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Abstract: ANp63« is a key transcription factor overexpressed in types of squamous cell carcinomas
(SCCs), which represses epithelial-mesenchymal transition (EMT) and cell migration. In this study,
we found that CDK1 phosphorylates ANp63«x at the T123 site, impairing its affinity to the target
promoters of its downstream genes and its regulation of them in turn. Database analysis revealed
that CDK1 is overexpressed in head and neck squamous cell carcinomas (HNSCCs), especially the
metastatic HNSCCs, and is negatively correlated with overall survival. We further found that CDK1
promotes the EMT and migration of HNSCC cells by inhibiting ANp63«x. Altogether, our study
identified CDK1 as a novel regulator of ANp63«, which can modulate EMT and cell migration in
HNSCCs. Our findings will help to elucidate the migration mechanism of HNSCC cells.

Keywords: ANp63«; CDKI1; cell migration; epithelial-mesenchymal transition (EMT); head and neck
squamous cell carcinoma (HNSCC); kinase; phosphorylation; transcriptional regulation

1. Introduction

Head and neck squamous cell carcinomas (HNSCCs) are a group of cancers derived
from the mucosal epithelium in the oral cavity, pharynx and larynx. HNSCC is the sixth
common cancer worldwide, with about 1 million new cases and a half million deaths per
year [1]. Owing to the tendency of regional lymph node metastasis and local recurrence,
HNSCC has a low five-year survival rate [2—4]. The epithelial-mesenchymal transition
(EMT) is a process by which epithelium-derived cancer cells increase their migration ability
during the initiation of metastasis [5]. Although it is highly controversial as to whether the
EMT is indispensable for cancer metastasis [6-9], there is mounting evidence of EMT in
HNSCCs: by means of multi-omic analyses, EMT or partial EMT, it was found in several
subtypes of HNSCC, with alterations of multiple EMT-related molecules including E-
cadherin, N-cadherin, vimentin and ITGA6 [10-15]. As malignancies arising from epithelia,
HNSCC cells generally express high basal levels of epithelial markers such as E-cadherin
and K14 [16,17]. TGF- and EGEF, as well as the downstream ERK and AKT pathways, may
be involved in activation of the EMT in HNSCCs [1,18,19]. The EMT is documented to
endow HNSCC cells with properties of cancer stem cells (CSCs), including the enrichment
of the CD44" /CD24~ population of cancer cells and an increased expression of CSC-related
genes [20,21]. ANp63«, the major isoform encoded by the p63 gene, is overexpressed in
squamous cell carcinomas (SCCs) derived from multiple organs or tissues due to gene
amplification [22,23]. The relationship between p63 expression and the prognosis of SCC
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patients is controversial: in some cases, a higher p63 level is associated with a worse progno-
sis [24-27]; on the contrary, there is also evidence that impaired p63 expression characterizes
the biological aggressiveness of high-grade invasive carcinomas [28-30]. This discrepancy
is likely due to the diversity of p63 isoforms, as well as their opposite roles in different SCC
subtypes or in different stages [20]. As a member of the p53 family, ANp63x can either
activate or inhibit a batch of downstream genes [22,31-34]. Recent studies have shown that
ANp63a inhibits the EMT [22]. Mechanistically, ANp63« regulates genes involved in cell
adhesion, motility and migration, such as integrins «6, 31 and 34 (ITGA6/B1/B4), and
the matrix protein Laminin-y2, N-cadherin, L1 cell adhesion molecule (L1CAM), bullous
pemphigoid antigen 1 (BPAG1), periostin and Wnt-5a [22,35-37]. ANp63c is modulated
via diverse post-translational modifications, such as phosphorylation, isomerization and
ubiquitination, in which a range of enzymes are involved [38].

CDK1 (cyclin-dependent kinase 1) is an important member of the CDK family, which
phosphorylates serine/threonine residues of proteins [39-41]. In a mixture with A- or
B-type cyclins, CDK1 catalyzes the phosphorylation of more than 70 substrates, mainly
regulating G1/S phase and G2/M phase transitions in the eukaryotic cell cycle [42-44].
In the past decade, a large body of literature has reported that CDK1 is highly expressed
in hepatocellular carcinoma, lung cancer, breast cancer, thyroid cancer, colorectal cancer,
prostate cancer and other malignant tumors [45-49]. In these scenarios, CDK1 plays key
roles in the progression of cancer and survival of cancer cells [40—42]. Therefore, CDK1 has
become one of the prospective targets for cancer therapy [42,50,51]. According to data from
mouse models and patients, inhibition of CDK1 may be an effective strategy to suppress
the progression of a range of malignancies [42,45,52]. In addition, recent clinical studies
have demonstrated the high level of CDK1 expression in HNSCC patients and its use as a
diagnostic biomarker for HNSCCs [50,51]. However, the exact roles and mechanism of this
kinase in the development of HNSCCs are unclear.

In this study, we reported that CDK1 mediates the phosphorylation of ANp63«x at
T123. As a consequence, the association of ANp63o with its target promoters and ANp63o-
mediated transcriptional regulation is impaired. This regulation of CDK1 on ANp63c may
lead to EMT and the migration of HNSCC cells, as well as the progression of HNSCC
patients. Our findings will help to elucidate the migration mechanism of HNSCCs as well
as post-translational modifications (PTMs) of ANp63«.

2. Results
2.1. CDK1 Binds to ANp63a and Phosphorylates It on Residue T123

To investigate phosphorylation modifications and interacting proteins of ANp63c, we
conducted an immunoprecipitation (IP) experiment with cell lysate from HEK293T cells
exogenously expressing ANp63c. With the resultant mass spectrometry (MS) analysis, we
identified several ANp63a-interacting kinases including CDK1 (listed in Supplementary
Table S1), as well as multiple phosphorylated residues in ANp63« (depicted in Supplemen-
tary Figure S51). Among these phospho-sites, 15 are located in the DNA binding domain
(DBD) or trans-inhibitory domain (TID), both of which are crucial to ANp63ax-mediated
transcriptional regulation [53]. To investigate the effects of these phospho-sites within DBD
and TID on ANp63x-mediated transcriptional regulation, we generated a series of mutant
ANp63«x constructs, with serine (S) or threonine (T) substituted with alanine (A) to prevent
the potential phosphorylation. By means of a luciferase reporter assay using these mutant
constructs, with the wild-type ANp63« as a control, we found that T123A mutation signifi-
cantly affects ANp63-mediated transactivation (Supplementary Figure S2). Bioinformatic
analysis reveals that the fragment of ANp63« containing T123 fits the consensus sequence
for CDK1, and this fragment is highly conservative in species ranging from Xenopus to
humans (Supplementary Figure S3). Therefore, we focus on the potential CDK1-mediated
modification of ANp63«.

In this study, the physical interaction between endogenous CDK1 and exogenous
ANp63« was verified with an independent co-immunoprecipitation (Co-IP) experiment
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(Figure 1A). UM1 is a cell line derived from human head and neck squamous cell carcinoma
(HNSCC), which expresses a high level of ANp63« [54]. To further verify the interaction
between the endogenous proteins, we conducted Co-IP experiments with specific antibodies
to ANp63a and CDK]1, respectively. Our results demonstrate that endogenous proteins of
ANp63a and CDK1 form a stable complex in UM1 cells (Figure 1B,C). These results suggest
that either exogenous or endogenous proteins of ANp63a and CDK1 physically interact
in cells.
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Figure 1. CDK1 binds to ANp63« and phosphorylates it at T123. (A) HEK293 cells transfected with
Flag-ANp63a were lysed and subjected to immunoprecipitation (IP) with anti-Flag or IgG control.
The cell lysate (input) or IP products were subjected to immunoblot (IB) analysis to detect indicated
proteins. (B,C) UM1 cells were lysed and subjected to IP with anti-ANp63« or anti-CDK1, using
homologous IgG as controls. The cell lysate (input) or IP products were subjected to immunoblot
(IB) analysis to detect indicated proteins. (D) HEK293 cells transfected with Flag-ANp63« or its
T123A mutant, plus CDK1, were lysed and subjected to IP with anti-Flag or IgG control. The
cell lysate (input) or IP products were subjected to IB analysis to detect indicated antigens. P-Thr,
phosphorylated threonine. (E) UM1 cells were infected with lentivirus-based shRNA specific to CDK1
(shCDK1#1, using shGFP as a control) and selected with puromycin. The resultant stable cell lines
were lysed and subjected to IP with anti-ANp63«. Then the cell lysate (input) or IP products were
subjected to immunoblot (IB) analysis to detect indicated antigens.

