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Abstract

The molecular basis underlying the aggressive nature and excessive proliferation of cervical squamous cancer cell remains
unclear. ANp63a is the predominant isotype of p63 expressed in the epithelia and regulates epithelial cell differentiation.
The pro-/anti-tumor role of ANp63a in different kinds of solid tumors remains controversial and the precise molecular
mechanisms are still elusive. In this study, we uncovered the molecular functions of ANp63a in cervical squamous cell
carcinoma to clarify its roles as a tumor suppressor. We demonstrated that ANp63a suppressed cell migration,
invasiveness, and tumor growth in SiHa and ME-180 cells with both in vivo and in vitro assays. Mechanistic investigation
via RNA-sequencing and chromatin immunoprecipitation-sequencing revealed that ANp63a exerted its antitumor capacity
via regulating the expression of a cohort of cell junction genes. Further, we showed that ZNF385B and CLDN1 were two
direct ANp63a targets with significant relevance to cervical squamous cell carcinoma examined in cell cultures, tumor
xenografts, and clinic tumors. We also demonstrated that ANp63a downregulated NFATC1 to reduce cisplatin resistance.
These findings shed new lights on functions of ANp63a in tumors and providing novel insights in targeted therapy of
cervical cancers.

Introduction cervix [1]. According to the cancer statistics in 2017, cer-

vical cancers (~90% of them are CSCCs) rank no. 2 of
Cervical squamous cell carcinoma (CSCC) is an aggressive  cancer death in women aged 20-39 [2]. It is known that
malignancy arising within the stratified epithelium of the  abnormal regenerative proliferation and blocked differ-
entiation are vital drivers of squamous tumors including
CSCC [3]. Human papillomavirus (HPV) has been identi-
fied as the key agent to cause these abnormalities in ~99%
of the cancers in uterine cervix [4]. HPV infection often
Signiﬁ'cance: ANp63q functions as a tumor suppressor in CSCC by leads to aberrant expression of genes such as KLFS5,
fiﬁ:ia:;fe:hgeeizs r::zlhozso(fjigglf nZ(I)\IfFée;lsjBu, n;;fr&%il;gnd some TPRGI, and TP63 due to the genomic msertlon' of HPV or

other mechanisms [5]. Chemotherapy of CSCC is generally
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TP63 encodes a crucial transcription factor p63, which
is a member of the p53 family and plays critical roles in
regulating epithelial development [8, 9]. p63 has three
isoforms according to different promoters, TA, AN, and
GTA (germ cell-encoded trans-activating p63). TA and
AN isoforms generate variants such as o, f, y, and & due
to alternative splicing at the carboxy terminal [10].
Notably, the TAp63 isoforms, due to their transactivation
domain, are capable of trans-activating a set of genes
shared with those of p53, such as BAX and MDM2.

ANp63a, however, lacks the majority of the transacti-
vation domain but still has transactivation activity [11]. In
addition, the ANp63a can inhibit the function of p53
family members through forming protein complexes with
p53 family proteins [11]. Also, ANp63a is the major
isotype controlling epithelium morphogenesis [9-12].
Aberrant expression of ANp63a can interrupt normal
differentiation, promote survival of epithelial cells, and
contribute to malignant transformation through various
mechanisms [13].

Till now, it is controversial for roles of ANp63a in
cancers [14-16]. Some reports showed that higher levels of
ANp63a could promote cancer cell proliferation and inva-
sion, and lead to chemotherapeutic resistance through var-
ious mechanisms in many tumors such as primary head and
neck squamous cell carcinomas, breast cancer, and non-
small cell lung cancer [17-22]. Some other studies sug-
gested the role of ANp63a in metastasis prevention, inhi-
bition of epithelial-mesenchymal transition, induction of
cell cycle arrest, apoptosis, and regulation of p53 target
genes [23-25]. Taken together, the effects of ANp63a
might rely heavily on tumor and tissue specificity.

We and others have demonstrated that ANp63a is the
predominant isotype expressed in the cervix, while other
isotypes are hardly detectable. [25, 26]. ANp63a has
decreased expression levels in CSCC, although there have
been no systematic analyses for ANp63a downstream genes
in CSCC [26, 27].

To further investigate the roles of ANp63a in CSCC,
we sought to identify the targets of ANp63a, and to dis-
sect molecular pathways that dictated by ANp63a in
CSCC. In this study, we have identified target genes of
ANp63a by RNA-sequencing (RNA-seq) and chromatin
immunoprecipitation followed with deep sequencing
(ChIP-seq) in cervical cancerous cells. We have revealed
that ANp63a plays a central role in regulating cell junc-
tion genes in CSCC. Further analysis and examinations
with in vivo and in vitro experiments have demonstrated
that ANp63a has antitumor effects by regulating critical
targets such as ZNF385B and CLDN1, and ANp63a also
inhibits the expression of NFATCI1 to reduce cisplatin
resistance in CSCC.
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Results

ANp63a reduces proliferation of cervical squamous
carcinoma cells in vitro and in vivo

