of arsenite exposure which might lead to the induction

of MDM2 protein levels. HMGB1 mRNA expression levels were induced at 3 and

7 weeks of arsenite exposure which might lead to the induction in HMGB1 pro-

tein levels. Arsenite suppression of miR-410 and -548ac might induce MDM2 and

HMGB1 at 3 weeks leading to the decrease in the levels of TP53.
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The results also showed that arsenite dysregulated (mostly
suppressed) several snoRNAs. SnoRNAs are 60–300 nucleotide
small RNAs that are concentrated in the nucleolus (Williams and
Farzaneh, 2012). SnoRNAs are involved in guiding premature ribo-
somal and other spliceosomal RNAs for nucleoside post-
transcriptional modifications, crucial for accurate ribosomes
(Williams and Farzaneh, 2012). SnoRNAs have two main classes: C/
D box and H/ACA box snoRNAs, both reported to be dysregulated
in several diseases including cancer (Dong et al., 2009; Williams and
Farzaneh, 2012). These results suggest that dysregulation of
snoRNAs may play a role in arsenic-induced carcinogenesis.

Arsenite exposure also induced dramatic changes in differen-
tial mRNA expression at 3 weeks (1197 mRNAs) and 7 weeks (4840
mRNAs) (Figure 1). The current report is focused on the 38 mRNAs
differentially expressed at both time points that also were pre-
dicted targets of miRNAs differentially expressed at both time
points to gain insight on plausible mechanisms by which the
changes in miRNA expression would contribute to carcinogenesis.

Several carcinogenesis-associated pathways such as cyto-
skeleton remodeling, WNT signaling, and signal transduction
PTEN pathways were populated by these 38 differentially
expressed target mRNAs. These results support the hypothesis
that the differential expression of miRNAs at early stages of ar-
senite exposure is contributing to the process of transformation
to a cancerous phenotype. A mutually differentially expressed
mRNA in these pathways was TCF7L2 (Figure 2). TCF7L2 is the
most studied member of the mammalian TCF/LEF family of nu-
clear factors. TCF7L2 polymorphisms have been associated with
type-2 diabetes susceptibility in several studies (Cadigan and
Peifer, 2009; Hrckulak et al., 2016; Jin, 2016) and dysregulation of
TCF7L2 may be related to the association of arsenic exposure
and diabetes (Murea et al., 2012). The WNT signaling pathway is
one of the main signaling mechanisms during embryogenesis
and cancer development (Cadigan and Peifer, 2009; Hrckulak
et al., 2016; Jin, 2016). The b-catenin/TCF (including TCF7L2)
complex is the key effector in the WNT pathway, which leads to
the activation of downstream targets and increased cell differ-
entiation, proliferation, migration, and insulin sensitivity
(Cadigan and Peifer, 2009; Hrckulak et al., 2016; Jin, 2016). Both
b-catenin and TCF7L2 were induced at 7 weeks (1.41- and
1.13-fold, respectively). However, only TCF7L2 was induced at

3 weeks, suggesting that there is a progression in the gene ex-
pression changes with continued arsenite exposure. Analysis of
gene expression changes with longer exposure times will be
needed to determine if these early changes are maintained and
perhaps enhanced as the cells become transformed.

E-cadherin is a calcium-dependent cell-cell adhesion protein
and a key gene in the epithelial-to-mesenchymal transition
(EMT, which is WNT signaling related) (Cadigan and Peifer,
2009; Hrckulak et al., 2016; Jin, 2016). Low E-cadherin expression
is associated with the induction of EMT in cervical SCC and
breast cancer (Cappellesso et al., 2015; Ma et al., 2015). E-cadherin
mRNA expression was suppressed at 7 weeks of arsenite expo-
sure (1.46-fold). Enhanced cell migration is an indicator of EMT.
However, the migration capability of unexposed and arsenite
exposed cells at 3 weeks did not differ (data not shown). These
results suggest that at these early times of exposure, the
changes in the mRNA levels of extracellular matrix components
are not yet reflected in cellular phenotype. As for the progres-
sion observed with changes in mRNA expression, full develop-
ment of the EMT phenotype may require longer exposures.