Furthermore, we co-expressed exogenous wild-type or T123A mutant ANp63a with
CDK1 in HEK293 cells. The wild-type or mutant ANp63x proteins were enriched by
means of IP. Then the phosphorylation levels of ANp63« in the IP product were detected
with the phospho-Thr (P-Thr) antibody (Figure 1D). Our results show that CDK1 can
significantly increase the threonine phosphorylation level of wild-type ANp63«x but not
that of T123A mutant (Figure 1D). The weak P-Thr bands of T123A mutant suggest other
phosphorylated threonine residues in the ANp63« protein, which are likely mediated by
kinases other than CDK1. This is consistent with our IP-MS analysis, which demonstrates
several phosphorylated threonine residues in ANp63x (Supplementary Figure S1). To
test the modification of endogenous proteins, we knocked down CDK1 with lentivirus-
based shRNA in UM1 cells, with which we conducted IP and IB analysis. The results
demonstrate that CDK1 knockdown leads to a lower phosphorylation level of threonine
(P-Thr) in ANp63« (Figure 1E). These data suggest that CDK1 phosphorylates ANp63«x at
T123 in cells.
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2.2. CDK1 Impairs Association of ANp63a with Its Downstream Gene Promoters to Inhibit
ANp63a-Mediated Transcriptional Regulation

Next, we investigated whether CDK1 affects the transcriptional activity of ANp63c us-
ing luciferase reporters, respectively, driven by promoters of K14 and BPAGI, both of which
are downstream target genes of ANp63«x [22]. The luciferase reporter assays reveal that
overexpression of CDK1 impairs ANp63x-mediated luciferase expression driven by K14
or BPAGI promoter (K14-Luc or BPAGI1-Luc, Figure 2A,B). Our further data demonstrate
that CDK1 suppresses ANp63x-mediated K14-Luc expression in a dose-dependent manner
(Figure 2C). To investigate the effects of endogenous CDK1 on the transactivity of ANp63«,
we knocked down CDK1 and performed luciferase reporter assays. The results reveal that
knockdown of CDK1 induces a significant augmentation of the ANp63o-mediated expres-
sion of either K14-Luc or BPAG1-Luc (Figure 2D,E). On the other hand, we treated the
cells with RO3306, which is a specific CDK1 inhibitor [45]. The results reveal that RO3306
enhances ANp63x-mediated K14-Luc expression in a dose-dependent manner (Figure 2F).
These data suggest that CDK1 inhibits ANp63x-mediated transcriptional regulation.
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Figure 2. CDKI1 impairs association of ANp63a with its downstream gene promoters to inhibit
ANp63x-mediated transcriptional regulation. (A-F), HEK293 cells were transfected with a mixture
of K14- or BPAG1-Luc and TK-Renilla, plus Flag-ANp63c and Myc-CDK1, shCDK1#1, increasing
dose of Myc-CDK1 or RO3306 (a specific CDK1 inhibitor), as indicated. Firefly and Renilla luciferase
activities were measured, while IB analyses were performed to detect indicated proteins in parallel.
The K14- or BPAGI1-Luc expression levels were normalized to Renilla activity and presented as
means £ SD (n = 3). Two-tailed t-test was used for comparison between two groups; ***, p < 0.001;
**, p <0.01; % p <0.05. (G) Chromatin immunoprecipitation (ChIP) assays were performed with
UML1 cells stably overexpressing Flag-ANp63«x or Flag-ANp63a plus CDK1, using anti-Flag. DNA
samples precipitated with either anti-Flag or mock IgG, as well as equivalent input, were subjected to
quantitative polymerase chain amplification (QPCR) to detect fragments of BPAG1 and N-cadherin
promoters. ANp63x-associated promoter fragments were assessed and normalized with input and

mock IgG groups (means + SD; n = 3; *, p < 0.05).
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As mentioned above, T123, the residue phosphorylated by CDK1, resides in the DNA
binding domain (DBD) of ANp63« (Supplementary Figure S1). To investigate whether
CDK1 affects the association between ANp63c and the promoters of its downstream genes,
we performed an experiment of chromatin immunoprecipitation followed by quantitative
polymerase chain reaction (ChIP-qPCR) with cells overexpressing Flag-tagged ANp63x in
combination with or without CDK1. The fragments of BPAG1 and N-Cadherin promot-
ers were previously reported as direct targets of ANp63« [55], which was confirmed in
our experiments (Supplementary Figure S4). Our ChIP-qPCR results demonstrate that
promoter fragments of BPAG1 and N-Cadherin are detected in the ChIP products, while
the simultaneous expression of exogenous CDK1 decreases the precipitated fragments
of BPAG1 and N-Cadherin promoters (Figure 2G). Together, these results suggest that
CDK1 reduces the affinity between ANp63c and promoters of its downstream genes and,
consequently, inhibits ANp63a-mediated transcriptional regulation.

2.3. T123A Mutation in ANp63x Abrogates the Inhibitory Effect of CDK1 on ANp63a-Mediated
Transcriptional Regulation

Our aforesaid data indicate that T123 is a residue relevant to ANp63« activity (Supple-
mentary Figure S2), which is negatively regulated by CDK1 (Figure 2). To further confirm
this hypothesis, we performed luciferase reporter assays with T123A mutant ANp63«x, com-
paring its transactivity to that of wild-type ANp63« as well as the effects of CDK1 on them.
Our data demonstrate that T123A mutant ANp63« has a higher transactivity than the wild
type has (Figure 3A-D). This is consistent with our data shown in Supplementary Figure S2.
On the other hand, both the overexpression and knockdown of CDK1 fail to affect the
luciferase expression mediated by T123A mutant (Figure 3A-D). These data indicate that
CDK1 inhibits the transactivity of ANp63a by phosphorylating this transcription factor
at T123.

2.4. CDK1 Is Upregulated in Head and Neck Squamous Cell Carcinomas (HNSCCs) and Is
Correlated to Malignant Progression of HNSCCs

ANp63a plays key roles in cell migration and metastasis of head and neck squamous
cell carcinomas (HNSCCs) [22]. To explore the correlation between HNSCC and the
expression of CDK1, bioinformatics analysis was performed using the Kaplan-Meier
plotter database. The result demonstrated that CDK1 expression is significantly higher
in HNSCCs than in normal tissues; in metastatic HNSCCs, CDK1 is further upregulated
(Figure 4A). The survival analysis shows that HNSCC patients with a high expression of
CDK1 have lower survival rates than those with low CDK1 expression (Figure 4B). These
data indicate that CDK1 plays key roles in tumorigenesis and the progression of HNSCCs,
especially in metastasis of HNSCCs.

2.5. CDK1 Promotes Epithelial-Mesenchymal Transition (EMT) and Migration of HNSCC Cells

To investigate the roles of CDK1 in HNSCC cell migration, we generated stable cell
lines overexpressing exogenous CDK1 and performed transwell assays. As shown in
Figure 5A, the Flag-tagged CDK1 was exogenously expressed in UM1 and Cal27 cells,
both of which are derived from HNSCCs. The results of the transwell assay show that
cells stably overexpressing CDK1 possess a higher migration ability, compared with the
control cells (Figure 5B,C). Our RT-qPCR results reveal that EMT markers, N-cadherin and
vimentin [56], are significantly upregulated in CDK1-overexpressing cells (Figure 5D). On
the other hand, we knocked down endogenous CDK1 in UM1 and Cal27 cells (Figure 5E)
and performed transwell assays (Figure 5EG). The results reveal that the depletion of
CDK1 induces a significant decrease in the migration of these cells. The RT-qPCR analyses
demonstrate the significant downregulation of EMT markers, N-Cadherin and vimentin,
in CDK1-knockdown cells (Figure 5H). Together, these data suggest that CDK1 promotes
EMT and cell migration in HNSCC cells.
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Figure 3. T123A mutation in ANp63« abrogates the inhibitory effect of CDK1 on ANp63x-mediated
transcriptional regulation. (A-D), HEK293T cells were transfected with a mixture of K14-Luc or
BPAG1-Luc and TK-Renilla, plus Flag-ANp63c or its T123A mutant and My-CDKI1 or shCDK1#1
plasmids, as indicated. IB analyses were performed to detect expression of indicated proteins in
parallel. The K14-Luc or BPAGI1-Luc expression levels were normalized to Renilla activity and
presented as means + SD (n = 3). Two-tailed f-test was used for comparison between two groups;
*** p <0.001; **, p < 0.01; *, p < 0.05; ns, nonsignificant.
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on 18 February 2021). (B) The survival analysis of HNSCC patients with high or low CDK1 expression
was performed in website http://www.kmplot.com (accessed on 18 February 2021).
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Figure 5. CDK1 promotes epithelial-mesenchymal transition (EMT) and migration of HNSCC cells.
(A,E) CDK1 was overexpressed or knocked down in UM1 or Cal27 cells with lentiviral infection, and
the resultant stable cell lines were identified by means of IB analysis. (B,F) Indicated stable cells were
subjected to transwell assay. Representative crystal violet staining images of migrated cells on the
underside were shown. (C,G) Quantification of effects of CDK1 overexpression or knockdown on
migration ability based on transwell assays (means + SD, n = 3). ***, p < 0.001; *, p < 0.05. (D,H)
UMI cell lines with CDK1 overexpression or knockdown were subjected to RT-qPCR analysis to

measure mRNA levels of N-cadherin and vimentin (normalized with GAPDH). The qPCR data were
presented as means + SD (n = 3). ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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2.6. CDK1 Impairs Inhibitions of HNSCC Cell EMT and Migration Induced by Wild-Type
ANp63a but Not Those by Its T123A Mutant