To further investigate the functions of ANp63« in cervical
squamous tumorigenesis, we screened four cervical squamous
cancer cell lines (ME-180 and MS751 with high expression
of ANp63a, Hela, and SiHa with low expression of
ANp63a) (Supplementary Fig. S1A). ME-180 and
MS751 cells exhibited significant reduction of cell prolifera-
tion, colony formation, and migration. On the other hand,
HelLa and SiHa cells displayed significantly higher capability
of cell proliferation, colony formation, and migration (Sup-
plementary Fig. SIB-D). We selected SiHa (low expression
of ANp63a) and ME-180 (high expression of ANp63a) for
in-depth study (Fig. 1a). We then established stable SiHa cells
with the overexpression of ANp63a (SiHa/p63), and stable
ME-180 cells with ANp63a shRNA knockdown (ME-180/
shp63) (Fig. 1b). Compared with control, cell proliferation
(Fig. 1c) and colony formation were significantly reduced in
SiHa/p63 cells (Fig. 1d). On the other hand, cell proliferation
and colony formation were significantly increased in ME-
180/shp63 cells compared with the control (Fig. 1c, d). Cell
cycle distribution analysis further showed that more cells
stayed in GO/G1 phase in SiHa/p63 cells, while fewer cells
stayed in GO/G1 phase in ME-180/shp63 cells (Fig. le).
We then examined whether ANp63a regulated tumor-
igenesis of cervical carcinoma cells in vivo. SiHa/p63, ME-
180/shp63, and their corresponding control cells were sub-
cutaneously injected into nude mice. The ANp63a expression
levels in dissected tumors were later confirmed in tissue
section slides by immunohistochemistry staining (Supple-
mentary Fig. S2A, B). The tumors from SiHa/p63 cells grew
significantly slower than those from control cells (Fig. 2a). On
the other hand, tumors in the ME-180/shp63 group grew
significantly faster as compared with its control (Fig. 2b). The
SiHa/p63-derived tumors were further confirmed through
immunohistochemistry staining. Compared with the control,
SiHa/p63-derived tumors exhibited lower levels of Ki-67,
total STAT3, Y705-pSTATS3, and Survivin and higher levels
of K5 (Keratin 5) and Involucrin (Fig. 2c). Compared with
their controls, ME-180/shp63-derived tumors showed higher
levels of Ki-67, total STAT3, active STAT3 (Y705-pSTATS3),
and with Survivin, and lower levels of K5 and Involucrin
(Fig. 2d). Notably, the antibody used for total STAT3 may
only be suitable to evaluate the total amount of STAT3 pro-
teins, but not very good for evaluate cytoplasmic/nuclear
localization of STAT3 (Fig. 2c, d). Phospho-STAT3 staining
together with the total STAT3 staining demonstrated the
negative association between active STAT3 and p63 levels.
The in vivo effect of ANp63a on metastasis of CSCC requires
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Fig. 1 ANp63a inhibits proliferation of cervical squamous cells
in vitro. a ANp63a mRNA levels (upper) and protein levels (lower) in
SiHa and ME-180 cells. b mRNA and protein levels of ANp63a in
SiHa/p63 (SiHa cells with stable overexpression of ANp63a), and
ME-180/shp63 (ME-180 cells with knockdown of ANp63a) cells. ¢
Proliferation curves of SiHa/p63 cells (left) and ME-180/shp63 cells

further investigations. In summary, higher levels of ANp63«
could suppress tumorigenesis in CSCC, while lower levels of
ANp63a would promote tumorigenesis in CSCC.

ANp63a regulates epithelial-mesenchymal
transition in cervical squamous carcinoma cells

It is known that epithelial-mesenchymal transition plays
crucial roles during development and also in the tumor

(right) compared with the corresponding controls, respectively.
d Colony formation assays of SiHa/p63 and ME-180/shp63 cells. e
Cell cycle distribution analyses of SiHa/p63 cells (upper) and ME-180/
shp63 cells (lower). All the experiments were performed in triplicates.
Error bars, SD, data are means + SEM. n.s., not significant, *p <0.05,
**p <0.01, ***¥p <0.001, are based on the Student’s r-test

invasion process [28, 29]. To investigate whether ANp63a
regulated epithelial-mesenchymal transition in CSCC, we
examined the expression of epithelial and mesenchymal
markers by western blot and immunohistochemistry. We
found that ANp63a overexpression increased the levels of
epithelial markers (E-cadherin and p-catenin) and decreased
the levels of mesenchymal markers (N-cadherin and
vimentin) both in vitro and in vivo (Fig. 3a, b). ANp63a
knockdown resulted in the downregulation of epithelial
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markers and upregulation of mesenchymal markers both in
cultured cells and xenograft tumors (Fig. 3c, d). Knock-
down of ANp63a also seemed to alter the morphology of
ME-180 cells; they became smaller, slimmer, and

SPRINGER NATURE

fibroblastic-shaped, and had branched protrusions (Fig. 3e).
Tissues from dissected tumors with H&E staining revealed
that knockdown of ANp63a altered the morphology of ME-
180 cells (Fig. 3f).
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<« Fig. 2 ANp63a inhibits proliferation of cervical squamous cells

in vivo. a Tumors derived from SiHa/p63 and the corresponding
control cells. Weights (middle) and volumes (right) of tumors are also
shown. n =6 tumors. b Tumors derived from ME-180/shp63 and the
corresponding control cells. Weights (middle) and volumes (right) of
tumors are also shown. n =6 tumors. ¢ Representative images of
proliferation-related markers (Ki-67, total STAT3, Y705-pSTATS3, and
survivin) and differentiation-related markers (K5 and Involucrin) in
SiHa/p63-derived tumors (SiHa/pCon as the vector only control) by
immunohistochemistry. d Representative images of proliferation-
related markers (Ki-67, total STAT3, Y705-pSTAT3, and survivin)
and differentiation-related markers (K5 and Involucrin) in ME-180/
shp63-derived tumors (ME-180/NC as the no-knockdown control) by
immunohistochemistry. *p <0.05, **p <0.01, ***p <0.001 are based
on the Student’s t-test. Error bars, SD. For aand b, n = 5. For ¢ and d,
n=13. Scale bar: 40 um

ANp63a suppresses the migration and invasion of
CSCC as well as the angiogenesis of CSCC-derived
tumors

To evaluate the effect of ANp63a on cell motility, we
performed wound healing assay and transwell assay. SiHa/
p63 cells migrated significantly slower compared with the
control cells (Fig. 4a). However, ME-180/shp63 cells with
ANp63a knockdown migrated significantly faster compared
with the control cells (Fig. 4b). Moreover, SiHa/p63 cells
showed weaker migration and invasion capability in
matrigel (Fig. 4c). In addition, ME-180/shp63 cells with
ANp63a knockdown increased migration and invasion
compared with the control cells (Fig. 4d).

