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Abstract

Homeodomain-interacting protein kinase 2 (HIPK2), a well-known tumor suppressor,
shows contradictory expression patterns in different cancers. This study was under-
taken to clarify HIPK2 expression in oral squamous cell carcinoma (OSCC) and to
reveal the potential mechanism of HIPK2 involvement in OSCC metastasis. Two hun-
dred and four OSCC tissues, together with paired adjacent normal epithelia, dysplas-
tic epithelia, and lymph node metastasis specimens, were collected to profile HIPK2
expression by immunohistochemical staining. High throughput RNA-sequencing was
used to detect the dysregulated signaling pathways in HIPK2-deficient OSCC cells.
Transwell assay and lymphatic metastatic orthotopic mouse model assay were un-
dertaken to identify the effect of HIPK2 on tumor invasion. Western blotting and
luciferase reporter assay were used to examine the HIPK2/P53/E-cadherin axis in
OSCC. Nuclear delocalization of HIPK2 was observed during oral epithelial canceri-
zation progression and was associated with cervical lymph node metastasis and poor
outcome. Depletion of HIPK2 promoted tumor cell invasion in vitro and facilitated
cervical lymph node metastasis in vivo. According to mRNA-sequencing, pathways
closely related to tumor invasion were notably activated. Homeodomain-interacting
protein kinase 2 was found to trigger E-cadherin expression by mediating P53, which
directly targets the CDH1 (coding E-cadherin) promoter. Restoring P53 expression
rescued the E-cadherin suppression induced by HIPK2 deficiency, whereas rescued
cytoplasmic HIPK2 expression had no influence on the expression of E-cadherin and
cell mobility. Together, nuclear delocalization of HIPK2 might serve as a valuable
negative biomarker for poor prognosis of OSCC and lymph node metastasis. The de-
pletion of HIPK2 expression promoted OSCC metastasis by suppressing the P53/E-

cadherin axis, which might be a promising target for anticancer therapies.
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1 | INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the most common and
aggressive epithelial malignancies,! 30%-50% of which show early
lymph node metastasis during clinical examination.? Therefore, the
investigation of specific biomarkers that indicate OSCC metastasis
and prognosis is critical for OSCC treatment.”
Homeodomain-interacting protein kinase 2 (HIPK2), an evolution-
arily conserved nuclear serine/threonine kinase, acts as a corepressor
of transcriptional regulators and is closely related to tumorigene-
sis.810 This protein can modulate a wide spectrum of biological func-
tions such as growth, cell death, DNA damage response, apoptosis,
cell proliferation, and invasion.®'* Previous studies have shown

15-18 and

that HIPK2 expression is decreased in a variety of cancers
that it inhibits tumor invasion'® and growth,”*®*” and promotes apop-
tosis.}” However, HIPK2 is also reported to be significantly increased
in tumors such as pilocytic astrocytoma,?° the solid subtype of basal
cell carcinoma?® and cervical cancer,?? and could promote cell growth
and apoptosis. These seemingly contradictory results suggest that
HIPK2 plays different roles in various types of human cancers and
imply that the total amount of HIPK2 in cancer is not the only de-
terminant of HIPK2 kinase activity. Studies have also reported that,
in some pathological conditions, HIPK2 is inactivated by loss of this
kinase in the nucleus (termed nuclear delocalization), shifts its local-
ization to the cytoplasm (cytoplasmic relocalization) through reactive
oxygen species-induced acetylation, phosphorylation, or autophos-

phorylation?324 1.10,23,25-28

and protects tumor cells from cell deat
However, the clarification of the subcellular localization and potential
function of HIPK2 in OSCC tumorigenesis are largely unknown.