As mentioned above, ANp63x can inhibit EMT and migration in HNSCC cells [22].
To investigate whether CDK1 can modulate ANp63x-induced inhibition of EMT and cell
migration via phosphorylating ANp63c at T123, we overexpressed ANp63« or its TI123A
mutant with or without CDK1 in UM1 cells (Figure 6A), with which we conducted transwell
assays and RT-qPCR (Figure 6B-D). The results of transwell assays reveal that overexpres-
sion of ANp63« induces a significant inhibition of cell migration, while the T123A mutation
further exacerbates the migration inhibition; CDK1 significantly impairs cell migration
inhibition induced by ANp63«, but not that by its T123A mutant (Figure 6B,C). The RT-
qPCR analyses demonstrate that mesenchymal markers, N-cadherin and vimentin [56], are
significantly downregulated in UM1 cells overexpressing ANp63«, and are restored by
the simultaneous overexpression of CDK1 (Figure 6D). In parallel, ANp63« significantly
induces the expression of BPAG1 and ITGA6, which are markers of epithelial characteristics
and inhibit cell migration [57,58]; the simultaneous overexpression of CDK1 can signifi-
cantly impair the ANp63o-induced upregulation of BPAG1 and ITGA6 (Figure 6D). These
results suggest that CDK1 impairs the EMT and migration inhibitions induced by ANp63c
by phosphorylating its T123 residue.
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Figure 6. CDK1 impairs inhibitions of HNSCC cell EMT and migration induced by wild-type
ANp63a but not those by its T123A mutant. (A) UM1 cells overexpressing CDK1 and (or) ANp63x
were constructed with lentiviral infection and identified by means of IB analysis. (B) UM1 cells
overexpressing CDK1 and (or) ANp63c were subjected to transwell assay. Representative crystal
violet staining images of migrated cells on the underside were shown. (C) Quantification of effects
of CDK1 and (or) ANp63c overexpression or ablation on migration ability based on transwell
assays (means £ SD, n = 3). One-way ANOVA test was used for comparison between two groups.
*** p <0.001; **, p < 0.01. (D) The abovementioned cell lines were subjected to RT-qPCR analysis to
measure mRNA levels of N-cadherin, vimentin, BPAG and ITGA6 (normalized with GAPDH). The
qPCR data are presented as means & SD (n = 3). ***, p < 0.001; **, p < 0.01; *, p < 0.05.
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2.7. Knockdown of ANp63w Significantly Rescues Migration Inhibition Induced by CDK1
Depletion in HNSCC Cells

To confirm the involvement of ANp63c in the CDK1-modulated migration of HNSCC
cells, we knocked down endogenous CDK1 and (or) ANp63« in UM1 cells (Figure 7A).
By means of transwell assays using these stable cell lines, we found that the depletion of
ANp63c induces the enhanced migration of UM1 cells and significantly rescues migration
inhibition induced by knockdown of CDK1 (Figure 7B,C). On the other hand, the ablation
of CDK1 can still attenuate cell migration even in the scenario where ANp63« is depleted
to an undetectable level (Figure 7). This indicates that CDK1 promotes cell migration, at
least in part, via impairing the inhibitory effect of ANp63x on the migration ability of
HNSCC cells.

—
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Figure 7. Knockdown of ANp63« significantly rescues inhibitions of HNSCC cell migration induced
by CDK1 depletion. (A) CDK1- and (or) ANp63x-knockdown UM1 cells were constructed with
lentiviral infection and identified by means of IB analysis. (B) UM1 cells ablated with CDK1 and (or)
ANp63 0 were subjected to transwell assay. Representative crystal violet staining images of migrated
cells on the underside were shown. (C) Quantification of effects of CDK1 and (or) ANp63« ablation
on migration ability based on transwell assays (means + SD, n = 3). ***, p <0.001; **, p < 0.01.
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3. Discussion

Exploring the cell migration mechanism of cancer cells is of great significance for
cancer treatment, especially for head and neck squamous cell carcinomas (HNSCCs), which
tends to metastasize to proximal lymph nodes [59,60]. ANp63« is the predominant isoform
encoded by p63 gene, and plays key roles in the tumorigenesis of a variety of squamous
cell carcinomas (SCCs) [61,62]. Generally, ANp63« is upregulated in SCCs due to gene
amplification. It can promote neoplasia of SCCs by facilitating cell proliferation, while
it inhibits cancer invasion and metastasis at late stages of SCCs [22]. Mechanistically, it
can inhibit epithelial-mesenchymal transition (EMT) and cell migration by regulating the
expression of various genes related to cell adhesion and motility [35,37]. Previous data from
our lab and other groups reveal that p63 proteins can be phosphorylated and modulated
by several kinases [53,63-68].

According to our IP-MS analysis, we identified the T123 in ANp63c is one of the
phospho-sites affecting transactivity (Supplementary Figures S1 and S2). On the other
hand, CDK1 is one of the candidate ANp63a-interacting proteins (Supplementary Table S1),
whose consensus binding sequence fits the fragment containing T123 (Supplementary
Figure S3). According to our data, there are several phospho-sites affecting the transactivity
of ANp63« in addition to T123, though the T123A mutation leads to the biggest rise in
ANp63«x transactivity (Supplementary Figure S2). It remains to be investigated which
kinases mediate the phosphorylation of these residues in our system. In this study, we
confirmed that CDK1 directly binds to ANp63« and phosphorylates it at T123 (Figure 1).
Our data demonstrate that CDK1 significantly inhibits ANp63x-mediated transcriptional
regulation (Figure 2A-F). According to our result of the chromatin immunoprecipitation
(ChIP) assay, CDK1 impairs the association between ANp63x and the promoters of its
downstream genes, including the targets of both transactivation (BPAG1) and transinhibi-
tion (N-Cadherin) (Figure 2G). On the other hand, the T123A mutation in ANp63«, which
eliminates phosphorylation mediated by CDK1 (Figure 1D,E), abrogates the inhibitory
effect of CDK1 on ANp63a-mediated transcriptional regulation (Figure 3). These data
suggest that the CDK1-mediated phosphorylation of ANp63« at T123 impairs the affinity
between this transcription factor and its target promoters, resulting in weakened regulation
of ANp63cx on its downstream genes.

CDK1 is a cell cycle-related kinase, which can promote the cell cycle via phosphorylat-
ing key substrates including Rb and transactivating genes that are regulated by E2F [44].
Due to its pivotal roles in cell proliferation, diverse CDK1 inhibitors have been explored,
such as flavopiridol, dinaciclib, AZD5438, AT-7519 and RO3306. In clinical or preclinical
trials, these inhibitors demonstrate significant inhibition on malignancies including chronic
lymphocytic leukemia, mantle cell lymphoma, hepatocellular carcinoma and gastrointesti-
nal stromal tumor [42,45,52]. On the other hand, these CDK inhibitors may cause some
adverse effects, e.g., the likelihood of recurrence induced by senescent cells in palbociclib
treatment [69,70]. It remains to be seen how to avoid the side effects and whether they may
apply to other cancer types [42]. In our study, we did observe the pro-proliferative effect of
CDK1 on HNSCC cells, which is independent of ANp63«x (data not shown). In this paper,
we reported that CDK1 promotes the migration of HNSCC cells by modulating ANp63«:
the overexpression of CDK1 enhances cell migration (Figure 5B,C) and significantly impairs
the migration inhibition induced by the overexpression of wild-type ANp63«, but not
that by its T123A mutant (Figure 6B,C); knockdown of CDK1 induces an inhibition of cell
migration (Figure 5F,G), which can be partially rescued by the simultaneous ablation of
ANp63«x (Figure 7). It has been previously reported that CDK1 promotes the migration and
metastasis of cancer cells, e.g., colorectal carcinoma and breast cancer cells, by phospho-
rylating proteins such as EZH2 and activating pathways such as the Wnt/3-Catenin and
ERK/GSK3[3 /SNAI axes [71-73]. In our study, we observed that the depletion of ANp63c
fails to completely rescue the migration inhibition induced by CDK1 knockdown (Figure 7).
This indicates that CDK1 may also promote HNSCC cell migration in ANp63x-independent
pathways (Figure 7). Recent studies suggest that the basal subtypes of HNSCCs undergo
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the EMT process (at least partial EMT) during metastasis, while mesenchymal, classical and
atypical subtypes metastasize independently of the EMT [13,15]. Our in vitro investigation
indicates that CDK1 modulates the ANp63x-mediated inhibition of EMT in basal HNSCC
cells, UM1 and Cal27: CDK1 overexpression upregulates (Figure 5D), while the ablation
of CDK1 downregulates (Figure 5H), mesenchymal markers N-Cadherin and vimentin;
ANp63ax-induced downregulation of mesenchymal markers (N-Cadherin and vimentin),
as well as upregulation of epithelial markers (BPAG1 and ITGA®6), are impaired by CDK1
(Figure 6D). Our results are consistent with data from other groups, which reveal that
CDK1 promotes the migration of lung cancer cells and colorectal cancer cells via different
mechanisms [72,74]. Our data show that CDK1 may, at least in part, promote the EMT and
migration of HNSCC cells by phosphorylating ANp63c and inhibiting ANp63x-mediated
transcriptional regulation.

