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Introduction

Multiple molecular mechanisms are implicated in regula-
tion of gene expression in human cells in various physiologic 
and pathophysiologic conditions.1,2 They include heritable epi-
genetic alterations of DNA methylation, histone methylation/
demethylation, histone acetylation/deacetylation, formation of 
multiple complexes between distinct chromatin components 
and transcription factors, RNA processing and translation, and 
post-translational modifications of nascent proteins.1,2 Finally, a 
modulation of gene expression by non-coding microRNAs is also 
implicated in epigenetic control of gene expression.3-6

microRNAs repress the expression of a variety of target 
genes involved in a plethora of distinct signaling pathways in 
development and disease.7,8 Primary microRNA transcripts are 
processed by the RNA-induced silencing complex to generate 
mature microRNAs; the latter form complexes with the specific 
sequences within mRNA targets based on complementarity.7-11 
The microRNA/mRNA complexes then cause an inhibition of 

protein translation and/or degradation of the mRNAs. A single 
microRNA could modulate several mRNAs, and a few microR-
NAs might regulate the expression of the same mRNA target.10,11

Altered expression of microRNA genes has been found in a 
variety of tumor types, and specific microRNAs have shown the 
oncogenic, tumor-suppressive, or apoptotic potential.8,12-17 Certain 
microRNAs were shown to mediate epigenetic regulation of gene 
transcription and cell metabolism, the induction of cell death, 
cell cycle arrest, autophagy, and senescence.8,18-22 On one hand, 
microRNAs were shown to directly bind the gene promoter and 
gene terminus sequences, thereby modulating specific gene expres-
sion at the transcription level.23-26 On the other hand, transcrip-
tional deregulation in cancer cells may lead to altered transcription 
of specific microRNA genes.27-29 For example, miR-34 was shown 
to be regulated by the tumor protein (TP)-p53 transcription fac-
tor, which regulates the cellular response to stress-induced DNA 
damage, cell cycle, apoptosis, autophagy, and metabolism.27

microRNAs may also have therapeutic applications, by which 
cancer-causing microRNAs could be modulated to restore the 
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The tumor protein (TP) p63/microRNAs functional network may play a key role in supporting the response of squa-
mous cell carcinomas (SCC) to chemotherapy. We show that the cisplatin exposure of SCC-11 cells led to upregulation of 
miR-297, miR-92b-3p, and miR-485-5p through a phosphorylated ΔNp63α-dependent mechanism that subsequently 
modulated the expression of the protein targets implicated in DNA methylation (DNMT3A), histone deacetylation 
(HDAC9), and demethylation (KDM4C). Further studies showed that mimics for miR-297, miR-92b-3p, or miR-485-5p, 
along with siRNA against and inhibitors of DNMT3A, HDAC9, and KDM4C modulated the expression of DAPK1, SMARCA2, 
and MDM2 genes assessed by the quantitative PCR, promoter luciferase reporter, and chromatin immunoprecipitation 
assays. Finally, the above-mentioned treatments affecting epigenetic enzymes also modulated the response of SCC cells 
to chemotherapeutic drugs, rendering the resistant SCC cells more sensitive to cisplatin exposure, thereby providing the 
groundwork for novel chemotherapeutic venues in treating patients with SCC.
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normal cellular function.30-33 The modified cholesterol-con-
jugated antisense RNA (“antagomirs”) were shown to effec-
tively inhibit microRNA function in vivo.32 The competitive 
microRNA inhibitors (“microRNA sponges”) were reported to 
de-repress microRNA targets as strongly as chemically modified 
antisense oligonucleotides.33

We have previously shown that the SCC cells exposed to 
cisplatin treatment displayed a dramatic downregulation of 
ΔNp63α via an ATM-dependent phosphorylation mechanism.34 
We have also shown that the phosphorylated (p)-ΔNp63α pro-
tein is critical for the transcriptional regulation of downstream 
mRNAs and microRNAs in SCC cells upon cisplatin expo-
sure.35,36 Moreover, we have reported that p-ΔNp63α regulates 
microRNA expression in cisplatin-treated SCC cells through 
both transcriptional and post-transcriptional mechanisms.36 
We have further showed that the specific microRNAs down-
regulated or upregulated in SCC cells in response to cisplatin 
treatment are involved in a broad plethora of cellular processes, 
including apoptosis, autophagy, and various metabolic and sig-
naling pathways.36-39 P-ΔNp63α was also shown to transcrip-
tionally activate or repress the specific microRNA promoters 
depending on the chromatin components bound to this tran-
scriptional factor in SCC cells upon cisplatin exposure.28 In this 
report, we continue our quest to understand the role of the cispl-
atin-induced TP63-regulated microRNAs in epigenetic regula-
tion and chemoresistance.

Results

P-ΔNp63α-dependent epi-microRNAs modulate the expres-
sion of epigenetic enzymes in SCC cells

We previously found that the SCC-11 cells exposed to cispla-
tin treatment expressed the ATM-dependent p-ΔNp63α, which 
appeared critical for the transcriptional regulation of downstream 
mRNAs and microRNAs in SCC-11 cells.35-39 Using knock-in 
technology, we generated SCC-11 cells, which have been shown 
to produce wild-type ΔNp63α, and SCC-11M cells that exclu-
sively express ΔNp63α-S385G mutant protein, with an altered 
ability to be phosphorylated by ATM kinase.34

By global analysis of microRNA expression, we previously 
showed that cisplatin exposure led to a downregulation of 28 
microRNAs (e.g., miR-519a-3p, miR-181a-5p, miR-374a-5p, 
miR-98-5p, miR-29c-3p, miR-22-3p, miR-34c-3p, miR-206, 
miR-429, miR-339-3p, miR-203a, miR-25-3p, miR-155-5p, and 
miR-148a-3p) by −5.18 to −19.27-fold, and upregulation of 15 
microRNAs (e.g., miR-382-3p, miR-485-5p, miR-574-5p, miR-
92b-3p, miR-297, miR-185-5p, miR-885-3p, miR-194-5p, and 
miR-630) by 3.95- to 7.46-fold in SCC-11 cells compared with 
SCC-11M cells upon cisplatin exposure.36-39 We further showed 
that cisplatin exposure altered microRNA expression in SCC-11 
cells, resulting in downregulation of 7 microRNAs (e.g., miR-
519-a-3p, miR-181a-5p, miR-374a-5p, miR-29c-3p, miR-98-5p, 
miR-22-3p, and miR-34c-3p, from −1.72 to −3.77-fold), and 
upregulation of 7 microRNAs (miR-382–3p, miR-485-5p, miR-
574–5p, miR-297, miR-194-5p, miR-885-3p, and miR-630, from 
2.08- to 4.98-fold), as shown in references 36–39.