As an effective activator of P53, the classical role of HIPK2 is to
respond to various stress signals, thus inducing cell cycle arrest and
apoptosis.??3° Recently, emerging lines of evidence has suggested
that HIPK2 might have other functions that oppose the epitheli-
al-mesenchymal transition (EMT) process, and thus HIPK2 might
inhibit tumor invasion and metastasis.*>'”31"3% However, the mech-
anisms involved in HIPK2-mediated tumor invasion and metastasis
have not been fully elucidated, and the signaling pathways vary in
different cancer types. For example, HIPK2 knockdown could in-
duce Wnt signaling activation and p-catenin nuclear localization, and
thus promote EMT and subsequent cell invasion in bladder cancer.'®
In mammary tumors, the depletion of HIPK2 activates p, transcrip-
tion, which results in a strong increase in f,-dependent MAPK and
Akt phosphorylation.34 Moreover, HIPK2 overexpression directly
downregulates vimentin expression, which correlates with impair-
ment of breast cancer cell migration.*?

To our knowledge, the role of HIPK2 in OSCC metastasis has not
been clearly defined. In this study, we found that HIPK2 delocal-
ized from the cell nucleus, which was associated with OSCC lymph
node metastasis. Importantly, we described the effective function
of HIPK2 in maintaining epithelial integrity by regulating P53-
dependent E-cadherin (E-Cad) expression. This study could provide
new insights into the mechanisms of HIPK2-mediated EMT signaling
in OSCC.

2 | MATERIALS AND METHODS

2.1 | Clinical sample collection and tissue
microarrays

In all, 204 paraffin-embedded OSCC tissues were obtained from OSCC
patients undergoing primary surgery at the Stomatology Hospital of
Wuhan University (Hubei, China) between 2002 and 2012. All sam-
ples of adjacent normal epithelia were obtained by local excision.
The Ethics Committee of Wuhan University approved the examina-
tion of patient samples. The histological types and tumor grades were
analyzed by two experienced pathologists. Among these samples,
99 cases of dysplastic epithelia were selected. Of these, 56 patients
were determined to have cervical lymph node metastasis. By including
cores from the above paraffin-embedded samples, tissue microarrays

were designed and produced by Outdo Biotech (Shanghai, China).

2.2 | Immunohistochemical staining, scoring system,
hierarchical clustering and data visualization

Immunohistochemical staining was carried out as previously de-
scribed.®® The primary Ab used was HIPK2 (1:500; Sigma). The im-
munohistochemically stained slides were scanned by an Aperio
ScanScope CS scanner and analyzed by Aperio ImageScope version
11.2.0. Four random fields of interest were selected and quantified.
The histoscore of HIPK2 staining in each field was calculated using
the formula: (total intensity of strong positive x 3 + total intensity of
positive x 2 + total intensity of weak positive x 1) / total cell num-
bers. The final histoscore = (field 1 + field 2 + field 3 + field 4) / 4. The
hierarchical analysis was then carried out using Heml 1.0 software.

2.3 | Cellculture

The human immortalized oral epithelial cell line HIOEC was a gift from
Professor Bian Zhuan (Wuhan University). The head and neck squa-
mous cell carcinoma (SCC) cell lines (Cal-27, SCC-9, and SCC-25) and
the HEK-293E embryonic kidney cell line were obtained from ATCC.
The SCC cell lines UM-SCC-23 and HSC3 were gifts from Dr Thomas E.
Carey (University of Michigan) and Professor Chen Qianming (Sichuan
University), respectively. Cell lines were authenticated by Shanghai
XP Biomed (Shanghai, China). Cal-27, UM-SCC-23, and HSC3 cells
were cultured in DMEM medium (Hyclone), and HEK-293E cells were
cultured in RPMI medium (HyClone). SCC-9 and SCC-25 cells were
cultured in F12 medium (HyClone) supplemented with 400 ng/mL

hydrocortisone. HIOEC cells were cultured in KBM medium (Lonza).