The results of the database analysis reveal that the expression of CDK1 is upregulated
in HNSCCs, especially in metastatic ones (Figure 4A). On the other hand, a high level of
CDK1 correlates with a shorter survival of HNSCC patients (Figure 4B). In combination
with the fact that ANp63a is a key transcription factor controlling cancer cell migration and
metastasis in multiple SCC cancer types [22], our data indicate that CDK1 may facilitate
metastasis of HNSCCs, by phosphorylating and inhibiting ANp63«. Despite a lack of
direct in vivo evidence, our findings shed new light on the mechanisms of the EMT and
migration of HNSCC cells. Given the differences between cultured cells and actual tumors,
this CDK1-mediated regulation of ANp63«, as well as its effects on EMT and cell migration,
will be further verified in mouse models in our future work. It is also worthwhile to test
whether CDK1 inhibitors can effectively intervene in the progression of HNSCCs in animals
and patients.

4. Materials and Methods
4.1. Cell Lines and Cell Culture

The SV40-transformed human embryonic kidney cell line HEK-293T, as well as HN-
SCC cell line Cal27, were purchased from Procell and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Biology in-
dustry, Shanghai, China) and 1% penicillin and streptomycin (Biosharp, Shanghai, China).
The human head and neck squamous cell line UM1 was a generous gift from Prof. Anxun
Wang (Department of Oral and Maxillofacial Surgery, First Affiliated Hospital, Sun Yat-Sen
University, Guangzhou, China) [75-78], and cultured in DMEM /F12 medium (Hyclone,
UT, USA) supplemented with 5% FBS and 1% penicillin and streptomycin. Cell culture was
carried out at 37 °C, 5% CO, and 95% humidity.

4.2. Lentivirus Packaging and Infection

Plasmids of pLvx-Flag-ANp63«, pLenti6-Flag-ANp63, pLKO.1-shGFP, pLKO.1-
shANp63x have been described previously [54,79,80]. We used lentiviral-mediated shRNA
interference to achieve CDK1 knockdown in tongue squamous cells. The target sequences
of CDK1 shRNA were as follows: shCDK1#1, 5-ATAGTCCTGTAAAGATTCCAC-3/;
shCDK1#2, 5-AATTAGAAGACGAAGTACAGC-3'. HEK293T cells were transfected with
pLvx-Flag-CDK1/pLvx-puro/pLKO.1-shGFP/pLKO.1-shCDK1 along with the lentiviral
packaging plasmids psPAX2 and pMD.2G, using Entranster™-H4000 (Engreen Biosys-
tem, Beijing, China) as a transfection reagent. The viral particles were collected 48 h post
transfection. Then the particles were supplemented into the medium to incubate with UM1
or Cal27 cells overnight in the presence of 10 ug/mL polybrene. Forty-eight hours post
infection, the cells were selected in a medium supplemented with 5 uM puromycin (Puro)
or (and) blasticidin (BSD) for 72 h.



Int. J. Mol. Sci. 2022, 23, 7385

12 of 17

4.3. Bioinformatics Analyses

The mRNA level of CDK1 in tumor versus normal tissues and the survival analysis of
CDK1 in HNSCCs were determined on website http:/ /www.kmplot.com (accessed on 18
February 2021).

4.4. Immunoblot (IB) Analysis

Cells were lysed in EBC250 buffer (50 mmol/L Tris-HCI, pH 8.0, 250 mmol/L NaCl,
0.5% Nonidet P-40, 0.2% phenylmethylsulphonyl fluoride, 2 ng/mL leupeptin, 2 ug/mL
aprotinin, 50 mmol/L NaF and 0.5 mmol/L Na3VOy) on ice for 30 min. Protein concentra-
tion was determined using the Bio-Rad protein assay reagent (Bio-Rad). Equal amounts
of total protein were separated by 12% SDS-PAGE, transferred to a PVDF membrane
and hybridized to an appropriate primary antibody and HRP-conjugated secondary an-
tibody for subsequent detection by ECL (Beyotime) as described previously [13,81]. The
primary antibodies used in this study were 1:1000 anti-P-Thr (sc-5267, Santa Claus, CA,
USA), anti-CDK1 (ET1607-51, HuaBio, Hangzhou, China), anti-p63 (ET1610-44, HuaBio,
Hangzhou, China), anti-Myc (EM31105, HuaBio, Hangzhou, China), anti-Flag (0912-1,
HuaBio, Hangzhou, China).

4.5. Reverse Transcription Quantitative PCR (RT-qPCR) Analysis

Total RNA was isolated by TransZol (Transgen Biotech), followed by reverse transcrip-
tion using Hifair II 1st strand cDNA Synthesis SuperMix for qPCR (Yeasen). Quantitative
PCR analysis was performed in a CFX96 Real-Time PCR System (Bio-Rad) using the SYBR
Green qPCR Master Mix (MCE) according to the manufacturer’s instructions. The primer
sequences were as follows:

GAPDH, 5-GACAAGAACTCCACTTCCTG-3' and 5'-GGCAGAGATGATGACCCTT
TT-3;

ANp63«, 5'-GAAGCGCCCGTTTCGTCA-3' and 5'-CATAAGTCTCACGGCCCCTC-3';

CDK1, 5'-AAACTACAGGTCAAGTGGTAGCC-3' and 5'-TCCTGCATAAGCACATCC
TGA-3';

N-cadherin, 5'-AGCCAACCTTAACTGAGGAGT-3' and 5'-GGCAAGTTGATTGGA
GGGATG-3/;

vimentin, 5'-TGCCGTTGAAGCTGCTAACTA-3" and 5'-CCAGAGGGAGTGAATCCA
GATTA-3;

BPAG, 5'-GATGCAGATCCGAAAACCCCT-3' and 5'-CTCAGTGCGGTCCAGTTGTA-3';

ITGA6, 5'-CAGTGGAGCCGTGGTTTTG-3" and 5'-CCACCGCCACATCATAGCC-3'.

4.6. Immunoprecipitation (IP)

For the co-immunoprecipitation (Co-IP) experiment, HEK293T cells were co-transfected
to express Myc-tagged CDK1 or (and) Flag-tagged ANp63c. Cells were lysed using cell
lysis buffer for Western and IP (Beyotime) with protease and phosphatase inhibitor cocktail
for general use (Beyotime) on ice for 10 min. Lysates were cleared by centrifugation at
13,000 rpm for 15 min. Protein concentration was determined using the Bradford protein
assay reagent (Coolaber). Then, 2mg of total proteins from cell lysates were incubated
with anti-Flag or normal mouse IgG as control at 4 °C for 8 h, and the immune complexes
were precipitated with protein A + G-agarose at 4 °C for 2 h. The immunoprecipitates
were washed with lysis buffer, separated by SDS-PAGE and subjected to IB as described
previously [79,80,82].

4.7. Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed with anti-Flag (cst-#14793, Cell Signaling Technology,
Beverly, MA, USA) and normal IgG antibody (KK0126, Zen Bioscience, Chengdu, China),
using an Agarose ChIP Kit (Beyotime) as described in the manufacturer’s instructions. Pre-
cipitated DNA was used for gPCR, using 10% total input sheared DNA as internal controls,
with the following primers: N-cadherin, forward 5-CATCCTCAAGGGTGGGAGCT-3/
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and reverse 5-ACACAGCAAACTAAGGACGC-3'; BPAG, forward 5-GCAGAAGTCAG
ACTATGATTGG-3' and reverse 5-TACTTCTAACGGTGAAAAGTGGC-3'. Enrichments
were assessed using the AACt method, normalizing qPCR results to the mock IgG [83].

4.8. Transwell Migration Assay

Corning Transwell plates (Transparent PET Membrane, 24-well 8.0 um pore size,
Corning, NY, USA) without Matrigel were used to detect the longitudinal migration ability
of cells. A total of 0.5 x 10° cells suspended in 200 pL of culture medium with 0.1% FBS
were seeded in the upper chamber, and 500 pL of medium with 10% FBS was placed in the
lower chamber. After an incubation at 37 °C in a humidified 5% CO, incubator for 24 h
(the doubling time of UM1 and Cal27 is about 48 h), a cotton swab was used to remove the
cells adhering to the membrane of the upper chamber. The migrated cells on the lower side
of the filter membrane surface were stained with 0.1% crystal violet, and the fields of cells
were captured by Nikon eclipse Ti-U, Japan. Five fields were randomly chosen for each
well to count migrated cells to assess the migration ability as described previously [54].