The effects of ANp63a on angiogenesis of cervical
squamous carcinoma cells were then examined. We found
that the expression levels of VEGF were significantly lower
in SiHa/p63 cells compared with the control, while the
expression levels of VEGF were significantly higher in ME-
180/shp63 cells compared with their corresponding controls
(Fig. 4e). The SiHa/p63-derived tumors expressed a lower
number of CD34 positive blood vessels, while the ME-180/
shp63-derived tumors expressed a higher number of CD34
positive blood vessels, compared with the corresponding
controls (Fig. 4f). The number of blood vessels was 13.1 +
1.2/mm? in SiHa/ANp63a group as compared with 35 + 1.6/
mm? in the control group; 27 + 0.63/mm? in ME-180/shp63
group as compared with 12 + 1.57/mm? in the control group
(Fig. 4f). Thus, higher expression levels of ANp63a
expression inhibit cell migration and invasion in CSCC, and
angiogenesis of CSCC-derived tumors.

Identification of target genes of ANp63a in cervical
squamous cancer cells

To better understand the transcriptional regulatory
mechanisms of ANp63a in cervical squamous carcinoma

cells, we performed RNA-seq in ME-180/shp63 and SiHa/
p63 cells, respectively (Fig. 5a). In ME-180/shp63 RNA-
seq, mRNAs of 6263 genes were significantly affected
(cutoff of twofold changes and p < 10~>) compared with the
no-knockdown control (Fig. 5a and Supplementary Fig.
S3A). In SiHa/p63 RNA-seq, 230 genes were significantly
affected (cutoff of twofold changes and p < 10~°) compared
with the no-overexpression control (Fig. 5a and Supple-
mentary Fig. S3B). Thus, cervical squamous carcinoma
cells might be more sensitive to decreased levels of
ANp63a. There were 100 overlapped genes (with reversed
changes, since the experimental cells were with knockdown
and overexpression of ANp63a, respectively) from these
two RNA-seq data (Fig. 5a, b). These genes could be either
direct or indirect targets of ANp63a. GO analyses of these
100 genes revealed enrichment in terms such as keratini-
zation, cornification, signal transduction, programmed cell
death, and cell differentiation (Fig. 5c).

To determine global direct targets of ANp63a, we per-
formed ChIP-seq of endogenous p63 in ME-180 cells.
Bioinformatics analysis of the ChIP-seq data identified 3349
p63 direct target genes (Fig. 5d). Among the 100 genes
significantly affected by ANp63a in the RNA-seq analyses,
33 possessed p63 ChIP-seq binding sites, and thus should
be direct targets of ANp63a (Fig. 5d). We also analyzed the
distribution of p63 ChIP-seq peaks relative to the genomic
region (Fig. 5e). p63 ChIP-seq signals formed a major peak
around 0.2 kb downstream of the transcription start sites
(TSS) (Fig. 5f); this feature of p63 ChIP-seq peak is also
seen in other types of tumor [30-33]. De novo analysis
showed that the p63-binding motif in cervical squamous
carcinoma cells matched the p63-binding site of “CNNG”
found in other cell types (Fig. 5g) [30, 33]. These 33 genes
were direct ANp63a targets and substantially regulated in
both CSCC cell lines. These direct targets could be either
activated or suppressed by ANp63a (Fig. Sh and Supple-
mentary Fig. S4). GO analyses of these 33 genes revealed
enrichment in four terms all related to cell junctions
(Fig. 51).

We then examined all the 33 candidate genes with sur-
vival curves in two online databases, Kaplan—-Meier Plotter
(KMP) and Xena Functional Genomics Explorer (XFGE).
XFGE database (http://xenabrowser.net) includes data from
cervical cancer, which includes both CSCC and cervical
adenocarcinoma. Therefore, we could not specifically ana-
lyze CSCC, and two genes CLDNI1 and ZNF385B were
correlated to survival curves of cervical cancers (Fig. 5j). In
KMP database (http://kmplot.com/analysis), data from
CSCC are collected, and this database does not have data
from cervical adenocarcinoma. 12 out of the 33 genes were
correlated to survival curves of CSCC in KMP (Supple-
mentary Fig. S5). CLDNI1 and ZNF385B are in these 12

SPRINGER NATURE
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genes. We hence focused on CLDNI1 and ZNF385B for
downstream examination. ChIP-seq peaks for both genes
and ChIP efficiency were shown (Supplementary Fig. S6A,
B). Interestingly, the correlation with survival for the
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expression levels of CLDNI is positive, while that of
ZNF385B is negative (Fig. 5j and Supplementary Fig. S5).
In accordance with this, the expression of CLDN1 was
activated by ANp63a, and the expression of ZNF385B was
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« Fig. 3 ANp63a regulates epithelial-mesenchymal transition in cervi-

cal squamous carcinoma cells. a Expression of epithelial (E-cadherin
and fB-catenin) and mesenchymal (Vimentin and N-cadherin) markers
were analyzed by western blot in SiHa/p63 and the control.
b Representative images of E-cadherin, p-catenin, and Vimentin
expression in SiHa/p63 cells xenograft tumors by immunohis-
tochemistry. ¢ Expression of epithelial (E-cadherin and p-catenin) and
mesenchymal (Vimentin and N-cadherin) markers are analyzed by
western blot in ME-180/shp63 and the control. d Representative
images of E-cadherin, p-catenin, and Vimentin expression in ME-180/
shp63-derived tumors by immunohistochemistry. e Comparison of
morphology between cultured ME-180/shp63 and the control cells.
f Cell morphology in tissue section slides between ME-180/shp63 and
the control by H&E staining. All the experiments were performed in
triplicates. Error bars, SD, data are means + SEM. n.s., not significant,
*p<0.05, ¥*p <0.01, ***p <0.001, are based on the Student’s #-test.
Scale bar: 40 pm

suppressed by ANp63a in CSCC cell lines (Fig. 5h and
Supplementary Fig. S4).