To validate these data, we used quantitative (q)-PCR expres-
sion analysis and showed that miR-485-5p, miR-297, miR-
382-3p, and miR-194-5p were upregulated by 5.2–6.3-fold, while 
miR-98-5p, miR-29c-3p, miR-101-3p, miR-22-3p, miR-34c-3p, 
miR-206, miR-429, miR-339-3p, miR-203a, miR-25-3p, miR-
155-5p, and miR-148a-3p were downregulated (6.7–15.4-fold), 
as reported elsewhere.39

P-ΔNp63α was previously shown to regulate the expression 
of specific microRNAs in cisplatin-treated SCC-11 cells, subse-
quently leading to altering of tumor cell response to chemother-
apy via mechanisms implicated in cell death and cell survival.36-39 
We showed here that the p-ΔNp63α expressed in cisplatin-
treated SCC-11 cells upregulated or downregulated a plethora of 
various “epi-microRNA” species,3,4 which are likely to affect the 
components of epigenetic regulatory machinery, defined by the 
web-based bioinformatics tools (Fig.  1A). These potential epi-
genetic-regulatory molecules include enzymes involved in DNA 
methylation (DNMT1, DNMT3A, DNMT3B, and MBD1), 
histone acetylation (KAT2B, KAT3B, and KAT6B), histone 
deacetylation (HDAC9), histone demethylation (KDM2A, 
KDM3A, KDM3B, KDM4C, and KDM5B), and members of 
the polycomb repressive complex (EZH2, BMI1, RNF2, EED, 
and RBBP4), as shown in Figure  1A. To investigate whether 
predicted microRNAs affect the expression of selected mRNAs, 
we employed the 3′-untranslated region (UTR)-mediated lucif-
erase activity assay. We found that the microRNA mimics for 
miR-630, miR-34c-3p, miR-429, miR-485-5p, miR-297, miR-
25-3p, miR-92b-3p, miR-519c-3p, miR-181a-5p, miR-720, 
miR-101a-3p, miR-27a-3p, miR-148a-5p, miR-185-5p, and miR-
148a-3p inhibited the luciferase activity driven by the 3′-UTR of 
specific mRNAs by −1.4 to −2.2-fold compared with the scram-
bled microRNA (Fig. 1B; Fig. S1A–D). In addition, the direct 
effect of the specific microRNA mimics, as well as siRNAs, on 
the DNMT3A, HDAC9, KDNM4C, and DNMT1 protein lev-
els was clearly seen in SCC-11 cells (Fig. S1E–D).

Intriguingly, several epigenetic protein targets were affected 
by several microRNAs, while certain microRNAs could modu-
late several targets (Fig. 1; Fig. S1), as predicted elsewhere.40-42 
Since it was difficult to predict a cumulative effect of cisplatin 
treatment on the protein targets that are likely to be modulated 
by p-ΔNp63α-dependent microRNAs, we tested the levels of 
certain epigenetic proteins in both cisplatin-sensitive SCC-11 
cells and cisplatin-resistant SCC-11M cells, which were exposed 
to control medium (CON) or 10 μg/ml cisplatin (CIS). Target 
protein levels were monitored by immunoblotting, with the 
indicated antibodies followed by quantification imaging analy-
sis. The obtained values were subsequently normalized to the 
β-actin levels (Fig. 2A and B). We observed that EZH2, RBBP4, 
DNMT3A, and KDM4C were downregulated, while RNF2, 
KDM2A, KDM3B, and KDM5B were upregulated in sensitive 
SCC-11 cells upon cisplatin exposure (Fig. 2A). BMI1, DNMT1, 
HDAC9, and KAT2B showed no significant changes under cis-
platin exposure, probably due to opposing actions of cisplatin-/p-
ΔNp63α-induced and -repressed microRNAs (Fig. 1A; Fig. S1). 
However, the resistant SCC-11M cells displayed a slightly dis-
tinct pattern of expression of tested protein targets (Fig.  2B), 
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Figure 1. Cisplatin affects expression of microRNA targets in SCC-11 cells. (A) Schematic representation of the ATM-induced p-ΔNp63α-dependent 
protein targets involved in epigenetic regulation of gene transcription and their corresponding microRNAs in SCC-11 cells exposed to cisplatin. The 
microRNAs induced by cisplatin/p-ΔNp63α are indicated in black, while microRNAs repressed by cisplatin/p-ΔNp63α are indicated in gray. The cor-
responding microRNAs are shown next to the specific protein target. microRNAs listed on right next to ATM or ΔNp63α are shown to inhibit ATM or 
ΔNp63α expression, suggesting a feedback regulation through microRNA-dependent mechanism.28 (B) microRNA/3′-UTR luciferase reporter assays for 
indicated targets in SCC-11 cells. Cells were transfected with the 3-UTR luciferase plasmids along with the scrambled RNA (control) or microRNA mimics, 
as indicated below the graph. Target protein symbols are indicated above the graph. Data obtained from the control samples were presented in relative 
units (RU) and designated as 1. Data were expressed as means ± SD from 3 independent experiments in triplicate (P < 0.05).
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supporting the notion that some epigenetic biomarkers could be 
involved in the response of SCC-11 cells to cisplatin treatment.

ΔNp63α is forming protein complexes with epigenetic 
enzymes in SCC cells

Previous protein–protein interaction studies showed that 
TP63, and specifically ΔNp63α, is capable of binding to 
numerous proteins implicated in epigenetic regulation of gene 
expression.43 We, therefore, examined whether both sensi-
tive SCC-11 cells and resistant SCC-11M cells exposed to cis-
platin treatment displayed the formation of protein complexes 
between ΔNp63α and tested epigenetic enzymes. We showed 
the increased ΔNp63α binding to DNMT3A, HDAC9, and 
KDM4C in SCC-11M cells compared with SCC-11 cells 
(Fig. 2C), suggesting that these complexes, which preferentially 
occurred in cisplatin-treated SCC-11M cells, could recruit the 
epigenetic enzymes to the target gene promoters. To support 