4.9. Luciferase Reporter Assay

Luciferase assays were performed as described previously [53,84]. HEK293T cells
were transfected with a mixture of K14- or BPAG1-Luc and pRL-TK-Renilla plus indicated
plasmids or siRNAs. Total amount of DNAs or RNAs was balanced with control vectors or
scramble control RNAs. Cells were harvested at 48 h post transfection and lysed in Passive
Lysis Buffer (Beyotime). Lysates were analyzed for firefly and Renilla luciferase activities
using the Dual Luciferase Reagent Assay Kit (Beyotime). Luminescence was measured in a
luminometer. Relative luciferase activity was determined by normalizing luciferase activity
with Renilla.

4.10. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 8 software. Data are
presented as means £ SD from at least three independent experiments performed in
triplicate; Two-tailed f-test or one-way ANOVA test is employed to assess the significance
(***, p < 0.001; **, p < 0.01; * p < 0.05). The present data are from three independent
experiments performed in triplicate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23137385/s1.

Author Contributions: Conceptualization, C.L. and H.C.; methodology, H.C.; software, K.H.; valida-
tion, Y.X., Y.Q. and S.E; formal analysis, W.L. (Wenjuan Li); investigation, Y.H.; resources, W.L. (Wen
Liu); data curation, H.C.; writing—original draft preparation, H.C. and K.H.; writing—review and
editing, C.L.; visualization, Y.X.; supervision, Y.Q.; project administration, C.L.; funding acquisition,
C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (32070747).
Institutional Review Board Statement: No humans or animals were involved in this research.

Acknowledgments: We thank Zhi-Xiong Xiao and Qianming Chen for their invaluable suggestions
and support during the course of study. This work was supported by the National Natural Science
Foundation of China (32070747).

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


https://www.mdpi.com/article/10.3390/ijms23137385/s1
https://www.mdpi.com/article/10.3390/ijms23137385/s1

Int. ]. Mol. Sci. 2022, 23, 7385 14 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, VW.Y,; Bauman, J.E.; Grandis, ].R. Head and neck squamous cell carcinoma. Nat.
Rev. Dis. Primers 2020, 6, 92. [CrossRef] [PubMed]

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

Eichberger, J.; Schulz, D.; Pscheidl, K.; Fiedler, M.; Reichert, T.E.; Bauer, R.J.; Ettl, T. PD-L1 Influences Cell Spreading, Migration
and Invasion in Head and Neck Cancer Cells. Int. ]. Mol. Sci. 2020, 21, 8089. [CrossRef] [PubMed]

Perri, F; Longo, F.; Caponigro, F; Sandomenico, F; Guida, A.; Della Vittoria Scarpati, G.; Ottaiano, A.; Muto, P; Ionna, F.
Management of HPV-Related Squamous Cell Carcinoma of the Head and Neck: Pitfalls and Caveat. Cancers 2020, 12, 975.
[CrossRef]

Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell. Biol. 2019, 20, 69-84. [CrossRef]

Aiello, N.M.; Brabletz, T.; Kang, Y.; Nieto, M.A.; Weinberg, R.A_; Stanger, B.Z. Upholding a role for EMT in pancreatic cancer
metastasis. Nature 2017, 547, E7-E8. [CrossRef]

Fischer, K.R,; Durrans, A.; Lee, S.; Sheng, J.; Li, F; Wong, S.T.; Choi, H.; El Rayes, T.; Ryu, S.; Troeger, J.; et al. Epithelial-
to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance. Nature 2015, 527, 472-476.
[CrossRef]

Ye, X.; Brabletz, T.; Kang, Y.; Longmore, G.D.; Nieto, M.A ; Stanger, B.Z.; Yang, J.; Weinberg, R.A. Upholding a role for EMT in
breast cancer metastasis. Nature 2017, 547, E1-E3. [CrossRef]

Zheng, X.; Carstens, J.L.; Kim, J.; Scheible, M.; Kaye, J.; Sugimoto, H.; Wu, C.C.; LeBleu, V.S.; Kalluri, R. Epithelial-to-mesenchymal
transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature 2015, 527, 525-530. [CrossRef]

Baumeister, P.; Zhou, J.; Canis, M.; Gires, O. Epithelial-to-Mesenchymal Transition-Derived Heterogeneity in Head and Neck
Squamous Cell Carcinomas. Cancers 2021, 13, 5355. [CrossRef]

Gonzalez-Gonzalez, R.; Ortiz-Sarabia, G.; Molina-Frechero, N.; Salas-Pacheco, ].M.; Salas-Pacheco, S.M.; Lavalle-Carrasco, J.;
Lopez-Verdin, S.; Tremillo-Maldonado, O.; Bologna-Molina, R. Epithelial-Mesenchymal Transition Associated with Head and
Neck Squamous Cell Carcinomas: A Review. Cancers 2021, 13, 3027. [CrossRef] [PubMed]

Meyer, T.].; Stoth, M.; Moratin, H.; Ickrath, P.; Herrmann, M.; Kleinsasser, N.; Hagen, R.; Hackenberg, S.; Scherzad, A. Cultivation
of Head and Neck Squamous Cell Carcinoma Cells with Wound Fluid Leads to Cisplatin Resistance via Epithelial-Mesenchymal
Transition Induction. Int. |. Mol. Sci. 2021, 22, 4474. [CrossRef] [PubMed]

Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature
2015, 517, 576-582. [CrossRef] [PubMed]

Leemans, C.R.; Snijders, PJ.F.; Brakenhoff, R. H. The molecular landscape of head and neck cancer. Nat. Rev. Cancer 2018, 18,
269-282. [CrossRef]

Puram, S.V,; Tirosh, L; Parikh, A.S.; Patel, A.P.; Yizhak, K ; Gillespie, S.; Rodman, C.; Luo, C.L.; Mroz, E.A.; Emerick, K.S.; et al.
Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell 2017, 171,
1611-1624.e24. [CrossRef]

Ren, X.; Wang, J.; Lin, X.; Wang, X. E-cadherin expression and prognosis of head and neck squamous cell carcinoma: Evidence
from 19 published investigations. Onco Targets Ther. 2016, 9, 2447-2453. [CrossRef]

Su, L.; Morgan, PR.; Lane, E.B. Keratin 14 and 19 expression in normal, dysplastic and malignant oral epithelia. A study using in
situ hybridization and immunohistochemistry. J. Oral. Pathol. Med. 1996, 25, 293-301. [CrossRef]

Gao, L.; Zhang, W.; Zhong, W.Q.; Liu, Z.J.; Li, HM.; Yu, Z.L.; Zhao, Y.F. Tumor associated macrophages induce epithelial to
mesenchymal transition via the EGFR/ERK1/2 pathway in head and neck squamous cell carcinoma. Oncol. Rep. 2018, 40,
2558-2572. [CrossRef]

Zheng, Y.; Wang, Z.; Xiong, X.; Zhong, Y.; Zhang, W.; Dong, Y.; Li, J.; Zhu, Z.; Zhang, W.; Wu, H.; et al. Membrane-tethered
Notch1 exhibits oncogenic property via activation of EGFR-PI3K-AKT pathway in oral squamous cell carcinoma. J. Cell. Physiol.
2019, 234, 5940-5952. [CrossRef]

Zhang, Z.; Dong, Z.; Lauxen, L.S.; Filho, M.S.; Nor, ] .E. Endothelial cell-secreted EGF induces epithelial to mesenchymal transition
and endows head and neck cancer cells with stem-like phenotype. Cancer Res. 2014, 74, 2869-2881. [CrossRef]

Xu, Q.; Zhang, Q.; Ishida, Y.; Hajjar, S.; Tang, X.; Shi, H.; Dang, C.V.; Le, A.D. EGF induces epithelial-mesenchymal transition and
cancer stem-like cell properties in human oral cancer cells via promoting Warburg effect. Oncotarget 2017, 8, 9557-9571. [CrossRef]
Chen, Y.; Peng, Y.; Fan, S.; Li, Y.; Xiao, Z.X; Li, C. A double dealing tale of p63: An oncogene or a tumor suppressor. Cell. Mol. Life
Sci. 2018, 75, 965-973. [CrossRef] [PubMed]

Yi, M,; Tan, Y.; Wang, L.; Cai, J.; Li, X.; Zeng, Z.; Xiong, W.; Li, G.; Li, X;; Tan, P; et al. TP63 links chromatin remodeling and
enhancer reprogramming to epidermal differentiation and squamous cell carcinoma development. Cell. Mol. Life Sci. 2020, 77,
4325-4346. [CrossRef] [PubMed]

Lo Muzio, L.; Santarelli, A.; Caltabiano, R.; Rubini, C.; Pieramici, T.; Trevisiol, L.; Carinci, E.; Leonardi, R.; De Lillo, A.; Lanzafame,
S.; et al. p63 overexpression associates with poor prognosis in head and neck squamous cell carcinoma. Hum. Pathol. 2005, 36,
187-194. [CrossRef] [PubMed]