Of the 38 mRNAs differentially expressed after 3 and 7 weeks
chronic exposure, MDM2 mRNA was induced at 3 weeks and sup-
pressed after 7 weeks. MDM2 is a potential target of several miRNAs
including miR-548a-3p that was suppressed (> 2.4-fold; in early ex-
posure). Moreover, HMGB1 mRNA was induced in early exposure.
HMGB1 is a potential target for 3 miRNAs found suppressed in early
exposure. Both MDM2 and HMGB1 can regulate TP53 expression.
The induction in MDM2 and HMGB1 expression was investigated
along with MDM2 and HMGB1 effect on TP53 protein levels.

The MDM2 is a TP53-specific E3 ubiquitin ligase and the
main cellular antagonist of TP53 (Moll and Petrenko, 2003).
MDM2 has multiple isoforms, a few of which can bind TP53,
such as MDM2-FL (Bartel et al., 2002; Schuster et al., 2007). The
protein levels of some MDM2 isoforms were changed at 7 weeks.
MDM2 splice variant expression has been observed in several
types of cancer including bladder cancer (Sigalas et al., 1996),
cancerous and normal breast tissues (Lukas et al., 2001;
Matsumoto et al., 1998), soft tissue sarcomas (Bartel et al., 2001;
Tamborini et al., 2001), and giant cell tumors of the bone
(Evdokiou et al., 2001). MDM2-FL is the MDM2 isoform responsi-
ble for the ubiquitination of p53 for proteasomal degradation

Figure 3. Arsenite exposure effects on HMGB1, MDM2, and TP53 expression. After 7 weeks chronic exposure (A) Western blot and quantitation showing no change in

HMGB1. B, Western blot and quantitation showing increased expression of MDM2 isoform A (MDM2-A, 60kDa), but not isoform MDM2-FL. C, Western blot and quantitation

showing both TP53 and TP53 phosphorylated at serine 15 (TP53-S15P) were induced with arsenic exposure. D, Western blot and quantitation showing TP53 hypoacetylated at

lysine 382 (TP53-K382Ac) in arsenite exposed cells. Proteins levels were normalized to b-actin levels and means 6 SD are plotted. Student’s t-test was used for statistical anal-

yses. *p-value� .05. Samples from 4 independent cultures incubated without arsenite for 7 weeks (lanes 1–4) were compared with samples from 4 independent cultures incu-

bated in parallel with 100 nM NaAsO2 for 7 weeks (lanes 5–8). After probing for query proteins (HMGB1, MDM2, TP53), blots were stripped and probed for b-actin.
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because it contains TP53 binding domain (Bartel et al., 2002;
Honda et al., 1997; Schuster et al., 2007). MDM2-FL levels did not
change significantly (Figure 3B). MDM2-A is a less common iso-
form of MDM2 and along with MDM2-B it binds to MDM2-FL and
the interaction was found to prevent MDM2-mediated TP53 deg-
radation (Zheng et al., 2013). MDM2-A (�60 kDa) was expressed
in higher levels with arsenite exposure, consistent with the ob-
served decrease in expression of miR-548a-3p. Therefore, the in-
duction in MDM2-A expression may be preventing MDM-FL
from regulating TP53. The elevated levels of the MDM2 isoform
MDM2-A (Figure 3B) also likely contribute to TP53 stabilization
by preventing its ubiquitinylation (Shieh et al., 1997) resulting in
the higher TP53 levels observed.

HMGB1 is a well-known active chromatin-associated protein
implicated in autophagy (Tang et al., 2010). HMG proteins can
modulate transcriptional activity of several receptors and pro-
tein complexes such as steroid hormone receptors, NF-KB, TP53
and TP73 transcriptional complexes, and homeobox containing
proteins (TBP), and also facilitates V(D)J recombination (Sharma
et al., 2008). HMGB1 is overexpressed in several tumors and tu-
mor cells including chemically induced SCC in mice, human
bladder cancer tissue, and melanoma cells (Boukamp et al.,
1988; Poser et al., 2003; Sharma et al., 2008; Wang et al., 2013).
Although HMGB1 mRNA levels were dysregulated, HMGB1 pro-
tein levels were variable and did not significantly change after
7 weeks chronic arsenic exposure (Figure 3A). Thus, it is unlikely
that HMGB1 plays a role in regulating TP53 at this time point.