this hypothesis, we examined whether ΔNp63α binds to the 
DAPK1, SMARCA2, and MDM2 gene promoters (Figs. S2–4) 
in larynx-derived sensitive SCC-11/resistant SCC-11M cells 
and tongue-derived sensitive SCC-25/resistant SCC-25CP cells 
upon cisplatin exposure.39,44 Using the chromatin immunopre-
cipitation (ChIP) assay, we found that under cisplatin pres-
sure ΔNp63α bound more efficiently to the DAPK1 (Fig. S5), 
SMARCA2 (Fig. S6), and MDM2 (Fig. S7) promoters in SCC-
11M cells/SCC-25CP cells than in SCC-11 cells/SCC-25 cells 
(Fig.  S5–7). Since, sensitive SCC-11 and SCC-25 cells exclu-
sively express or have the higher p-ΔNp63α/non-p-ΔNp63α 
ratio, one could notice the binding of p-ΔNp63α in these cells, 
which is a part of the total ΔNp63α binding (Fig. S5–7). Taken 
together, we propose that ΔNp63α contributes to recruiting 
the epigenetic enzymes to the certain gene promoters in order 
to regulate their transcription by DNA methylation, histone 

Figure 2. Expression of epigenetic protein targets in SCC-11 cells and SCC-11M cells upon cisplatin exposure. Immunoblot analysis with indicated anti-
bodies. SCC-11 cells (A) and SCC-11M cells (B) were exposed to control medium (CON) or 10 μg/ml cisplatin (CIS) for 16 h. Each lysate was divided into 2 
aliquots: (1) to detect the levels of indicated proteins, and (2) to detect the β-actin level. Lines between images indicate the separate gel runs and blots 
with various antibodies. Aliquots for β-actin were run on one gel and blotted altogether. Blots were scanned and quantified in triplicate by the Image 
Quant software version 3.3. Values indicated above the blots were normalized by β-actin levels and expressed as a fold change to a control sample 
defined as 1. (C–E). Immunoprecipitation (IP) of ΔNp63α with DNMT3A (C). HDAC9 (D) or KDM4C (E) in SCC-11 and SCC-11M cells upon cisplatin exposure.
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deacetylation, and demethylation, as shown for many transcrip-
tion factors, including TP63.45-47

Modulation of DNA methylation affects the DAPK1 expres-
sion in SCC cells upon cisplatin exposure

Accumulating evidence shows that promoter DNA hypermeth-
ylation of various genes involved in cell cycle arrest or apoptosis 
leads to their epigenetic repression and subsequently to chemo-
resistance of tumor cells to anticancer drugs.48-51 Several DNA 
methyltransferases, DNMT1, DNMT3A, and DNMT3B, 
are involved in the addition of methyl groups to the 5′-cyto-
sine at the CpG islands within the specific promoter DNA 
sequences, subsequently repressing the transcription of these 
genes. DNMT1 preserves the methylation DNA patterns 
throughout each cell division, while DNMT3A and 3B 
transfer a methyl group to unmethylated DNA sequences.52-56 
Although DNMT3A and 3B are believed to play a role of 
de novo DNA methyltransferases in development, recent 
studies showed that both DNMT3A and DNMT3B could 
also serve as maintenance enzymes that are responsible for 
copying DNA methylation patterns to the daughter strands 
during DNA replication.52-56 Therefore, DNA methylation 
mediated by a combined action of DNMT1, DNMT3A, 
and DNMT3B is essential for understanding the epigenetic 
mechanisms underlying cellular transformation.52-56

Our initial studies that employed the high-throughput 
DNA methylation chip arrays showed that many sequences 
were exclusively hypermethylated in SCC-11M cells upon 
cisplatin exposure, compared with SCC-11 cells treated 
with cisplatin (data not shown). Among these sequences, 
the DAPK1 promoter area was found starting at −1768 bp 
(Fig. S2). For example, the hypermethylation of the death-
associated protein kinase-1 (DAPK1) promoter was reported 
to contribute to chemoresistance of cancer cells to several 
therapeutic agents.50,51 Intriguingly, the putative TP63 
binding sequences in the specific DNMT3A promoter area 
(−1763 to −1344 bp; Fig. S2) are shown to overlap with the 
potential DNMT3A consensus sequence.45

We examined whether the expression of DAPK1 was 
affected in SCC-11 cells and SCC-11M cells exposed to con-
trol media and 10 μg/ml cisplatin for 16 h (Fig. 3). Since, 

miR-297 is upregulated in SCC-11 cells compared with SCC-
11M cells upon cisplatin exposure,39 and was shown to target 
DNMT3A expression (Fig.  1; Fig.  S1A and E), we suggested 
that the p-ΔNp63α-upregulated miR-297 might be implicated 
in epigenetic regulation of the DAPK1 expression. Using the 
qPCR, luciferase reporter, and ChIP assays, we tested whether 
miR-297, siRNA to DNMT3A, and DNA methylation inhibitor, 
5′-azacytidine, (5′-AzaC) would affect the DAPK1 expression 