Lo Muzio, L.; Campisi, G.; Farina, A.; Rubini, C.; Pastore, L.; Giannone, N.; Colella, G.; Leonardi, R.; Carinci, F. Effect of p63
expression on survival in oral squamous cell carcinoma. Cancer Investig. 2007, 25, 464—469. [CrossRef] [PubMed]


http://doi.org/10.1038/s41572-020-00224-3
http://www.ncbi.nlm.nih.gov/pubmed/33243986
http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.3390/ijms21218089
http://www.ncbi.nlm.nih.gov/pubmed/33138288
http://doi.org/10.3390/cancers12040975
http://doi.org/10.1038/s41580-018-0080-4
http://doi.org/10.1038/nature22963
http://doi.org/10.1038/nature15748
http://doi.org/10.1038/nature22816
http://doi.org/10.1038/nature16064
http://doi.org/10.3390/cancers13215355
http://doi.org/10.3390/cancers13123027
http://www.ncbi.nlm.nih.gov/pubmed/34204259
http://doi.org/10.3390/ijms22094474
http://www.ncbi.nlm.nih.gov/pubmed/33922946
http://doi.org/10.1038/nature14129
http://www.ncbi.nlm.nih.gov/pubmed/25631445
http://doi.org/10.1038/nrc.2018.11
http://doi.org/10.1016/j.cell.2017.10.044
http://doi.org/10.2147/OTT.S98577
http://doi.org/10.1111/j.1600-0714.1996.tb00265.x
http://doi.org/10.3892/or.2018.6657
http://doi.org/10.1002/jcp.27022
http://doi.org/10.1158/0008-5472.CAN-13-2032
http://doi.org/10.18632/oncotarget.13771
http://doi.org/10.1007/s00018-017-2666-y
http://www.ncbi.nlm.nih.gov/pubmed/28975366
http://doi.org/10.1007/s00018-020-03539-2
http://www.ncbi.nlm.nih.gov/pubmed/32447427
http://doi.org/10.1016/j.humpath.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15754296
http://doi.org/10.1080/07357900701509387
http://www.ncbi.nlm.nih.gov/pubmed/17882659

Int. ]. Mol. Sci. 2022, 23, 7385 15 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Ramer, N.; Wu, H,; Sabo, E.; Ramer, Y.; Emanuel, P; Orta, L.; Burstein, D.E. Prognostic value of quantitative p63 immunostaining
in adenoid cystic carcinoma of salivary gland assessed by computerized image analysis. Cancer 2010, 116, 77-83. [CrossRef]
Saghravanian, N.; Anvari, K.; Ghazi, N.; Memar, B.; Shahsavari, M.; Aghaee, M.A. Expression of p63 and CD44 in oral squamous
cell carcinoma and correlation with clinicopathological parameters. Arch. Oral. Biol. 2017, 82, 160-165. [CrossRef]

Takahashi, Y.; Noguchi, T.; Takeno, S.; Kimura, Y.; Okubo, M.; Kawahara, K. Reduced expression of p63 has prognostic implications
for patients with esophageal squamous cell carcinoma. Oncol. Rep. 2006, 15, 323-328. [CrossRef]

Urist, M.J.; Di Como, C.J.; Lu, M.L.; Charytonowicz, E.; Verbel, D.; Crum, C.P; Ince, T.A.; McKeon, F.D.; Cordon-Cardo, C. Loss of
P63 expression is associated with tumor progression in bladder cancer. Am. J. Pathol. 2002, 161, 1199-1206. [CrossRef]

Koga, F; Kawakami, S.; Fujii, Y.; Saito, K.; Ohtsuka, Y.; Iwai, A.; Ando, N.; Takizawa, T.; Kageyama, Y.; Kihara, K. Impaired p63
expression associates with poor prognosis and uroplakin III expression in invasive urothelial carcinoma of the bladder. Clin.
Cancer Res. 2003, 9, 5501-5507.

Moses, M.A.; George, A.L.; Sakakibara, N.; Mahmood, K.; Ponnamperuma, R.M.; King, K.E.; Weinberg, W.C. Molecular
Mechanisms of p63-Mediated Squamous Cancer Pathogenesis. Int. J. Mol. Sci. 2019, 20, 3590. [CrossRef] [PubMed]

King, K.E.; Reddi, D.M.; Ponnamperuma, R.M.; Gerdes, M.; Weinberg, W.C. Dysregulated ANp63c negatively regulates the
maspin promoter in keratinocytes via blocking endogenous p73 binding. Mol. Carcinog. 2014, 53, 698-710. [CrossRef] [PubMed]
Kouwenhoven, E.N.; van Heeringen, S.J.; Tena, ].J.; Oti, M.; Dutilh, B.E.; Alonso, M.E.; de la Calle-Mustienes, E.; Smeenk, L.;
Rinne, T.; Parsaulian, L.; et al. Genome-wide profiling of p63 DNA-binding sites identifies an element that regulates gene
expression during limb development in the 7q21 SHEM1 locus. PLoS Genet. 2010, 6, €1001065. [CrossRef] [PubMed]

Oti, M.; Kouwenhoven, E.N.; Zhou, H. Genome-wide p63-regulated gene expression in differentiating epidermal keratinocytes.
Genom. Data 2015, 5, 159-163. [CrossRef]

Carroll, D.K; Carroll, ].S.; Leong, C.O.; Cheng, F.; Brown, M.; Mills, A.A.; Brugge, ].S.; Ellisen, L.W. p63 regulates an adhesion
programme and cell survival in epithelial cells. Nat. Cell. Biol. 2006, 8, 551-561. [CrossRef]

Carroll, D.K; Brugge, J.S.; Attardi, L.D. p63, cell adhesion and survival. Cell Cycle 2007, 6, 255-261. [CrossRef]

Barbieri, C.E.; Tang, L.J.; Brown, K.A.; Pietenpol, J.A. Loss of p63 leads to increased cell migration and up-regulation of genes
involved in invasion and metastasis. Cancer Res. 2006, 66, 7589-7597. [CrossRef]

Li, C.; Xiao, Z.X. Regulation of p63 protein stability via ubiquitin-proteasome pathway. Biomed Res. Int. 2014, 2014, 175721.
[CrossRef]

Malumbres, M. Cyclin-dependent kinases. Genome Biol. 2014, 15, 122. [CrossRef]

Candas, D.; Fan, M.; Nantajit, D.; Vaughan, A.T.; Murley, ].S.; Woloschak, G.E.; Grdina, D.J.; Li, ].J. CyclinB1/Cdk1 phosphorylates
mitochondrial antioxidant MnSOD in cell adaptive response to radiation stress. J. Mol. Cell. Biol. 2013, 5, 166-175. [CrossRef]
Liu, L.; Xie, B.; Fan, M.; Candas-Green, D.; Jiang, ] X.; Wei, R.; Wang, Y.; Chen, HW.; Hu, Y.; Li, ].J]. Low-Level Saturated Fatty
Acid Palmitate Benefits Liver Cells by Boosting Mitochondrial Metabolism via CDK1-SIRT3-CPT2 Cascade. Dev. Cell 2020, 52,
196-209.€9. [CrossRef] [PubMed]

Asghar, U.; Witkiewicz, A.K,; Turner, N.C.; Knudsen, E.S. The history and future of targeting cyclin-dependent kinases in cancer
therapy. Nat. Rev. Drug Discov. 2015, 14, 130-146. [CrossRef] [PubMed]

Xie, B.; Wang, S.; Jiang, N.; Li, ].J. Cyclin B1/CDK1-regulated mitochondrial bioenergetics in cell cycle progression and tumor
resistance. Cancer Lett. 2019, 443, 56—66. [CrossRef] [PubMed]

Santamaria, D.; Barriere, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Caceres, J.F.; Dubus, P.; Malumbres, M.; Barbacid, M.
Cdk1 is sufficient to drive the mammalian cell cycle. Nature 2007, 448, 811-815. [CrossRef] [PubMed]

Wu, C.X,; Wang, X.Q.; Chok, S.H.; Man, K,; Tsang, S.H.Y.; Chan, A.C.Y.; Ma, KW,; Xia, W.; Cheung, T.T. Blocking CDK1/PDK1/3-
Catenin signaling by CDK1 inhibitor RO3306 increased the efficacy of sorafenib treatment by targeting cancer stem cells in a
preclinical model of hepatocellular carcinoma. Theranostics 2018, 8, 3737-3750. [CrossRef]

Li, M.; He, F; Zhang, Z.; Xiang, Z.; Hu, D. CDK1 serves as a potential prognostic biomarker and target for lung cancer. J. Int. Med.
Res. 2020, 48, 300060519897508. [CrossRef]

Ravindran Menon, D.; Luo, Y.; Arcaroli, ].J.; Liu, S.; KrishnanKutty, L.N.; Osborne, D.G.; Li, Y.; Samson, ].M.; Bagby, S.; Tan, A.C,;
et al. CDK1 Interacts with Sox2 and Promotes Tumor Initiation in Human Melanoma. Cancer Res. 2018, 78, 6561-6574. [CrossRef]
Zhang, P; Kawakami, H.; Liu, W.; Zeng, X,; Strebhardt, K.; Tao, K.; Huang, S.; Sinicrope, F.A. Targeting CDK1 and MEK/ERK
Overcomes Apoptotic Resistance in BRAF-Mutant Human Colorectal Cancer. Mol. Cancer Res. 2018, 16, 378-389. [CrossRef]
Izadi, S.; Nikkhoo, A.; Hojjat-Farsangi, M.; Namdar, A.; Azizi, G.; Mohammadi, H.; Yousefi, M.; Jadidi-Niaragh, F. CDK1 in Breast
Cancer: Implications for Theranostic Potential. Anticancer. Agents Med. Chem. 2020, 20, 758-767. [CrossRef]