ANp63a regulates CLDN1 and ZNF385B in cultured
cells and clinical samples

We examined the expressions of CLDN1 and ANp63a in
CSCC cells and clinical samples. Both SiHa/p63 cells and
SiHa/p63-derived tumors showed significantly increased
levels of CLDN1 protein (Fig. 6a, b). On the other hand,
ME-180/shp63 cells, and ME-180/shp63-derived tumors
showed significantly decreased levels of CLDN1 (Fig. 6a,
b). Expression of ANp63a and CLDNI1 was also sig-
nificantly decreased in the cervical tumor samples, com-
pared with adjacent normal tissues (Fig. 6c). Pearson
correlation coefficient analyses showed that ANp63a
expression was positively associated with CLDN1 in clin-
ical tissues (r=0.6025 and P< 10’4) (Fig. 6d). As for
ZNF385B, SiHa/p63 cells, and SiHa/p63-derived tumors
showed decreased levels of ZNF385B compared with their
corresponding controls; ME-180/shp63 cells and ME-180/
shp63-derived tumors showed significantly increased levels
of ZNF385B (Fig. 6e, f). ZNF385B expression was also
significantly increased in the cervical tumor samples,
compared with adjacent normal tissues (Fig. 6g). Pearson
correlation coefficient analyses revealed that the ANp63a
expression was inversely associated with ZNF385B
expression in clinical tissues (r = —0.4831 and P = 0.0008)
(Fig. 6h). As we showed that ANp63a affected the EMT
behavior in CSCC (Fig. 3a-d), we also examined the
involvement of CLDN1 and ZNF385B in EMT in SiHa and
ME-180 cells through examining expression of epithelial
and mesenchymal markers by Western blot. Overexpression
of CLDNI in SiHa significantly increased EMT, whereas
knockdown of CLDNI1 in ME-180 decreased EMT sig-
nificantly. On the other hand, knockdown of ZNF385B in
SiHa significantly increased EMT, while the overexpression

of ZNF385B in ME-180 decreased EMT (Supplementary
Fig. S7).

ANp63a downregulates NFATC1 to reduce cisplatin
resistance in cervical squamous cancer cells

Several recent studies indicated that one of the 33 direct
targets of ANp63a, NFATCI, might play roles in cisplatin
resistance in several types of tumors other than CSCC [34—
36] (Supplementary Fig. S4). ChIP-seq peaks for NFATC1
and ChlIP efficiency were shown (Supplementary Fig. S6C,
D). Apoptosis of SiHa/p63 and ME-180/shp63 cells under
treatment with cisplatin was then examined, and we found
that apoptosis of SiHa/p63 increased significantly after the
overexpression of ANp63a, while ME-180 decreased sig-
nificantly after the knockdown of ANp63a (Fig. 7a-d).
Furthermore, ANp63a overexpression decreased the levels
of NFATCI in SiHa/p63 cells, and ANp63a knockdown
significantly increased the levels of NFATC1 (Fig. 7e).
NFATCI expression was significantly increased in cervical
cancer samples, compared with adjacent normal tissues
(Fig. 7f). Expression levels of ANp63a were inversely
associated with NFATCI1 expression in clinical serial sec-
tions (r=—0.3012 and P =0.0444) (Fig. 7g). The pro-
liferation of ME-180/shp63 cells decreased significantly
upon silencing NFATC1 when treated with cisplatin (Fig.
7h). Cell apoptosis also increased significantly after inhi-
biting NFACT]1 in cisplatin-treated ME-180/shp63 (Fig. 7i
and Supplementary Fig. S8).

Discussion

In this study, we have unveiled the antitumor roles of
ANp63a in CSCC. We have demonstrated these roles with
several layers of evidence. By knocking down or over-
expressing ANp63a, we have found that ANp63a reduced
cell proliferation, inhibited epithelial-mesenchymal transi-
tion, and suppressed migration and invasion of CSCC both
in cell cultures and in tumor xenografts. ANp63a indeed
plays tumor-specific roles to be either a tumor gene or a
tumor suppressor in distinct types of cancers [20-22].