Figure 3. Expression of DAPK1 is modulated by DNA methylation 
in SCC-11 cells upon cisplatin exposure. SCC-11 cells and SCC-11M 
cells were transfected with the scrambled (Scr) miRNA for 32 h, and 
then exposed to control medium (Con) or 10 μg/ml cisplatin (CIS) 
for an additional 16 h. Cells were also transfected with the miR-297 
mimic, or DNMT3A siRNA and exposed to control media for 48 h. 
Cells were also treated with the 1.5 μM 5′-AzaC for 16 h. (A) QPCR 
assay for the DAPK1 expression was performed from 3 independent 
experiments in triplicate (P < 0.05). (B) SCC-11 cells and SCC-11M cells 
were additionally transfected with 100 ng of the LightSwitch_Pro 
reporter plasmid for the DAPK1 promoter for 24 h. Renilla luciferase 
reporter activity assay was conducted from 3 independent experi-
ments in triplicate (P < 0.05). (C) ChIP-qPCR assay of the DNMT3A 
binding to the specific region of the DAPK1 promoter. QPCR assay 
was performed using 3 independent experiments in triplicate (P < 
0.05). The amount of ChIP-enriched DNA (ChIP/input) represented 
as a signal relative to the total amount of chromatin DNA (Input) 
using the same primers.
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in SCC-11 cells and SCC-11M cells treated with control media 
(Fig. 3). We showed that the cisplatin exposure of SCC-11 cells 
induced DAPK1 mRNA expression by 2.45-fold, while miR-297, 
siRNA to DNMT3A, and 5′-AzaC increased the DAPK1 mRNA 
expression in SCC-11 cells by 3.34-, 3.41-, and 2.06-fold, respec-
tively (Fig. 3A). Although SCC-11M cells exposed to cisplatin 
displayed no change in the DAPK1 mRNA expression compared 
with control treatment, miR-297, siRNA to DNMT3A, and 
5′-AzaC increased the DAPK1 mRNA expression in SCC-11M 
cells by 3.11-, 3.21-, and 2.01-fold, respectively (Fig.  3A). We 
further showed that the DAPK1 promoter-driven luciferase activ-
ity was increased in SCC-11 cells upon cisplatin exposure, and 
under influence of miR-297, siRNA to DNMT3A, and 5′-AzaC 
by 5.98-, 7.88-, 8.18-, and 5.65-fold, respectively (Fig. 3B). At 
the same time, SCC-11M cells exposed to cisplatin showed no 
change in the DAPK1 promoter function compared with control 
treatment, while miR-297, siRNA to DNMT3A, and 5′-AzaC 
increased the DAPK1 promoter–reporter activity in SCC-11M 
cells by 7.62-, 7.72-, and 3.45-fold, respectively (Fig.  3B). We 
next showed that the DNMT3A binding to the DAPK1 promoter 
(Fig. S2) was markedly decreased in SCC-11 cells upon cisplatin 
exposure and after treatment of SCC-11 cells with miR-297 and 
siRNA to DNMT3A (Fig. 3C). However, the DNMT3A binding 
to the DAPK1 promoter (Fig. S2) in SCC-11M cells was practi-
cally unchanged after cisplatin, but was decreased in SCC-11M 
cells treated with miR-297 and siRNA to DNMT3A (Fig. 3C). 
Inactivation of DNMT3A activity with 5′-AzaC had only a slight 
effect on the DNMT3A binding to the DAPK1 promoter (com-
pared with scrambled control) in both SCC-11 and SCC-11M 
cells (Fig. 3C). Similar ChIP assay results were shown using the 
tongue-derived cisplatin-sensitive SCC-25/cisplatin-resistant 
SCC-25CP pair of cells (Fig. S8A).

Modulation of histone deacetylation affects the SMARCA2 
expression in SCC cells

Histone deacetylation is a well-known molecular mechanism 
underlying the transcription repression, and certain histone 
deacetylases (HDAC) have been shown to repress the transcrip-
tion of specific cancer-related genes.47,57-62 SMARCA2 (BRM) is 
not mutated in tumor cells; however, it is epigenetically silenced 
by various HDACs confirmed by the use of HDAC inhibitors, 
shown to reverse SMARCA2 silencing and subsequently to inhibit 
cancer cell growth.61,62 Using the knockdown approach, the high-
throughput screening of HDAC showed that the class II HDACs, 
HDAC4 and HDAC9, regulate SMARCA2 expression.61-64

We examined whether SMARCA2 expression was affected in 
SCC-11 cells and SCC-11M cells exposed to control media and 
10 μg/ml cisplatin for 16 h (Fig. 4). Since, miR-92b-3p is upregu-
lated in SCC-11 cells compared with SCC-11M cells upon cispla-
tin exposure,39 and was shown to modulate HDAC9 expression in 
vitro (Fig. 1B; Fig. S1B and F), we suggested that the p-ΔNp63α-
upregulated miR-92b-3p might be implicated in epigenetic regu-
lation of the SMARCA2 expression. Using the qPCR, luciferase 
reporter, and ChIP assays, we tested whether miR-92b-3p, siRNA 
to HDAC9, and class IIb histone deacetylase inhibitor, MC1568 
(refs. 62–64) would affect the SMARCA2 expression in SCC-11 
cells and SCC-11M cells treated with control media (Fig. 4).

We showed that the cisplatin exposure of SCC-11 cells 
induced SMARCA2 mRNA expression by 1.63-fold, while 
miR-92b-3p, siRNA to HDAC9, and MC1568 increased the 
SMARCA2 mRNA expression in SCC-11 cells by 4.53-, 3.94-, 
and 4.16-fold, respectively (Fig. 4A). Although SCC-11M cells 
exposed to cisplatin displayed the −1.87-fold decrease in the 
SMARCA2 mRNA expression compared with control treatment, 
miR-92b-3p, siRNA to HDAC9, and MC1568 increased the 
SMARCA2 mRNA expression in SCC-11M cells by 4.02-, 4.15-, 
and 3.58-fold, respectively (Fig.  4A). We further showed that 
the SMARCA2 promoter-driven luciferase activity was increased 
in SCC-11 cells upon cisplatin exposure by 2.03-fold, while 
miR-92b-3p, siRNA to HDAC9, and MC1568 increased the 
SMARCA2 luciferase activity by 12.03-, 11.19-, and 9.94-fold, 
respectively (Fig. 4B). At the same time, SCC-11M cells exposed 
to cisplatin showed no change in the SMARCA2 promoter 
function compared with control treatment, while miR-92b-3p, 
siRNA to HDAC9, and MC1568 activated the SMARCA2 
mRNA expression in SCC-11M cells by 10.52-, 11.25-, and 
8.64-fold, respectively (Fig. 4B). We next showed that HDAC9 
binding to the SMARCA2 promoter (Fig. S3) was unchanged in 
both SCC-11 and SCC-11M cells upon cisplatin exposure; how-
ever, this was markedly decreased after treatment of SCC-11 cells 
and SCC-11M cells with miR-92b-3p, and siRNA to HDAC9 
(Fig. 4C). Inhibition of HDAC9 activity with MC1568 had only 
a slight effect on the HDAC9 binding to the SMARCA2 pro-
moter (compared with scrambled control) in both SCC-11 and 
SCC-11M cells (Fig.  4C). Similar ChIP results were observed 
using the tongue-derived cisplatin-sensitive SCC-25/cisplatin-
resistant SCC-25CP pair of cells (Fig. S8B).