Chen, X.; Zhang, EH.; Chen, Q.E.; Wang, Y.Y.; Wang, Y.L.; He, ].C.; Zhou, ]. The clinical significance of CDK1 expression in oral
squamous cell carcinoma. Med. Oral. Patol. Oral. Cir. Bucal. 2015, 20, e7—e12. [CrossRef]

Chang, ].T.; Wang, H.M.; Chang, K.W.; Chen, W.H.; Wen, M.C.; Hsu, Y.M.; Yung, B.Y.; Chen, L.LH.; Liao, C.T.; Hsieh, L.L.; et al.
Identification of differentially expressed genes in oral squamous cell carcinoma (OSCC): Overexpression of NPM, CDK1 and
NDRGI1 and underexpression of CHESI. Int. ]. Cancer 2005, 114, 942-949. [CrossRef] [PubMed]

Lu, X;; Pang, Y,; Cao, H,; Liu, X,; Tu, L.; Shen, Y,; Jia, X.; Lee, ].C.; Wang, Y. Integrated Screens Identify CDK1 as a Therapeutic
Target in Advanced Gastrointestinal Stromal Tumors. Cancer Res. 2021, 81, 2481-2494. [CrossRef]

Fan, X.; He, W,; Hu, K,; Chen, H.; Chen, L.; Fan, S.; Li, C. Pinl and JNK1 cooperatively modulate TAp63y. FEBS Open Bio. 2021,
11, 890-897. [CrossRef] [PubMed]


http://doi.org/10.1002/cncr.24657
http://doi.org/10.1016/j.archoralbio.2017.06.011
http://doi.org/10.3892/or.15.2.323
http://doi.org/10.1016/S0002-9440(10)64396-9
http://doi.org/10.3390/ijms20143590
http://www.ncbi.nlm.nih.gov/pubmed/31340447
http://doi.org/10.1002/mc.22022
http://www.ncbi.nlm.nih.gov/pubmed/23475637
http://doi.org/10.1371/journal.pgen.1001065
http://www.ncbi.nlm.nih.gov/pubmed/20808887
http://doi.org/10.1016/j.gdata.2015.06.002
http://doi.org/10.1038/ncb1420
http://doi.org/10.4161/cc.6.3.3799
http://doi.org/10.1158/0008-5472.CAN-06-2020
http://doi.org/10.1155/2014/175721
http://doi.org/10.1186/gb4184
http://doi.org/10.1093/jmcb/mjs062
http://doi.org/10.1016/j.devcel.2019.11.012
http://www.ncbi.nlm.nih.gov/pubmed/31866205
http://doi.org/10.1038/nrd4504
http://www.ncbi.nlm.nih.gov/pubmed/25633797
http://doi.org/10.1016/j.canlet.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30481564
http://doi.org/10.1038/nature06046
http://www.ncbi.nlm.nih.gov/pubmed/17700700
http://doi.org/10.7150/thno.25487
http://doi.org/10.1177/0300060519897508
http://doi.org/10.1158/0008-5472.CAN-18-0330
http://doi.org/10.1158/1541-7786.MCR-17-0404
http://doi.org/10.2174/1871520620666200203125712
http://doi.org/10.4317/medoral.19841
http://doi.org/10.1002/ijc.20663
http://www.ncbi.nlm.nih.gov/pubmed/15645429
http://doi.org/10.1158/0008-5472.CAN-20-3580
http://doi.org/10.1002/2211-5463.13109
http://www.ncbi.nlm.nih.gov/pubmed/33548094

Int. ]. Mol. Sci. 2022, 23, 7385 16 of 17

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Fan, S.; Chen, Y,; Jiang, Y.; Hu, K.; Li, C. Prefoldin subunit MM1 promotes cell migration via facilitating filopodia formation.
Biochem. Biophys. Res. Commun. 2020, 533, 613-619. [CrossRef]

Osada, M.; Nagakawa, Y.; Park, H.L.; Yamashita, K.; Wu, G.; Kim, M.S.; Fomenkov, A.; Trink, B.; Sidransky, D. p63-specific
activation of the BPAG-1e promoter. J. Investig. Dermatol. 2005, 125, 52-60. [CrossRef] [PubMed]

Zeisberg, M.; Neilson, E.G. Biomarkers for epithelial-mesenchymal transitions. J. Clin. Investig. 2009, 119, 1429-1437. [CrossRef]
[PubMed]

Lo, AK,; Yuen, PW,; Liu, Y.; Wang, X.H.; Cheung, A.L.; Wong, Y.C.; Tsao, S.W. Downregulation of hemidesmosomal proteins in
nasopharyngeal carcinoma cells. Cancer Lett. 2001, 163, 117-123. [CrossRef]

Yoon, S.O.; Shin, S.; Mercurio, A.M. Hypoxia stimulates carcinoma invasion by stabilizing microtubules and promoting the Rab11
trafficking of the alpha6beta4 integrin. Cancer Res. 2005, 65, 2761-2769. [CrossRef]

Hussein, A.A.; Forouzanfar, T.; Bloemena, E.; de Visscher, J.; Brakenhoff, R.H.; Leemans, C.R.; Helder, M.N. A review of the most
promising biomarkers for early diagnosis and prognosis prediction of tongue squamous cell carcinoma. Br. J. Cancer 2018, 119,
724-736. [CrossRef]

Yu, X.; Li, Z. MicroRNA expression and its implications for diagnosis and therapy of tongue squamous cell carcinoma. J. Cell.
Mol. Med. 2016, 20, 10-16. [CrossRef]

Hsieh, M.H.; Choe, ].H.; Gadhvi, J.; Kim, Y.J.; Arguez, M.A.; Palmer, M.; Gerold, H.; Nowak, C.; Do, H.; Mazambani, S.; et al. p63
and SOX2 Dictate Glucose Reliance and Metabolic Vulnerabilities in Squamous Cell Carcinomas. Cell Rep. 2019, 28, 1860-1878.€9.
[CrossRef] [PubMed]

Ramsey, M.R.; Wilson, C.; Ory, B.; Rothenberg, S.M.; Faquin, W.; Mills, A.A.; Ellisen, L.W. FGFR2 signaling underlies p63
oncogenic function in squamous cell carcinoma. J. Clin. Investig. 2013, 123, 3525-3538. [CrossRef] [PubMed]

Huang, Y.; Sen, T.; Nagpal, J.; Upadhyay, S.; Trink, B.; Ratovitski, E.; Sidransky, D. ATM kinase is a master switch for the Delta
Np63 alpha phosphorylation/degradation in human head and neck squamous cell carcinoma cells upon DNA damage. Cell Cycle
2008, 7, 2846-2855. [CrossRef]

Chen, J.; Shi, H.; Qi, J.; Liu, D.; Yang, Z.; Li, C. JNK1 inhibits transcriptional and pro-apoptotic activity of TAp63y. FEBS Lett.
2015, 589, 3686-3690. [CrossRef]

Chatterjee, A.; Chang, X; Sen, T.; Ravi, R.; Bedi, A.; Sidransky, D. Regulation of p53 family member isoform DeltaNp63alpha by
the nuclear factor-kappaB targeting kinase IkappaB kinase beta. Cancer Res. 2010, 70, 1419-1429. [CrossRef] [PubMed]
Armstrong, S.R.; Wu, H.; Wang, B.; Abuetabh, Y.; Sergi, C.; Leng, R.P. The Regulation of Tumor Suppressor p63 by the Ubiquitin-
Proteasome System. Int. |. Mol. Sci. 2016, 17, 2041. [CrossRef] [PubMed]

Tuppi, M.; Kehrloesser, S.; Coutandin, D.W.; Rossi, V.; Luh, L.M.; Strubel, A.; Hotte, K.; Hoffmeister, M.; Schéfer, B.; De Oliveira,
T,; et al. Oocyte DNA damage quality control requires consecutive interplay of CHK2 and CK1 to activate p63. Nat. Struct Mol.
Biol. 2018, 25, 261-269. [CrossRef]

Pitzius, S.; Osterburg, C.; Gebel, |.; Tascher, G.; Schifer, B.; Zhou, H.; Miinch, C.; Détsch, V. TA*p63 and GTAp63 achieve tighter
transcriptional regulation in quality control by converting an inhibitory element into an additional transactivation domain. Cell.
Death Dis. 2019, 10, 686. [CrossRef]

Demaria, M.; O'Leary, M.N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, N.; Deal, A.M.; et al. Cellular
Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov. 2017, 7, 165-176. [CrossRef]
Prasanna, P.G.; Citrin, D.E.; Hildesheim, J.; Ahmed, M.M.; Venkatachalam, S.; Riscuta, G.; Xi, D.; Zheng, G.; Deursen, ].V,;
Goronzy, J.; et al. Therapy-Induced Senescence: Opportunities to Improve Anticancer Therapy. J. Natl. Cancer Inst. 2021, 113,
1285-1298. [CrossRef]