2.4 | Plasmids and transfection

For the HIPK2 knockdown study, the lentiviral vectors GV-248-
HIPK2-sh1, GV-248-HIPK2-sh2, and sh-scramble plasmid were
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purchased from Genechem and were verified by sequencing.
For the HIPK2 overexpression study, the HIPK2 CDS sequence
(NM_001113239.2) was PCR-amplified and inserted into the lentivi-
rus vector PCDH-CMV-MCS-EF1-puro (Systems Biosciences). For the
cytoplasmic HIPK2 expression rescue, the PCDH-CMV-MCS-EF1-
puro-flag-HIPK2 plasmid was constructed by Miaoling Bioscience.
Site-directed mutagenesis (HIPK2 KK776/778AA, HIPK2 R806A, and
HIPK2 K808E) was done using the Mut Express Il Fast Mutagenesis
Kit V2 (Vazyme) according to the manufacturer’s instructions. All the
primer pairs are shown in Table S1. The PCDNA3-P53 plasmid (con-
structed by Miaoling Bioscience) was applied to rescue P53 expres-
sion. Lipofectamine 2000 (Invitrogen) was used for transient plasmid
transfection.

2.5 | Cellinvasion assay

For the cell invasion assay, an 8.0 pm thick chamber (Corning) was
coated with 40 pL Matrigel (1:4, diluted in corresponding medium; BD
Biosciences). In all, 5 x 10° cells were seeded in serum-free medium in
the upper chamber, while the lower chamber was filled with 600 pL
medium containing 20% FBS. After 48 hours of incubation, cells on
the lower side of the chamber were fixed in 4% paraformaldehyde and
stained with crystal violet. The total numbers of stained cells attached
to the lower side of the membrane were counted under a microscope.
Five fields were randomly selected to calculate the mean cell numbers.

2.6 | Lymphatic metastasis in an orthotopic mouse
model of OSCC

Lymphatic metastasis in an orthotopic mouse model of OSCC was
established according to a previous report.2*%” Briefly, 6-8-week-old
female BALB/c nude mice (Charles River) were randomly assigned to
the sh-scramble or the HIPK2-knockdown group (n = 5) followed
by injection of 1 x 10° cells into the right lateral tongue. Two weeks
after injection, the mice were killed. Their cervical lymph nodes were
isolated, measured (volume = length (the largest diameter) x width
(the smallest diameter)? / 2), and serially sectioned for H&E stain-
ing. All procedures were approved by the animal ethics committee of
Wuhan University and all mice were handled according to the guide-
lines of the Care and Use of Laboratory Animals (Ministry of Science
and Technology of China, 2006).

2.7 | mRNA-sequencing

Total RNA was extracted using TRIzol (Invitrogen), which was then
used for mRNA-sequencing (Sangon Biotech). The criterion for dif-
ferential gene expression was set as [fold change| > 1.5 and false dis-
covery rate less than 0.05. Gene Ontology (GO) analysis was carried
out using KOBAS (version 2.0). The significance of GO term enrich-

ment was analyzed using Fisher’s exact test.
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2.8 | Quantitative RT-PCR

Total RNA was isolated using the HP total RNA isolation kit (Omega
Bio-Tek) following the manufacturer’s instructions. Total RNA (1 pg)
was reverse-transcribed into cDNA using a Takara RT reagent kit.
Quantitative PCR was carried out using Roche FastStart Essential
DNA Green Master (Roche) with the primers listed in Table S2.
The cycling parameters were 95°C, 15 minutes; 40 cycles of (95°C,
15 seconds; 55°C, 30-40 seconds; and 72°C, 30 seconds). The
relative gene expression was calculated using the equation 27alac
where ACt = Ct (mRNA) - Ct (p-actin).