Modulation of histone demethylation affects the MDM2 
expression in SCC cells

Histone methylation/demethylation can either activate or 
repress gene transcription. While methylation of histone 3 (H3) 
at lysine (K)-4 and K36 is linked to actively transcribed genes, 
the methylation at H3K9 and H3K27 is associated with tran-
scriptional repression.65-67 Histone lysine methylation was regu-
lated by a large number of histone methyltransferases containing 
SET domain and demethylases (e.g., LSD1 and JMJC-domain 
containing proteins), as reviewed in references 65-67. The his-
tone demethylase JMJD2C (KMD4C, GASC1) can demethylate 
trimethylated H3K9 (H3K9me3) and H3K36 (H3K36me3).68,69 
Previously known as GASC1, this histone demethylase found 
amplified in esophageal SCC.70,71 Moreover, knockdown of 
KDM4C caused decreased proliferation of the tumor cells.71 The 
transcription of MDM2 (known to reduce the TP53 protein lev-
els in tumor cells) was induced by histone demethylase KDM4C 
through the changes of histone H3 methylation on the MDM2 
promoter.72,73

We examined whether the MDM2 expression was affected 
in SCC-11 cells and SCC-11M cells exposed to control media 
and 10 μg/ml cisplatin for 16 h (Fig. 5). Since, miR-485-5p was 
upregulated in SCC-11 cells compared with SCC-11M cells upon 
cisplatin exposure,39 and is shown to target KDM4C expression 
(Fig.  1; Fig.  S1C and G), we suggested that the p-ΔNp63α-
upregulated miR-485-5p might be implicated in epigenetic 
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regulation of the KDM4C expression. Using the qPCR, luciferase 
reporter, and ChIP assays, we tested whether miR-485-5p, siRNA 
to KDM4C, and histone demethylase inhibitor, IOX1 would 
affect the MDM2 expression in SCC-11 cells and SCC-11M cells 
treated with control media (Fig. 5). We showed that the cisplatin 
exposure of SCC-11 cells reduced the MDM2 mRNA expression 
by −1.4-fold, while miR-485-5p, siRNA to KDM4C and IOX1 
reduced the MDM2 mRNA expression in SCC-11 cells by −1.85-, 
−2.38-, and −2.04-fold, respectively (Fig. 5A).

Although SCC-11M cells exposed to cisplatin dis-
played only a slight change in the MDM2 mRNA 
expression compared with control treatment, miR-
485-5p, siRNA to KDM4C, and IOX1 activated the 
MDM2 mRNA expression in SCC-11M cells by −1.61-, 
−1.87-, and −2.22-fold, respectively (Fig. 5A). We fur-
ther showed that the MDM2 promoter-driven luciferase 
activity was decreased in SCC-11 cells upon cisplatin 
exposure by −2.63-fold, while miR-485-5p, siRNA to 
KDM4C, and IOX1 decreased this activity by −3.45-, 
−5.88-, and −3.23-fold, respectively (Fig. 5B).

At the same time, SCC-11M cells exposed to cispla-
tin showed no significant change in the MDM2 pro-
moter function compared with control treatment, while 
miR-485-5p, siRNA to KDM4C, and IOX1 activated 
the MDM2 mRNA expression in SCC-11M cells by 
−2.78-, −6.67-, and −5.06-fold, respectively (Fig. 5B). 
We next showed that the KDM4C binding to the 
MDM2 promoter (Fig.  S4) was unchanged in both 
SCC-11 and SCC-11M cell lines, however, was greatly 
decreased after treatment of SCC-11 cells with cispla-
tin, miR-485-5p, and siRNA to KDM4C (Fig.  5C). 
However, in SCC-11M cells treated with cisplatin the 
KDM4C binding to the MDM2 promoter (Fig.  S4) 
showed no significant changes compared with control 
treatment, while miR-485-5p and siRNA to KDM4C 
markedly decreased that binding (Fig. 5C). Inhibition 
of KDM4C activity with IOX1 had only a slight effect 
on the KDM4C binding to the MDM2 promoter 

(compared with scrambled control) in both SCC-11 and SCC-
11M cells (Fig.  5C). Similar ChIP results were detected using 
the tongue-derived cisplatin-sensitive SCC-25/cisplatin-resistant 
SCC-25CP pair of cells (Fig. S8C).

Modulation of SCC cell chemoresistance to cisplatin by 
epi-microRNAs

While the SCC-11 cells (expressing the wild-type ΔNp63α 
capable to undergo phosphorylation by ATM kinase) were shown 

Figure  4. Expression of SMARCA2 is modulated by histone 
deacetylation in SCC-11 cells upon cisplatin exposure. SCC-11 
cells and SCC-11M cells were transfected with the scrambled 
(Scr) miRNA for 32 h, and then exposed to control medium 
(Con) or 10 μg/ml cisplatin (CIS) for an additional 16 h. Cells 
were also transfected with the miR-92b-3p mimic, or HDAC9 
siRNA and exposed to control media for 48 h. Cells were also 
treated with the 5 μM MC1568 for 16 h. (A) QPCR assay for 
the SMARCA2 expression was performed from 3 indepen-
dent experiments in triplicate (P < 0.05). (B) SCC-11 cells and 
SCC-11M cells were additionally transfected with 100 ng of 
the LightSwitch_Pro reporter plasmid for the SMARCA2 pro-
moter for 24 h. Renilla luciferase reporter activity assay was 
conducted from 3 independent experiments in triplicate 
(P < 0.05). (C) ChIP-qPCR assay of the HDAC9 binding to the 
specific region of the SMARCA2 promoter. QPCR assays were 
performed using 3 independent experiments in triplicate (P < 
0.05). The amount of ChIP-enriched DNA (ChIP/Input) repre-
sented as a signal relative to the total amount of chromatin 
DNA (input) using the same primers.
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to display the sensitivity to cisplatin exposure, the SCC-11M cells 
(expressing the mutated ΔNp63α-S385G with an altered ability 
to undergo the ATM-dependent phosphorylation) were found to 
be more cisplatin-resistant than SCC-11 cells.35-39

To increase the chemosensitivity of SCC-11M cells, we finally 
examined the potential effect of selected epi-microRNA mim-
ics on the viability of SCC-11M cells upon cisplatin exposure. 
SCC-11 cells and SCC-11M cells were transfected with the 

scrambled microRNA for 32 h and then exposed to 10 μg/ml 
cisplatin (CIS) for 1–6 d (Fig.  6). SCC-11M cells transfected 
with the scrambled RNA for 32 h and were also exposed to con-
trol medium (Con) for 1–6 d (Fig. 6). SCC-11M cells were also 
transfected with indicated epi-microRNA mimics (miR-297, 
Fig. 6A; miR-92b-3p, Fig. 6B; and miR-485-5p, Fig. 6C) for 32 
h, and then were exposed to 10 μg/ml cisplatin (CIS) for 1–6 d 
(Fig. 6A–C). We showed that the cisplatin treatment led to a dra-