In sunlight-induced skin cancer, unrepaired DNA damage (UV
photoproducts) leads to multiple mutations, especially in the
TP53. UV signature mutations in TP53 appear in all sunlight-
induced SCC (Bodak et al., 1999; Brash et al., 1991) but not in
arsenic-induced skin cancer (Castren et al., 1998; Hsu et al., 1999).
Moreover, preliminary studies found no mutations in TP53 exons
5–9 from FFPE samples of arsenic-induced SCC, BCC, or hyperkera-
toses (J. C. States, unpublished data). Thus, TP53 mutations are
rare in arsenic-induced skin cancer. Because dominant-negative
TP53 mutations can result in stabilized TP53, it was thought that
TP53 mutations were present in arsenic-induced skin cancers due
to the overexpression of TP53 in keratinocytes exposed to arsenic
(Chang et al., 1998). However, later studies showed that arsenic-
induced skin lesions and carcinomas lack TP53 mutations and the
gene is functional (Castren et al., 1998; Hsu et al., 1999).
Investigators have also reported that arsenite exposure (0.1–5 lM)
in several cell lines can induce TP53 (Huang et al., 2008; Sandoval
et al., 2007). Hybridization microarray data showed that TP53
mRNA was suppressed in early chronic exposure. However, TP53
protein levels are regulated principally at the post-translational
level and were induced along with TP53 phosphorylated at Ser-15
(Figure 3C). Phosphorylation of TP53 at Ser-15 prevents MDM2
from binding leading to the stabilization of TP53 (Sakaguchi et al.,
1998). TP53 at Ser-15 phosphorylation also activates ATM-
mediated DNA-damage response (Sakaguchi et al., 1998). However,
mRNAs for DNA repair genes that are known TP53 targets such as
DDB2, XPC, and DNA polymerase beta were not induced in the ar-
ray data, suggesting the DNA damage response is being dysregu-
lated. It should be noted that HaCaT cells are compound
heterozygous mutant in TP53 and both mutations, H179Y and
R282W, are gain-of-function mutations (Martynova et al., 2012).
Thus, the TP53 proteins produced in HaCaT cells appear to retain
transcription factor activity, although the battery of genes targeted
is expanded. Overexpression of H179Y induces cyclin A and CDK4
(Yang et al., 2007). However, neither of these genes were induced
in the microarray data. Thus, the induced TP53 appears not to be
active in these cells (Luo et al., 2004).

Acetylation is required for TP53 transcriptional activity.
Therefore, acetylation at the key acetylation site Lys-382 (Gu and
Roeder, 1997) was quantified and found lower in exposed cells
(Figure 3D). TP53 hypoacetylation supports the hypothesis that the
induced TP53 is transcriptionally inactive. These results suggest
that inactive TP53 may contribute to increased clastogenesis that
arsenic is known to cause contributing to genomic instability
(Salazar and Ostrosky-Wegman, 2016) by not properly activating
the DNA damage response. At 100 nM sodium arsenite exposure,
the HaCaT cells do not have high apoptosis indexes, further sug-
gesting the induced TP53 is not be active in these cells (Luo et al.,
2004). K382 acetylation is crucial for the proapoptotic functions
(Yamaguchi et al., 2009). Thus, hypoacetylation not only reduces
transcriptional activity but also reduces binding of BAX and induc-
tion of apoptosis. Reduction of apoptosis also may contribute to
carcinogenesis.

Taken together the results described in this study suggest
that the early changes in miRNA profiles and their target genes
in human keratinocytes contribute to arsenic-induced carcino-
genesis. Therefore, studies evaluating gene expression at longer
exposure times will be needed to reveal the role miRNA and
mRNA expression changes play as arsenic-induced carcinogen-
esis progresses. Testing the hypotheses by looking at protein
levels and posttranslational modifications indicate that TP53
was induced, but inactive, stressing the importance of testing
predictions based on the RNA data.
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