2.9 | Protein extraction and western blot analysis

The total proteins were isolated from the OSCC cell lines using RIPA
buffer (Beyotime) supplemented with 1 mmol/L PMSF (Beyotime)
and Protease Inhibitor Cocktail Tablets (Roche). Proteins (40 pg) of
different groups were boiled for 5 minutes in sample buffer, sub-
jected to 10% SDS-PAGE and then electrophoretically transferred
onto PVDF membranes. Nonspecific reactivity was blocked using
5% nonfat milk (Krbio) and then probed with primary Abs overnight
at 4°C. Primary Abs used were as follows: HIPK2 (1:1000) purchased
from Abcam, SNAI1 (1:1000) purchased from ABclonal, E-Cad
(1:1000), WNT4 (1:500), P53 (1:1000), P53-Ser46 (1:1000), and
B-actin (1:3000) purchased from Santa Cruz Biotechnology. Bound
Abs were detected using HRP-conjugated secondary Ab (1:10 000;
Santa Cruz Biotechnology). Triplicate experiments were undertaken
to confirm the results. The immunoreactive proteins were detected
by the ECL chemiluminescence system (Beyotime) and protein
amounts were estimated through densitometry as the ratio detected
protein / B-actin.

2.10 | Immunofluorescence and
confocal microscopy

Cells were fixed, permeabilized, and blocked with 3% BSA.
The primary Abs HIPK2 (1:500; Sigma), P53 (1:300; Santa Cruz
Biotechnology), E-Cad (1:50; Santa Cruz Biotechnology) or flag
(1:300; ABclonal) were incubated with the cells at 4°C overnight,
followed by incubation with a fluorochrome-conjugated second-
ary Ab (ABclonal) for 1 hour. Cell nuclei were stained with DAPI.
Immunofluorescence signals were recorded by confocal microscopy,
and the mean integrated optical density was processed using Image-
Pro Plus 6.0.

2.11 | Luciferase reporter assay

Four CDH1 promoter fragments (Table S3) were amplified and in-
serted into dual-luciferase reporter vector pSiCheck-2 (Promega).

Seed matching sequences were mutated with the Mut Express Il
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Fast Mutagenesis Kit V2 (Vazyme). Primer sets for the CDH1 pro-
moter fragments and the amplification of related mutant fragments
are listed in Table S4. These constructed vectors were verified

by sequencing. The luciferase activities were measured using a

Follow-up time (month)

Dual-Luciferase Reporter Assay System (Promega). Renilla luciferase
activity was normalized to firefly luciferase activity. The final nor-
malized luciferase activity was normalized by pSiCheck-2-CDH1 pro-
moter / pSiCheck-2 or pSiCheck-2-CDH1 mut promoter / pSiCheck-2.
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FIGURE 1 Homeodomain-interacting protein kinase 2 (HIPK2) staining expression profile in oral squamous cell carcinoma (OSCC) tissues.

A, Representative images of HIPK2 immunohistochemical staining in cores of adjacent normal epithelia, dysplastic epithelia, primary SCC, and
lymph node metastases (LM). In the primary SCC, HIPK2 staining displayed two cellular localization patterns: nuclear localization (left) and nuclear
delocalization (right). B, Hierarchical clustering analysis allowed for visualization of HIPK2 expression in adjacent normal epithelia, dysplastic
epithelia, primary SCC, and LM in 204 OSCC cases. Columns and rows represent different tissue types and different cases, respectively. C,
Histoscores of HIPK2 staining in dysplastic epithelia, primary SCC nuclei (+), primary SCC nuclei (), and LM increased to 2.01-fold (P < .001),
3.11-fold (P < .001), 2.80-fold (P < .001), and 2.62-fold (P < .001), respectively, compared with adjacent normal epithelia. D, HIPK2 histoscores in
nonmetastasis cases were 1.21 times higher than those in nonmetastasis cases (P < .001). E, Kaplan-Meier survival analysis showed that patients
with negative nuclear HIPK2 expression were significantly more likely to have an unfavorable 5-y survival. **P <.01; ***P < .001

2.12 | Statistical analysis

All data were represented as the mean + SEM and were analyzed
by GraphPad Prism 5. The overall survival rates were obtained by
the Kaplan-Meier method and were compared by log-rank tests.
Significant differences between dichotomous variables were tested
by X2 tests. Analyses between two groups were determined using
Student’s t test. The correlation analysis between HIPK2 expression
ratio of nucleus to cytoplasm, E-Cad expression, and P53 expres-
sion was carried out by Pearson’s correlation. P < .05 was considered

significant.