matic decline in survival of SCC-11 cells (3.52–4.75-fold, 
Fig. 6A–C), while its effect on SCC-11M cells appeared to 
be less dramatic (1.71–1.89-fold, Fig. 6A–C), suggesting 
that the altered ability to phosphorylate ΔNp63α by ATM 
kinase in SCC-11M cells rendered them more resistant to 
cisplatin treatment than SCC-11 cells. Intriguingly, the 
introduction of miR-297 mimic, DNMT3A siRNA, and 
5′-Aza5C into SCC-11M cells rendered them more sensi-
tive to cisplatin exposure (Fig.  6A). Similarly, the treat-
ment of SCC-11M cells with miR-92b-3p mimic, HDAC9 
siRNA, and MC1568, or with miR-485-5p mimic, 
KDM4C siRNA and IOX1 decreased the cell viability of 
SCC-11M cells upon cisplatin treatment (Fig. 6B and C, 
respectively). Finally, we showed that while individual 
microRNA mimics decreased the viability of SCC-11M 
cells by −22.2% (for miR-297), −18.9% (for miR-92b-3p), 
and −21.5% (for miR-485-5p), their combined treatment 
decreased the cell viability by −60.5% compared with con-
trol SCC-11M cells with the scrambled RNA treated with 
cisplatin showing additivity rather than synergy (Fig. S9).

Discussion

Cancer initiation and progression is triggered by a com-
bined program of epigenetic and genetic alterations resulting 
in deregulated gene expression and, subsequently, func-
tion.1,2,6,56,67,73,74 DNA hypermethylation represses the gene 
transcription, whereas DNA demethylation induces the 
transcription of genes, thereby controlling the expression 
and function of genes involved in cell differentiation, pro-
liferation, survival, and apoptosis, which are often deregu-
lated in cancer cells, leading to malignant phenotypes.2,56,74 

Figure 5. Expression of MDM2 is modulated by histone demeth-
ylation in SCC-11 cells upon cisplatin exposure. SCC-11 cells and 
SCC-11M cells were transfected with the scrambled (Scr) miRNA 
for 32 h, and then exposed to control medium (Con) or 10 μg/ml 
cisplatin (CIS) for an additional 16 h. Cells were also transfected 
with the miR-485-5p mimic, or KDM4C siRNA, and exposed to 
control media for 48 h. Cells were also treated with 1 mM IOX1 
for 16 h. (A) QPCR assay for the MDM2 expression was performed 
from 3 independent experiments in triplicate (P < 0.05). (B) SCC‑11 
cells and SCC-11M cells were additionally transfected with 100 ng 
of the LightSwitch_Pro reporter plasmid for the MDM2 promoter 
for 24 h. Renilla luciferase reporter activity assay was conducted 
from 3 independent experiments in triplicate (P < 0.05). (C) ChIP-
qPCR assay of the KDM4C binding to the specific region of the 
MDM2 promoter. QPCR assay was performed using 3 indepen-
dent experiments in triplicate (P < 0.05). The amount of ChIP-
enriched DNA (ChIP/Input) represented as a signal relative to the 
total amount of chromatin DNA (Input) using the same primers.
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Finally, the intricate network of epigenetic regulation of gene 
expression has been further enriched by the non-coding microR-
NAs affecting gene expression via binding to the mRNA sequences 
and by modulation of the epigenetic machinery.6,12-17,74-78

Transcriptional regulation of gene expression, ultimately lead-
ing to activation or repression of target genes, involves many layers 
of control including activating mechanisms, such as demethyl-
ation of promoter DNA sequences, acetylation, or demethylation 
of histones, subsequently affecting chromatin remodeling and 
repression mechanisms, such as methylation of promoter DNA 
sequences and methylation or deacetylation of histones forming 
nucleosome structures around promoter sequences, and 
microRNA.2,25,56,58,65,67,79-84 Our current studies shed a 
light on the potential role for p-ΔNp63α/microRNA 
network in these epigenetic regulatory molecular layers, 
essentially leading to modulation of tumor cell response 
to chemotherapeutic drugs through cell cycle arrest and 
apoptosis.39,78

We found that the p-ΔNp63α-dependent epi-
microRNAs modulate the protein targets involved in 
DNA methylation (DNMT1 and DNMT3A), histone 
acetylation (KAT2B), histone deacetylation (HDAC9), 
histone demethylation (KDM2A, KDM3B, KDM4C, 
and KDM5B), polycomb repressive complex (EZH2, 
BMI1, RNF2, and RBBP4). We showed that the levels 
of EZH2, RBBP4, DNMT3A, and KDM4C proteins 
were downregulated, while levels for RNF2, KDM2A, 
KDM3B, and KDM5B proteins were upregulated in 
the larynx-derived SCC-11 cells compared with SCC-
11M cells upon cisplatin exposure. We next found that 
DNMT3A, HDAC9, and KDM4C were forming pro-
tein–protein complexes with ΔNp63α, noting that this 
ability increased in SCC-11M cells, therefore supporting 
the idea that non-p-ΔNp63α is likely to recruit these 
epigenetic enzymes to certain gene promoters (DAPK1, 
SMARCA2, and MDM2) through TP63 binding 
sequence (Figs. S2–4). We suggested that ΔNp63α 
along with DNMT3A, HDAC9, and KDM4C could 
transcriptionally regulate the expression of tested genes, 
thereby contributing to SCC cell response to plati-
num chemotherapeutic compounds. We showed that 
the expression of DAPK1, SMARCA2, and MDM2 
was affected through a modulation of DNMT3A (for 
DAPK1), HDAC9 (for SMARCA2), and KDM4C (for 
MDM2), respectively, by the specific epi-microRNA 
(miR-297, miR-92b-3p, and miR-485–5p), siRNAs, 
and chemical inhibitors against DNMT3A, HDAC9, 
and KDM4C. By qPCR and promoter luciferase reporter 
assays, we showed that the inactivation of DNMT3A 
and HDAC9 led to activation of DAPK1 and SMARCA2 
expression, while inactivation of KDM4C resulted in 
repression of MDM2 expression in the larynx-derived 
SCC-11 cells. Additionally, we found that the binding 
of DNMT3A, HDAC9, and KDM4C to the DAPK1, 
SMARCA2, and MDM2 promoters was affected by the 
tested epi-microRNAs, siRNAs, and chemical inhibitors 

against DNMT3A, HDAC9, and KDM4C in SCC of larynx 
(SCC-11/11M) and tongue (SCC-25/25CP) origin. Finally, we 
observed that SCC-11M cells were markedly more resistant to cis-
platin treatment than SCC-11 cells; however, the former could 
be sensitized to cisplatin treatment by inactivation of DNMT3A, 
HDAC9, and KDM4C using the tested microRNA, siRNAs, and 
chemical inhibitors described in this study.