We have identified a small group of genes by RNA-seq
and ChIP-seq as the core of ANp63« targets. It is interesting
that 6263 genes were significantly affected in ME-180/
shp63 based on RNA-seq data, but only 230 genes were
significantly affected in SiHa/p63 RNA-seq (Fig. 5a). The
distinct gene regulatory network that associates with p63 in
ME-180 and SiHa cells maybe distinct to react to changes in
the expression levels of ANp63a, which we do not fully
understand. Another fact maybe related is that the ME-180/
shp63 cells had ~20% of p63 protein levels left, and on the
other hand, SiHa/p63 overexpressing cells had only ~2
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Fig. 4 ANp63a suppresses migration, invasion, and angiogenesis of
cervical squamous cancerous cells. a Representative images of wound
healing in SiHa/p63 cells and the control. Quantification of healing
rate is also shown. b Representative images of wound healing in ME-
180/shp63 cells and the control. Quantification of healing rate is also
shown. ¢ Representative images of transwell migration (top) and
Matrigel invasion assays (bottom) of SiHa/p63 cells and the control.
Quantification of migrating cells is also shown. d Representative
images showing transwell migration (top) and Matrigel invasion
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times of p63 protein levels than SiHa control cells (Fig. 1b).
The p63 mRNA levels showed much more dramatic chan-
ges than p63 protein levels in the overexpression or
knockdown  (Fig. 1b),  suggesting a  strong
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posttranscriptional regulation on p63 expression. The 33
genes are all direct ANp63a targets in both cell types, and
their expression levels are relatively more sensitive to
changes of the ANp63a expression to either higher or lower
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Fig. 5 Identification of target genes regulated by ANp63a in cervical
squamous cancer cells. a Analyses of ME-180/shp63 RNA-seq and
SiHa/p63 RNA-seq; overlapped genes are shown. b The heatmap of
the 100 overlapped genes significantly regulated by ANp63a in both
ME-180 and SiHa cells. ¢ GO analyses of biological process for 100
overlapped genes significantly regulated by ANp63a in both ME-180
and SiHa cells. d Overlapped genes from p63 ChIP-seq and the 100
genes commonly regulated by p63 in both SiHa and ME-180 cells
(shown in a). e Genomic distribution of p63ChIP-seq peaks in the
corresponding numbers of genes; TSS transcriptional start site. g
Distribution of p63 ChIP-seq signals around 1 kb of the TSS. g, The
most enriched p63-binding motif in ME-180 ChIP-seq data by
HOMER (top 100 peaks). h Heatmap of RNA-seq data for the
33 ANp63a direct targets that are also significantly affected by the
overexpression or knockdown of ANp63a in SiHa or ME-180 cells,
respectively. Quantification of mRNA levels of the 33 targets of
ANp63a is shown to the right; FC fold change. i GO analyses of
biological process for 33 overlapped genes from p63 ChIP-seq data
and RNA-seq data (shown in h). j Survival curves of CLDN1 and
ZNF385B analyzed by Xena Functional Genomics Explorer; p value
was calculated by log-rank test

levels (Fig. 5d). This core of genes enriches for functions in
cell junction. It is well established that cell junctions play
essential roles in epithelial cells, and they are well known to
be related to multiple aspects of tumors and regulate cell
proliferation, epithelial-mesenchymal transition, metastasis,
and angiogenesis [37-40]. One of the two core target genes
of ANp63a with significant association with patient survi-
val, CLDNI, is an intercellular junction gene [41]. CLDN1
was previously reported to be involved in cell migration and
metastasis, and its expression was also related to lung
cancer, gastric cancer, colorectal cancer, and triple-negative
breast cancer [42-45]. Notably, Phospho-ANp63a was
shown to upregulate miR-185-5p and downregulate let7-5p
to regulate CLDN1 through its 3’-UTR [46]. Also, CLDN1
was found to be involved in epithelial development regu-
lated by ANp63a [47]. Another core target of ANp63a is
NFATCI, a well-studied nuclear factor that is regulated by
multiple signaling pathways and has critical roles in the
differentiation of osteoclast [34, 35]. NFATCI is also a
major clinical target for immunosuppressive drugs [36, 48].
Detailed molecular mechanism about how NFATCI is
related to cisplatin resistance remains for further investiga-
tion. Molecular functions of the other ANp63a core target
gene with significant association with patient survival,
ZNF385B, are largely unknown.

pS3 is an important tumor suppressor, and its structural
homologs p63 and p73 can have both similar and distinct
functions from p53 [49]. Actually, more than 40 different
isoforms of the p53 family members via transcription from
different promoters or alternative splicing are currently
known [49]. p53 family genes can be used for cancer
prognosis and furthermore as potential targets for cancer
therapy [50], and thus it is of great importance to evaluate
roles of isoforms such as ANp63a in various tumors.
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Different from p53, the presence of a Sterile Alpha Motif
(SAM) renders p63 the most significant structural difference
[51]. SAM domains are protein—protein interaction domains
also found in other developmentally important proteins, such
as p73 and several Eph receptor tyrosine kinases [52].
ANp63a is the predominant isotype expressed in the cervix,
playing the fundamental role in the regulation of cervical
squamous tumorigenesis. As a transcription factor, ANp63a
can both activate the expression of target genes (e.g.,
CLDN1) and inhibit the expression of some other target
genes (e.g., ZNF385B and NFATC1) as demonstrated in this
study, maybe due to the combinatory effects of transcriptional
regulators. Our study demonstrates that at least in CSCC cell
lines examined and in the contexts of our experimental setup,
ANp63a has antitumor effects by regulating specific target
genes. The characterization of ANp63a as an important
regulator in CSCC and further the identification of ANp63«
core targets such as cell junction genes, CLDN1, ZNF385B,
and NFATCI are potentially with fundamental significance
in the understanding, prognosis, and treatment of CSCC.

Materials and Methods
Cell culture

SiHa and ME-180 cells (ATCC, Manassas, VA, USA) were
maintained in Dulbecco’s modified eagle medium (DMEM)
(Hyclone, Logan, UT, USA) or McCoy’s 5 A Medium
(Gibco) with 10% (v/v) fetal bovine serum (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) respectively, con-
taining 100 units/ml penicillin and 100 mg/ml streptomycin
(Hyclone). Both SiHa and ME-180 cells were tested for
mycoplasma by a PCR-based method as well as DAPI
staining, to ensure the absence of contamination. We did
this test routinely once every 2 months or at the beginning
of the new series of experiments. Both cell lines are not in
the database of commonly misidentified cell lines that is
maintained by ICLAC (most recent version, Version 8.0)
and NCBI Biosample.