3 | RESULTS

3.1 | Nuclear delocalization of HIPK2 was observed
during oral epithelial cancerization progression

Recent findings indicate that HIPK2 inhibition, aberrant localiza-
tion, and overexpression exist in different tumors, with each lead-
ing to precisely opposite oncological outcomes.!>16:212326 Here, the
characteristic of HIPK2 expression was comprehensively profiled
in 204 OSCC tissues together with paired adjacent normal epithe-
lia, dysplastic epithelia, and lymph node metastasis (LM) specimens
(Figure 1A). There were HIPK2-positive and -negative cells in ad-
jacent normal epithelia, and HIPK2 signals were observed in the
nuclei. The expression became stronger in the nuclei of dysplastic
epithelia, while slight cytoplasmic staining was also detected. Two
types of HIPK2 cellular localization patterns were observed in pri-
mary SCC: 54.4% cases displayed intensively positive nuclei with
cytoplasmic staining (nuclear localization) and 45.6% cases showed
negative nuclei with cytoplasmic staining (nuclear delocalization/cy-
toplasmic relocalization). The HIPK2 expression pattern in the LM
was compatible with that in the primary SCC, but the majority of
SCC metastases (62.3%) showed nuclear delocalization. The hier-
archical cluster analysis was used to categorize the negative nuclei
OSCC group and the LM group into one subclass, which was ro-
bustly distinguished from the other three tissue groups (Figure 1B).
Statistically, the histoscores of HIPK2 staining in dysplastic epithelia
and cancer tissues were remarkably increased compared with those
of the adjacent normal epithelia (Figure 1C, P < .001). A modest re-
duction in HIPK2 expression was detected in LM tissues compared

with primary cancer tissues (Figure 1C). Moreover, the cases of

metastasis showed lower HIPK2 staining scores than the cases of

nonmetastasis (Figure 1D, P < .001).

3.2 | Nuclear delocalization of HIPK2
associated with unfavorable clinicopathological
characteristics and patient survival

To investigate the effect of HIPK2 on OSCC prognosis, we analyzed
the relationship between HIPK2 expression in primary OSCC and
the clinicopathological characteristics. Statistically, nuclear de-
localization of HIPK2 was closely correlated with advanced clini-
cal stage (P = .00004), higher pathological grade (P = .0071), and
greater tendency for lymph node metastasis (P =.0046; Table 1), and

TABLE 1 Relationship between the different homeodomain-
interacting protein kinase 2 (HIPK2) expression modes in oral
squamous cell carcinoma and the patients’ clinicopathological
characteristics

HIPK2 expression modes

Positive Negative
Group Cases nucleus (+) nucleus (-) P value
Sex
Male 119 64 55 .83070
Female 85 47 38
Age, years
<60 128 71 57 .69400
260 76 40 36
Clinical stages®
I-1l 78 51 27 .00004™"
-1V 62 19 43
Pathological grades
I-11 156 93 63 .00710"
1 48 18 30
Metastases
MO 151 91 60 .00460"
M1 53 20 33

?Among 204 patients, the clinical stages of 64 patients had not been
recorded in their clinical data.

**P <.01.

***p <.001.
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unfavorable 5-year survival (P < .0001; Figure 1E) compared with
the nuclear localization group.

3.3 | Depletion of HIPK2 promoted tumor cell
invasion in vitro

To validate whether the loss of HIPK2 function affected OSCC in-
vasion, cell lines (UM-SCC-23, SCC-25, and Cal-27) in which HIPK2
was stably inhibited using two lentiviral vectors, GV-248-HIPK2-sh1
and -sh2, were constructed for the cell invasion assay (Figure 2A).
As shown in Figure 2B, inhibition of HIPK2 expression significantly
activated tumor cell invasion capability in vitro, which led to 1.72-
2.78-fold increases compared with the sh-scramble group.