Although tp53 and tp63 were shown to transcriptionally con-
trol microRNA expression, the ability of microRNAs to regulate 
the components of the epigenetic machinery, targeting mol-
ecules involved in the DNA methylation, histone acetylation, 

Figure 6. Modulation of epigenetic regulatory components sensitize SCC-11M cells 
to cisplatin exposure. Cell viability assay. (A–C). SCC-11M cells were transfected 
with the scrambled RNA for 32 h, and then exposed to control medium (Con) or 
10 μg/ml cisplatin (CIS) for indicated time. Cells were also transfected with indicated 
microRNA mimics (A, miR-297; B, miR-92b-3p; C, miR-485-5p), or siRNAs against 
DNMT3A (A), HDAC9 (B), and KDM4C (C) for 32 h, and then exposed to 10 μg/ml 
cisplatin (CIS) for indicated time. Cells were also exposed to chemical inhibitors 
for DNMT3A (A, 1.5 μM 5′-AzaC), HDAC9 (B, class II HDAC inhibitor, 5 μM MC1568), 
or KDM4C (C, 1 mM, IOX1) along with 10 μg/ml cisplatin (CIS) for indicated time 
periods. Cell viability (MTT assay) was monitored in triplicate in 3 independent 
experiments.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

758	 Cell Cycle	 Volume 13 Issue 5

and modulation of transcription factors (e.g., TP53 and TP63) 
has also started to emerge, creating a controlled feedback 
mechanism.19,28,76-78,85

The miR-29 family was shown to directly target DNMT3A 
and DNMT3B and indirectly target DNMT1 through regulation 
of the transactivator SP1 or RBL2,86-88 while miR-148 and miR-
140 were shown to target DNMT1 and DNMT3B.89-91 miR-101 
was shown to regulate the expression of EZH2, catalytic subunit 
of the polycomb repressive complex 2, which mediates epigenetic 
gene silencing by trimethylating histone H3 lysine 27.92,93 miR-
200a was shown to target HDAC4, while miR-449a was found 
to modulate HDAC1 and subsequently induce cell cycle arrest, 
apoptosis, and a senescent phenotype in prostate and hepatocel-
lular cancers and myeloid leukemia cells.94-96 Introduction of 
miR-148a and miR-34b/c in cancer cells was shown to inhibit 
their cell motility, reduce tumor growth, and impair metastasis 
formation in xenograft models, and led to a downregulation of 
microRNA-dependent protein targets, such as c-MYB, c-MYC, 
E2F3, CDK6, HDAC, and TGIF2.97

Once it was widely demonstrated that an aberrant microRNA-
ome is a hallmark in cancer, accumulating evidence showed that 
the microRNA expression is affected by the same epigenetic 
mechanisms as mRNA transcription.29,74,83,85 microRNA expres-
sion can be regulated by several epigenetic mechanisms, including 
transcriptional modulation of microRNA genes by transcription 
factors, promoter methylation, or histone acetylation, and/or 
altered microRNA maturation.83,85 The ability of microRNAs 
to regulate the components of the epigenetic machinery, target-
ing molecules involved in the DNA methylation, histone acet-
ylation, and modulation of transcription factors is also started 
to emerge creating a controlled feedback mechanism.3,4,21,22,78,85 
Furthermore, accumulating evidence supports a strong potential 
role for microRNA-dependent regulation in the tumor response 
to anti-cancer chemotherapeutic treatments, thereby increasing 
the significance of microRNA-based approaches in personalized 
therapies of human cancers.30,31,98,99

Materials and Methods

Cells, reagents, and antibodies
Squamous cell carcinoma (SCC)-11 cells (wt-TP53 is 

expressed, wt-TP63 is amplified, and ΔNp63α is overexpressed, 
express both α and β isoforms of TAp73) were derived from 
the primary larynx SCC and authenticated.34-39,100 Stable SCC 
cell lines expressing wild-type ΔNp63α (SCC-11) or ΔNp63α-
S385G (SCC-11M) were generated using Flp-In technology.34 
We also used SCC-25 cells (expressing mutated TP53 [R209] 
and CDKN2A, expressing ΔNp63α) and SCC-25CP cells (with 
a spontaneously acquired cisplatin resistance) derived from the 
primary tongue SCC, as previously reviewed.39,44,101 Cells were 
maintained in a 1:1 mixture of Dulbecco modified Eagle medium 
and Ham F12 medium containing 1.2 g/L sodium bicarbonate, 
2.5 mM L-glutamine, 15 mM HEPES, and 0.5 mM sodium pyru-
vate and supplemented with 400 ng/ml hydrocortisone and 10% 
fetal bovine serum. Cells were incubated with control medium or 
10 μg/ml cis-diammine-dichloro-platinum-dichloride (cisplatin 

[CIS], P4394) along with 0.5–1.5 μM of 5′-azacytidine (5′-
AzaC, A2385), 1–5 μM of MC1568 (M1824), or 0.5–1 mM of 
8- hydroxy-5-quinolinecarboxylic acid (IOX1, SML0067), all 
from Sigma-Aldrich. Total lysates were used for immunoblotting 
and immunoprecipitation35 with the following antibodies against 
β-actin (Sigma), EZH2 (07–689), ΔNp63 (PC373), and BMI1 
(05–1322) both from Millipore/EMD, DNMT1 (GTX30364), 
DNMT3A (GTX30365) from GenTex, HDAC9 (PA5–11246, 
Thermo Fisher Scientific), KDM2A (A301–475A), KDM4C 
(A300–885A), RNF2 (A302–869A) from Bethyl Laboratories, 
RBBP4 (LS-C53331), and KDM3B (LS-C71162), KDM5B (LS-
C71115), KAT6B (LS-C125982) from LifeSpan Biosciences. The 
custom rabbit polyclonal antibody against phosphorylated pep-
tide encompassing the ΔNp63α protein sequence (ATM motif, 
NKLPSV-pS-QLINPQQ, residues 379–392) was also used.34,35

Transfection with microRNA mimics
The following individual human mirVana® microRNA mim-

ics (hsa-miR-297, hsa-miR-92b-3p, and hsa-miR-485-5p) were 
purchased from Ambion/Life Technologies. Cells in a 6-well plate 
were transfected with 100 pmol of the mimic or scrambled RNA 
in 500 μl serum-free media with 5 μl of Lipofectamine-2000 
reagent (Invitrogen) for 32 h. Each experiment was performed 
independently 3 times and in triplicate. Cells were also transiently 
transfected with the scrambled siRNA and the following siR-
NAs: DNMT3A (sc-37757), HDAC9 (sc-35550), or KDM4C 
(sc-92765), all from Santa Cruz Biotechnology. Transfection of 
cells with 20 nM of siRNA was carried-out using Lipofectamine 
SiRNAMAX (Invitrogen) for 32 h.39 Resulting cells were treated 
with control medium, 10 μg/ml cisplatin, or other chemical 
reagents for an additional 16 h.