Plasmids construction

Human ANp63a cDNA was cloned by RT-PCR. ANp63«a
cDNA was inserted into MIGR1-Puro (Addgene, #27490).
The ANp63a target shRNA sequences (ACAGACCC
TTTGTAGCGTAG, at position 3648 to 3666) were achieved
from School of Life Sciences, University of Science and
Technology of China. After screening with transient trans-
fection with shRNAs, the synthetic antisense oligonucleo-
tides and a shRNA control were cloned into pLKO.1 puro
vector.
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cells, respectively. SiHa/p63 stable cell lines and SiHa/pCon
To construct SiHa/p63 stable cell line, MIGR1-ANp63a  cells were generated by selection with 2 pug/ml puromycin
plasmid and pCL-10A1 packaging vector were co-transfected ~ (Merck) for 2 weeks as described previously [53]. To
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<« Fig. 6 Correlations of ANp63a with CLDN1 and ZNF385B in their

gene expression. a Western blot of CLDNI in SiHa/p63, ME-180/
shp63, and the corresponding control cells. b Representative images of
CLDNI1 expression in SiHa/p63-derived (upper) and ME-180/shp63-
derived (lower) xenograft tumors by immunohistochemistry are
shown. Quantifications were on the right. ¢ Scatterplot of
CLDNI1 staining scores in the tumor (n=45) and adjacent cervix
tissues is shown (n =20). Representative images of ANp63a and
CLDNI in clinical tissues of cervical cancer by immunohistochemistry
are shown (right). d Correlation between the expression of ANp63a
and CLDNI in cervical cancer tissues. n =45. e Western blot for
ZNF385B in SiHa/p63, ME-180/shp63 cells, and their respective
controls. f Representative images showing ZNF385B expression in
SiHa/p63-derived and ME-180/shp63-derived xenograft tumors by
immunohistochemistry. Quantifications were also shown. g Scatterplot
of ZNF385B staining scores in the tumor (n = 45) and adjacent cervix
tissues (n = 20). Data of ANp63« (labeled as p63) are the same as used
in c. Representative images of ANp63a and ZNF385B in clinical
tissues of cervical cancer by immunohistochemistry are shown (right).
h Correlation between the expression of ANp63a and ZNF385B in
cervical cancer tissues. In a, b, ¢, e, f, and g, data are means + SEM.
**p <0.01, #**p <0.001 are based on the Student’s r-test. Error bars,
SD. For d, »r=0.6025; p<0.0001, and for h, r=—-0.4831; p=
0.0008. For tumor experiments, n = 6 pairs. Scale bar: 40 um

construct ME-180/shp63 stable cell line, ME-180 cells were
transfected with recombinant lentiviruses pLKO-puro har-
boring sh-NC, sh-ANp63a named ME-180/NC and ME-180/
shp63 respectively, and the stable cell lines were also treated
and screened with 2 ug/ml puromycin for 2 weeks.

Quantitative real-time PCR

Total RNA was isolated from cells or tissues by TRIzol
reagent (Invitrogen) according to the manufacturer’s pro-
tocol. Reverse transcription was performed by PrimeScript
TM RT Reagent Kit (Invitrogen) following the protocol,
then qRT-PCR was carried out in a final volume of 20 pl
containing 1 ul of cDNA, 1 pl primers (10 uM), 10 ul SYBR
Green PCR Master Mix (Roche) in real-time PCR instru-
ment (Thermo). 18S rRNA and GAPDH were served as
controls. All the primers for detection were shown in Sup-
plementary Table S1.

Immunoprecipitation and immunoblotting analysis

Immunoprecipitation and immunoblotting analysis were
performed as described previously [54, 55]. Briefly, cell
lysates were incubated with the appropriate primary anti-
bodies or normal mouse IgG for 2 h at 4 °C followed by the
addition of Protein G-agarose beads for 2h at 4 °C. The
bound complexes were then washed three times with RIPA
buffer and were eluted in SDS sample loading buffer. The
eluted proteins or total extracted proteins were separated by
SDS-PAGE and transferred to polyvinylidene fluoride
membrane (Millipore, Billerica, MA, USA), and detected
with specific primary antibodies coupled with horseradish
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peroxidase-conjugated secondary antibody by the enhanced
chemiluminescence detection reagent (GE healthcare Life
Sciences, Piscataway, NJ, USA). The antibodies were also
shown in Supplementary Table S1.

Chromatin immunoprecipitation (ChiIP)

ChIP assay and ChIP qRT-PCR were performed as descri-
bed previously [54, 55]. Briefly, Cells were cross-linked in
a UV cross-linker (UVP) at 200 mJ. After rinsed with
phosphate buffer saline (PBS) twice, cell pellets were lysed
in 1 ml of SDS lysis buffer (1% (w/v) SDS, 10 mM EDTA,
and 50 mM Tris-HCI, pH 8.1) containing complete protease
inhibitor cocktail (Roche) and were incubated for 20 min on
ice. Cell extracts were sonicated for 5 min with a Sonics
Vibra-Cell. A 100 pl sample of the supernatant was saved as
input. The remaining sample was diluted in 1:10 in ChIP
dilution buffer (0.01% (w/v) SDS, 1.1% (v/v) Triton X-100,
1.2mM EDTA, 16.7 mM Tris-HCI, pH 8.1, and 167 mM
NaCl) containing protease inhibitors. The chromatin solu-
tion was precleared and immunoprecipitated with 2 ug of
p63 antibody or normal IgG control. The immunocom-
plexes were eluted in 1% (w/v) SDS and 50 mM NaHCO;,
and cross-links were reversed for 6h at 65 °C. Samples
were digested with proteinase K for 1h at 45 °C, and the
DNA was extracted with phenol/chloroform/isoamyl alco-
hol. Eluted DNA was subjected to quantitative real-time
PCR detecting enriched genomic DNA regions with the
corresponding primers. The antibodies and primers were
also shown in Supplementary Table S1.