3.4 | HIPK2 facilitated cervical LM in vivo

To further elucidate the effect of HIPK2 deficiency on tumor
metastasis in vivo, tumor cells were injected into the right lateral
tongue of nude mice and then cervical lymph node metastasis was
evaluated. Fourteen days after the injection, the average volume of
lymph nodes in the Cal-27-HIPK2-sh2 group (6.70 + 3.97 mm°®) was

1.80-fold larger than that of lymph nodes in the sh-scramble group
(3.72 + 2.10 mm®) (P < .001; Figure 3A,B). Suppression of HIPK2
yielded higher ipsilateral LM frequencies (lymph node lesion-bear-
ing animals / total animals used) and showed a tendency to give
rise to multiple lymph node foci. In all, 100% (5/5) of the mice in
the Cal-27-HIPK2-sh2 mice group developed metastasis, and six of
10 ipsilateral lymph nodes were metastatic. In comparison, LM was
only detected in 40% (2/5) of the sh-scramble mice, and only two of
10 ipsilateral lymph nodes were metastatic (Figure 3C).

3.5 | mRNA-sequencing revealed signaling
pathways associated with tumor invasion and EMT in
HIPK2-attenuated cells

To explore the functional categories and canonical pathways that
are dysregulated when HIPK2 is inhibited, RNA-sequencing and GO
analyses were carried out in Cal-27-HIPK2-sh2 cells and Cal-27-
sh-scramble cells. The pathways closely related to tumor invasion
were significantly present in the enrichment pathways of differen-
tially expressed genes. The top 10 enriched invasion-related path-
ways are listed in Figure 4A, and the top 10 specific related genes

of each pathway were shown in Figure 4B. Among these genes, 15

(A) UM-SCC-23 SCC-25 Cal-27
HIPK2 HIPK2 HIPK2 HIPK2 HIPK2 HIPK2
wt scramble sh1  -sh2 wt scramble o = 5" wt scramble 7 o

HIPK2 --—-H— e .._‘ . == kDa

scramble

----H- -— > @ - 43 KDa

HIPK2-sh2

FIGURE 2 Attenuated homeodomain-
interacting protein kinase 2 (HIPK2)
expression promoted tumor cell invasion
in vitro. A, HIPK2 protein expression was

1004

Number of cells per field

E scramble
HIPK2-sh1
EES HIPK2-sh2

attenuated in UM-SCC-23, SCC-25, and
Cal-27 cells by stably knocking down

the HIPK2gene using two constructed
lentiviral vectors, GV-248-HIPK2-sh1

and -sh2. B, Transwell assay showed that
cell invasion capability was significantly
increased in UM-SCC-23-/SCC-25-/
Cal-27-HIPK2-shs cells compared with
sh-scramble and wt cells. Original
magnification, x200. *P < .05; ***P < .001
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FIGURE 3 Inhibition of homeodomain-interacting protein kinase 2 (HIPK2) promoted cell invasion in vivo. A, Isolated cervical lymph

nodes of BALB/c nude mice were injected with Cal-27-HIPK2-sh2 cells (bottom row) or Cal-27-sh-scramble cells (top row) into the right

lateral tongue. For each mouse, four lymph nodes were isolated from the bilateral cervical area (two left and two right). B, Average volume of
lymph nodes in the Cal-27-HIPK2-sh2 mice group and the sh-scramble group. C, Histological images of the isolated bilateral cervical lymph
nodes (original magnification, x25) and the corresponding metastatic areas in the sh-scramble group (left) and the Cal-27-HIPK2-sh2 group

(right) (original magnification, x400). ***P < .001

differentially expressed genes potentially related to HIPK2 defi-
ciency-induced EMT were selected to undertake quantitative PCR
assay (Figure S1). Then, five differentially expressed genes (CDH1,
WNT4, SNAI1, CLDN3, and PLEKHA?7) were identified in mRNA ex-
pression level, three of which were hallmark EMT genes (CDH1,
WNT4, and SNAI1). Finally, only E-Cad (CDH1) was identified stably

and remarkably decreased in protein level (Figure 5A).