Zhang, B.; Zhang, M.; Li, Q.; Yang, Y.; Shang, Z.; Luo, ]. TPX2 mediates prostate cancer epithelial-mesenchymal transition through
CDK1 regulated phosphorylation of ERK/GSK3{ /SNAIL pathway. Biochem. Biophys. Res. Commun. 2021, 546, 1-6. [CrossRef]
[PubMed]

Zhu, Y; Li, K.; Zhang, J.; Wang, L.; Sheng, L.; Yan, L. Inhibition of CDK1 Reverses the Resistance of 5-Fu in Colorectal Cancer.
Cancer Manag. Res. 2020, 12, 11271-11283. [CrossRef] [PubMed]

Li, Z.; Hou, P; Fan, D.; Dong, M.; Ma, M,; Li, H,; Yao, R.; Li, Y.; Wang, G.; Geng, P; et al. The degradation of EZH2 mediated by
IncRNA ANCR attenuated the invasion and metastasis of breast cancer. Cell Death Differ. 2017, 24, 59-71. [CrossRef]

Zhao, S.; Wang, B.; Ma, Y.; Kuang, J.; Liang, J.; Yuan, Y. NUCKS1 Promotes Proliferation, Invasion and Migration of Non-Small
Cell Lung Cancer by Upregulating CDK1 Expression. Cancer Manag. Res. 2020, 12, 13311-13323. [CrossRef] [PubMed]

Liu, L; Wu, Y;; Li, Q.; Liang, J.; He, Q.; Zhao, L.; Chen, J.; Cheng, M.; Huang, Z.; Ren, H.; et al. METTL3 Promotes Tumorigenesis
and Metastasis through BMI1 m(6)A Methylation in Oral Squamous Cell Carcinoma. Mol. Ther. 2020, 28, 2177-2190. [CrossRef]
Zhao, T.; He, Q.; Liu, Z.; Ding, X.; Zhou, X.; Wang, A. Angiotensin II type 2 receptor-interacting protein 3a suppresses proliferation,
migration and invasion in tongue squamous cell carcinoma via the extracellular signal-regulated kinase-Snai2 pathway. Oncol.
Lett. 2016, 11, 340-344. [CrossRef]

Ji, M.; Wang, W.; Yan, W.; Chen, D.; Ding, X.; Wang, A. Dysregulation of AKT1, a miR-138 target gene, is involved in the migration
and invasion of tongue squamous cell carcinoma. J. Oral. Pathol. Med. 2017, 46, 731-737. [CrossRef]

Liu, Z.; He, Q.; Ding, X.; Zhao, T.; Zhao, L.; Wang, A. SOD2 is a C-myc target gene that promotes the migration and invasion of
tongue squamous cell carcinoma involving cancer stem-like cells. Int. J. Biochem Cell. Biol. 2015, 60, 139-146. [CrossRef]


http://doi.org/10.1016/j.bbrc.2020.09.063
http://doi.org/10.1111/j.0022-202X.2005.23801.x
http://www.ncbi.nlm.nih.gov/pubmed/15982302
http://doi.org/10.1172/JCI36183
http://www.ncbi.nlm.nih.gov/pubmed/19487819
http://doi.org/10.1016/S0304-3835(00)00683-2
http://doi.org/10.1158/0008-5472.CAN-04-4122
http://doi.org/10.1038/s41416-018-0233-4
http://doi.org/10.1111/jcmm.12650
http://doi.org/10.1016/j.celrep.2019.07.027
http://www.ncbi.nlm.nih.gov/pubmed/31412252
http://doi.org/10.1172/JCI68899
http://www.ncbi.nlm.nih.gov/pubmed/23867503
http://doi.org/10.4161/cc.7.18.6627
http://doi.org/10.1016/j.febslet.2015.10.028
http://doi.org/10.1158/0008-5472.CAN-09-2613
http://www.ncbi.nlm.nih.gov/pubmed/20145131
http://doi.org/10.3390/ijms17122041
http://www.ncbi.nlm.nih.gov/pubmed/27929429
http://doi.org/10.1038/s41594-018-0035-7
http://doi.org/10.1038/s41419-019-1936-z
http://doi.org/10.1158/2159-8290.CD-16-0241
http://doi.org/10.1093/jnci/djab064
http://doi.org/10.1016/j.bbrc.2021.01.106
http://www.ncbi.nlm.nih.gov/pubmed/33556637
http://doi.org/10.2147/CMAR.S255895
http://www.ncbi.nlm.nih.gov/pubmed/33177877
http://doi.org/10.1038/cdd.2016.95
http://doi.org/10.2147/CMAR.S282181
http://www.ncbi.nlm.nih.gov/pubmed/33380837
http://doi.org/10.1016/j.ymthe.2020.06.024
http://doi.org/10.3892/ol.2015.3898
http://doi.org/10.1111/jop.12551
http://doi.org/10.1016/j.biocel.2014.12.022

Int. ]. Mol. Sci. 2022, 23, 7385 17 of 17

79.

80.

81.

82.

83.

84.

Chen, J.J.; Zhang, W. High expression of WWP1 predicts poor prognosis and associates with tumor progression in human
colorectal cancer. Am. |. Cancer Res. 2018, 8, 256-265.

Han, A,; Li, J.; Li, Y.; Wang, Y,; Bergholz, ].; Zhang, Y.; Li, C.; Xiao Zh, X. p63« modulates c-Myc activity via direct interaction and
regulation of MM1 protein stability. Oncotarget 2016, 7, 44277-44287. [CrossRef]

Zheng, X.; Chen, L.; Jin, S.; Xiong, L.; Chen, H.; Hu, K; Fan, X; Fan, S.; Li, C. Ultraviolet B irradiation up-regulates MM1 and
induces photoageing of the epidermis. Photodermatol. Photoimmunol. Photomed. 2021, 37, 395-403. [CrossRef] [PubMed]

Peng, B.L.; Li, W].; Ding, ].C.; He, YH.; Ran, T,; Xie, B.L.; Wang, Z.R.; Shen, H.E; Xiao, R.Q.; Gao, W.W.; et al. A hypermethylation
strategy utilized by enhancer-bound CARM1 to promote estrogen receptor x-dependent transcriptional activation and breast
carcinogenesis. Theranostics 2020, 10, 3451-3473. [CrossRef] [PubMed]

Guilhamon, P; Eskandarpour, M.; Halai, D.; Wilson, G.A.; Feber, A.; Teschendorff, A.E.; Gomez, V.; Hergovich, A ; Tirabosco, R.;
Fernanda Amary, M.; et al. Meta-analysis of IDH-mutant cancers identifies EBF1 as an interaction partner for TET2. Nat. Commun.
2013, 4, 2166. [CrossRef] [PubMed]

Li, C; Chang, D.L,; Yang, Z.; Qi, ].; Liu, R.; He, H.; Li, D.; Xiao, Z.X. Pinl modulates p63«x protein stability in regulation of cell
survival, proliferation and tumor formation. Cell. Death Dis. 2013, 4, €943. [CrossRef]


http://doi.org/10.18632/oncotarget.10187
http://doi.org/10.1111/phpp.12670
http://www.ncbi.nlm.nih.gov/pubmed/33565151
http://doi.org/10.7150/thno.39241
http://www.ncbi.nlm.nih.gov/pubmed/32206101
http://doi.org/10.1038/ncomms3166
http://www.ncbi.nlm.nih.gov/pubmed/23863747
http://doi.org/10.1038/cddis.2013.468

	Introduction 
	Results 
	CDK1 Binds to Np63 and Phosphorylates It on Residue T123 
	CDK1 Impairs Association of Np63 with Its Downstream Gene Promoters to Inhibit Np63-Mediated Transcriptional Regulation 
	T123A Mutation in Np63 Abrogates the Inhibitory Effect of CDK1 on Np63-Mediated Transcriptional Regulation 
	CDK1 Is Upregulated in Head and Neck Squamous Cell Carcinomas (HNSCCs) and Is Correlated to Malignant Progression of HNSCCs 
	CDK1 Promotes Epithelial–Mesenchymal Transition (EMT) and Migration of HNSCC Cells 
	CDK1 Impairs Inhibitions of HNSCC Cell EMT and Migration Induced by Wild-Type Np63 but Not Those by Its T123A Mutant 
	Knockdown of Np63 Significantly Rescues Migration Inhibition Induced by CDK1 Depletion in HNSCC Cells 

	Discussion 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Lentivirus Packaging and Infection 
	Bioinformatics Analyses 
	Immunoblot (IB) Analysis 
	Reverse Transcription Quantitative PCR (RT-qPCR) Analysis 
	Immunoprecipitation (IP) 
	Chromatin Immunoprecipitation (ChIP) 
	Transwell Migration Assay 
	Luciferase Reporter Assay 
	Statistical Analysis 

	References