mRNA library preparation and sequencing

mRNA-seq was performed as described previously [55].
Overall 5 pug of RNA treated with siRNA or plasmid was
heated at 95°C and then subjected to end repair and 5'-
adaptor ligations. Reverse transcription was carried out with
random primers containing 3’ adaptor sequences and ran-
domized hexamers. The cDNAs were purified and ampli-
fied, and PCR products of 200-500bp were purified,
quantified and stored at —80 °C until sequencing. For high-
throughput sequencing, the libraries were prepared accord-
ing to the manufacturer’s instructions and subjected to 151-
nt paired-end sequencing with an Illumina Nextseq
500 system. We sequenced each library to a depth of 10-50
million read pairs. To obtain clean reads, adapters were
removed with cut adapt.

ChiP-Seq data analysis
For ChIP-seq data analysis, we filtered out reads from the

genomic repeats, then the unique reads were mapped to the
human genome (hg19) with bowtie (-v1). Peaks of p63 were
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Fig. 7 ANp63a downregulates NFATCI to reduce cisplatin resistance
in cervical squamous cancer cells. a Flow cytometry analysis of
apoptosis induced by cisplatin (CP) in SiHa/p63 and its control cells.
Quantitative analysis of apoptotic cells is shown. b Flow cytometry
analysis of apoptosis induced by cisplatin (CP) in ME-180/shp63 and
its control cells. Quantitative analysis of apoptotic cells is shown. ¢
Representative images of cell apoptosis in SiHa/p63 and its control
treated with/ without cisplatin (CP). d Representative images of cell
apoptosis in ME-180/shp63 and its control treated with/without cis-
platin (CP). e Western blot for NFATCI in SiHa/p63, ME-180/shp63,
and the respective controls. Quantitative analysis is shown. f Scatter-
plot of NFATC1 staining scores in the tumor (n =45) and adjacent
cervix tissues (n = 20). Data of ANp63a (labeled as p63) are the same
as used in Fig. 6c, g. Representative images of ANp63a and NFATC1
in clinical tissues of cervical cancer by immunohistochemistry (right).
g Correlation of the expression levels between ANp63a and NFATC1
in cervical cancer tissues (n =45). h Proliferation of ME-180/shp63
cells treated with/without cisplatin after NFATC1 knockdown deter-
mined by ACEA; time points of cisplatin treatment are indicated. i
Flow cytometry analyses of apoptosis induced by cisplatin after the
knockdown of NFATCI1. Quantification of apoptotic cells is shown
(lower). **p <0.01, ***p <0.001 are based on the Student’s #-test. In
a, b, e, h, and i, data are means + SEM in triplicates. Error bars, SD.
For e, r=— 0.3012; p =0.0444. Scale bar: 40 pm

ChIP-seq data were calculated by default parameters of the
respective software.

Cell proliferation in vitro (ACEA)

A total of 6 x 10* cells (including SiHa/pCon, SiHa/p63 and
ME-180/NC, ME-180/shp63 cells, respectively) were
resuspended in 1 ml DMEM containing 10% FBS. A total
of 100 pl of the cell suspension were seeded into each well
of the ACEA 16-well plate and put into the xCELLigence
RTCA DP measuring instrument (Roche). The number of
cells per well was then counted at the indicated time points.
Each type of cells was counted in triplicates. The cell
growth plot was analyzed by xCELLigence (ACEA
Biosciences Inc.).

Colony formation assay

The number of all cells per well was counted and cells
were kept uniform distribution. For SiHa/pCon and SiHa/
p63 cells, 100 and 300 cells were split into six-well plates
separately and in triplicates. Cells were allowed to grow
for 14 days in 5% CO, incubators before being stained
with 0.5% Crystal Violet Staining Solution (Solarbio). For
ME-180/NC, ME-180/shp63 cells, 100, and 200 cells
were split into six-well plates separately and in triplicates.
Cells were allowed to grow for 10 days in 5% CO,
incubators before stained with 0.5% Crystal Violet
Staining Solution.
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Cell cycle detection

A total of 2x 10° cells were plated in six-well plates per
well and cultured overnight. Then all cells were starved in
serum-free medium for 48 h. Cells were then changed with
complete medium for another 24 h. The cells in each group
were fixed with 70% ethanol overnight and washed with
PBS twice. According to the protocol of Cell Cycle
Detection Kit (Beyotime, China), the cells were resus-
pended with 400 pul of binding buffer and stained with 20 pl
of propidium iodide (PI) for 20 min at room temperature in
darkness. Cell cycle was analyzed immediately with flow
cytometry (Becton-Dickinso, FACSCalibur). The percen-
tage of cells at each phase of cell cycle was obtained by Cell
Quest software (Becton-Dickinso, FACSCalibur).