Quantitative (q)-PCR
We performed a qPCR using the High-Capacity RNA-to-

cDNA Kit (#4387406), and TaqMan® PreAmp Master Mix Kit 
with the Gene Expression Master Mix) (#4384267). The DAPK1 
mRNA, SMARCA2 mRNA, and MDM2 mRNA were amplified 
using the TaqMan PCR kits (105 bp, Hs00234489_m1, 67 bp, 
Hs01030846_m1, and 149 bp, Hs00242813_m1), respectively. 
The reaction (20 μl) was carried out at 50 °C for 2 min, 95 °C 
for 10 min, 40 cycles of 95 °C for 15 s and 60 °C for 1 min. All 
reagents were obtained from Ambion/Life Technologies). Three 
independent biological experiments were performed. Each RNA 
sample was amplified in triplicate. Expression was normalized to 
the 18S RNA TaqMan probe (187 bp, #445332), and expression 
levels were determined as the average Ct of this control, subse-
quently used to normalize the sample’s Ct. The average mRNA 
expression was determined using the Mann–Whitney U test. 
Data presented as relative values (RU) to data obtained from the 
control samples (SCC-11 cells transfected with the scrambled 
RNA and exposed to control media) designated as 1.

Chromatin immunoprecipitation (ChIP)
5 × 106 cell equivalents of chromatin (2–2.5 kbp in size) were 

immunoprecipitated with 5 μg of the ChIP-grade antibodies 
against DNMT3A (ab2850, Abcam), anti-HDAC9 (ab59718, 
Abcam), or anti-KDM4C (NB110–38884, Novus Biologicals), 
as previously described.28,38 The ChIP-grade normal rabbit 
immunoglobulin (IgG, ab37415, Abcam) was used as a negative 
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control. After reversal of formaldehyde cross-linking, RNA-ase 
A, and proteinase K treatments, IP-enriched DNAs were used for 
qPCR assays. To amplify the specific regions, we used the follow-
ing primers: sense, (-1804) 5′-GATAGCGCAA ATAAACTCTG 
CG-3′, and antisense, 5′-GCCTATGGTC GGCCTCCGAC 
AG-3′ (−900), yielding the 905-bp PCR fragment for the DAPK1 
promoter; sense, (−860) 5′-TTATAAGGCG TTCAGCCTCT-3′, 
and antisense, 5′-TCATCAATGA AGTCATATTC AT-3′ (-23), 
yielding the 837-bp PCR fragment for the SMARCA2 promoter; 
and sense, (=997) 5′-AAACGTTTTT GCCACATCTC-3′, and 
antisense, 5′-CAGCCCGCCG CGCCCGC (-157), yielding the 
841-bp PCR fragment for the MDM2 promoter. QPCR con-
sisted of 40 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 
30 s using Taq DNA polymerase (Invitrogen). The ChIP-qPCR 
values were obtained from the ChIP and Input samples and then 
normalized for GAPDH qPCR values. Values obtained from the 
Input samples were designated as 1. ChIP/Input ratio was plotted 
using the Microsoft Excel software. Experiments were performed 
in triplicate.

Luciferase reporter assay
We used the LightSwitch_Pro reporter plasmids for the 

DAPK1 (S719576), SMARCA2 (S706761), and MDM2 
(S704939) promoters all obtained from SwitchGear Genomics. 
5 × 104 cells/well in a 24-well plate were transfected with the 
control (empty) pLightSwitch_Prom vector (#S707592) using 
Fugene HD reagent (Roche) for 32 h, as previously described.39 
Resulting cells were then treated with control media or with 10 
μg/ml cisplatin for an additional 16 h. Renilla luciferase activity 
was measured at 480 nm using a luminometer. Data presented 
as relative values (RU) to data obtained from the control samples 
(SCC-11 cells transfected with the scrambled RNA and exposed 
to control media) designated as 1.

For microRNA/3′-UTR luciferase reporter assays, we used 
the 3′-UTR luciferase reporter plasmids for EZH2 (S811982), 
BMI1 (S810388), EED (S806207), RNF2 (S811266), RBBP4 
(S808163), DNMT1 (S802002), DNMT3A (S808608), 
DNMT3B (S809202), MBD1 (S807532), HDAC9 (S811202), 

KDM2A (S811640), KDM3A (S804904), KDM3B (S808966), 
KDM4C (S806873), KDM5B (S810136), KAT2B (S810567), 
KAT3B (S808354), and KAT6B (S810388), all from SwitchGear 
Genomics. 5 × 104 cells/well in a 24-well plate were transfected 
with the control (empty) pLightSwitch_3UTR vector (S890005), 
respectively, using Fugene HD reagent (Roche) as previously 
described.36-38 Cells were also transfected with the selected 3′-UTR 
plasmids along with 100 ng of the tested microRNA mimics for 
48 h. Data obtained from the control samples were presented in 
relative units (RU) and designated as 1. Data were expressed as 
means ± SD from 3 independent experiments in triplicate.

Cell viability assay
104 cells/well in 96-well plates were incubated in serum-free 

medium with 5 μg/ml of the 3-(4,5-dimethyl thiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT assay, American 
Tissue Culture Collection) in the dark for 4 h at 37 °C. Cells 
were lysed and incubated for 2 h at 37 °C, and the measurements 
(A

570
 nm to A

650
 nm) were obtained on a Spectra Max 250 plate 

reader (Molecular Devices). Each assay was repeated 3 times in 
triplicate.39

Statistical analysis and bioinformatics
Differences in variables between experimental and control 

groups were assessed by using the Student t test. For prediction 
of the microRNA “seed” sequences in the 3′-UTRs, we used 
miRDB-microRNA Target Prediction and Functional Study 
Database, v3.0 (http://www. mirdb.org).
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