Scratch, migration, and invasion assays

For scratch assays, 400,000 cells (including SiHa/pCon,
SiHa/p63, ME-180/NC, and ME-180/shp63, respectively)
were plated in six-well plates, respectively. After the cells
were attached, cell monolayers were scraped by a 200 pl
pipette tip and washed by PBS to remove cell debris gently.
All cells were cultured in 1% FBS in DMEM or McCoy’s
5 A medium. Photos were taken during the subsequent 12 h,
36 h, and 72 h. For transwell migration assay, cell suspen-
sion containing 4 x 10°/ml cells in serum-free media were
prepared, followed by addition of 1 ml of media containing
10% fetal bovine serum to the lower chamber. 500 ul of
prepared cell suspension was added from each insert (Mil-
lipore# PIEP30R48, pore size: 8 um). For transwell invasion
assay, add 300 ul of warm serum-free media to the interior
of the inserts and allow this to rehydrate the ECM layer for
1 h at room temperature. A total of 2 x 10* cells were plated
into transwell inserts (Chenicon, pore size: 8 um). All the
steps were strictly followed by the transwell migration and
invasion assay kit protocols. After 24 h, cells that did not
migrate were removed by scratching the upper side of the
membrane with a cotton swab before fixation in 4%
methanol for 5 min at room temperature. Cells were then
stained with Hoechst reagent for 5 min. The percentage of
migration was quantified by Imagel.

Flow cytometric cell death assay

A total of 5% 10° cells were plated each well of six-well
plates and cultured overnight. The cells were grown up to
70% confluency and treated with various drug concentra-
tions of cisplatin for 48 h. Total cells were collected and
washed twice in binding buffer and stained with allophy-
cocyanin labeled annexin-V (BioLegend) and PI as per the
manufacturer’s guidelines. The population was then
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analyzed for the percentage of cells in normal, early apop-
totic and late apoptotic phase using CytExpert software.

Immunohistochemistry

Formalin-fixed paraffin-embedded 2 um tissue sections
were deparaffinized in xylenes and rehydrated through a
graded series of alcohols. After antigen retrieval was per-
formed, all sections were blocked at room temperature in
3% hydrogen peroxide for 10 min. Staining with antibodies
was conducted at room temperature for 2 h. Sections were
rinsed twice in PBS, and protein staining was performed
using diaminobenzidine substrate kit. Samples were
counter-stained with hematoxylin. Immunohistochemistry
images were obtained using an upright microscope
(Olympus). Brown staining indicated the immunoreactivity
of samples.

Immunoreactivity was semiquantitatively evaluated
based on staining intensity and distribution using the
immunoreactive score: immunoreactive score = intensity
score X proportion score. The intensity score was defined as
0, negative; 1, weak; 2, moderate; or 3, strong, and the
proportion score was defined as 0, negative; 1, <10%; 2,
11~50%; 3, 51~80%; or 4, >80% positive cells. The total
score ranged from O to 12. The immunoreactivity was
divided to three levels on the basis of the final score:
negative immunoreactivity was defined as a total score of 0,
low immunoreactivity was defined as a total score of 1~4,
and high immunoreactivity was defined as a total score >4.
The stained tumor tissues were scored by two researchers
blinded to the clinical patient data. Quantification was
performed using Image-Pro plus 6.0 software. The anti-
bodies were also shown in Supplementary Table S1.

Tumorigenicity in mice

Animal experiments were performed as described pre-
viously [56]. Five-week-old female nude mice (Experiment
Animal Center of Shanghai, China) (each group, n=06)
were subcutaneously injected with 6 x 10° SiHa/pCon,
SiHa/p63, ME-180/NC, or ME-180/shp63 cells in 0.1 ml
PBS containing 20% matrigel, respectively. The growth of
solid tumors of SiHa/pCon, or SiHa/p63 cells after injection
was measured at the indicated time points for up to 35 days.
The group of ME-180/shp63 cells tumors were measured at
the indicated time points for up to 18 days. All of the ani-
mals were sacrificed and tumors were used for analysis. The
tumors were calculated with caliper as previous reports [53].
All mice used in this study were treated in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals [57], and protocols were approved
by the Institutional Animal Care and Use Committee at The

University of Science and Technology of China (USTCA-
CUC1801017). The experimental protocols did not require
animal randomization. Investigators were not blinded to the
experimental groups. In some cases, mice were excluded if
they had unexpected deaths.

Tumor metastasis model

The immune-deficient nude mice were bred and housed in
pressurized ventilated cages according to institutional
regulations at University of Science and Technology of
China. Experimental metastasis assays were performed
using cervical cancer cell lines, SiHa/pCon, SiHa/p63,
ME-180/Con, and ME-180/shp63. Cells were harvested,
washed twice with PBS, and counted. A total of 6 x 10°
cells were resuspended in a 0.6 ml solution of DMEM and
then injected into the tail veins of 7-week-old female nude
mice. All mice were in good condition after injection. At
2, 3, and 4 weeks after injection, the mice were euthanized
and sacrificed. Liver and lung of each mouse were dis-
sected for examining the metastasis tumor by H&E
staining and immunohistochemistry. All mice used in this
study were treated in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals [57], and protocols were approved by the Insti-
tutional Animal Care and Use Committee at The Uni-
versity of Science and Technology of China
(USTCACUC1801017).

Clinical samples

The normal cervical tissues were collected from individuals
between February 2007 and July 2008 as described pre-
viously [56] and all of the cervical tissue samples were
obtained from the patients who were diagnosed with cer-
vical squamous cancer staged at 1bl11la from January 2010
to November 2016 at Anhui Provincial Hospital, Hefei,
China. This study was reviewed and approved by the Ethics
Review Board of Anhui Provincial Hospital. Written
informed consent was obtained from each patient for
this study.

Statistical evaluation

The Prism 5 (Graph Software) was used for all statistical
analyses. Sample size was selected based on the ability to
detect a difference of greater than 30% change at a power of
80% with p <0.05. Data of all the experiments were pre-
sented as mean =+ standard deviation from three biological
replicates. Student’s two-tailed ¢ test or analysis of variance
(ANOVA) was used to assess the statistical significance of
the difference. *p <0.05, **p <0.01, ***p <0.001.
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Data availability

The accession number for the RNA-seq and ChIP-seq data
reported in this paper is GEO: GSE135257.
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