3.6 | Expression of E-Cad and P53 regulated by HIPK2

To ascertain the underlying molecular mechanism of HIPK2

suppression involvement in tumor invasion, E-Cad identified in

mRNA expression level was further investigated in two different
OSCC cell lines using two distinct HIPK2-sh sequences. Notably,
E-Cad showed the most obvious reduction in HIPK2-suppressed
cells (Figure 5B), while forced HIPK2 expression led to a signifi-
cant increase in E-Cad expression (Figure 5C). It is known that
HIPK2 acts as an essential cotranscriptional regulator of P53
and can phosphorylate the P53 protein at N-terminal serine 46,
which promotes P53-dependent gene expression.??3° Therefore,
we examined the protein expression levels of P53 and P53-Ser46
in HIPK2-deficient tumor cells. The results showed that HIPK2
attenuation significantly decreased P53 and P53-Ser46 protein
levels (Figure 5B). Inversely, forced HIPK2 expression reversed
the expression of P53 and P53-Ser46 (Figure 5C).
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FIGURE 4 Dysregulated signaling pathways in homeodomain-interacting protein kinase 2 (HIPK2)-attenuated cells. A, Gene Ontology
(GO) analysis identified the top 10 enriched invasion-related pathways based on the dysregulated genes in Cal-27 cells with suppressed
HIPK2. The size of the circle indicates the corresponding involved gene numbers; the color of the correctedPvalue indicates the significance of
the enriched factors. B, Top 10 specific related genes in the top 10 GO enriched invasion-related signaling pathways.CDH1,WNT4, andSNAI1,
the three genes of interest and most relevant to epithelial-mesenchymal transition, were chosen for further research (shown in red)

3.7 | Nuclear delocalization of HIPK2 associated
with deficient P53 and E-Cad expression

To identify whether nuclear delocalization of HIPK2 was closely
related to the changes in P53 and E-Cad expression, immunofluo-
rescence analysis was used to investigate the cellular localization
and expression of HIPK2, P53, and E-Cad in five OSCC cell lines and
a normal epithelial cell line (HIOEC). The nuclear delocalization of
HIPK2 was observed in four OSCC cell lines (SCC-9, UM-SCC-23,
SCC-25, and HSC3), with remarkable cytoplasmic relocalization
(Figure 6A). Consistently, the fluorescence of P53 and E-Cad was
barely discernible in these cell lines (Figure 6B,C). A strong nuclear
localization was observed only in the Cal-27 cell line (Figure 6A),
which showed extensive nuclear positivity for P53 and continu-
ous membrane staining of E-Cad (Figure 6B,C). Correlation analysis
showed that HIPK2 expression ratio of nucleus to cytoplasm was
positively correlated with E-Cad expression (Figure 6B) and P53 ex-
pression (Figure 6C) in OSCC cell lines. Additionally, Cal-27 cells with
depletion of HIPK2 showed decreased HIPK2 nuclear localization

staining and diminished fluorescence of P53 and E-Cad (Figure 7).

3.8 | Homeodomain-interacting protein kinase
2-mediated P53 targeting to CDH1 promoter

P53 acts as a guardian of epithelial integrity,%®%? but its biological

significance in CDH1 transcription remains unclear. According to the

PROMO and JASPAR databases, the promoter sequence of CDH1
was predicted to contain several P53 binding sites. Thus, to iden-
tify whether P53 could directly target the CDH1 promoter and ac-
tivate its transcription, as triggered by HIPK2, four CDH1 promoter
sequences, each containing highly matched P53 binding sites, were
each amplified and inserted into pSiCheck-2 for a dual-luciferase
reporter assay (Figure 8A). In the pSiCheck-2-CDH1 promoter-3/-4
group, increased or suppressed HIPK2 expression significantly ac-
tivated or inhibited the luciferase reporter activity in a dose-de-
pendent manner. When the P53-specific target seeds in the CDH1
promoter-3/-4 were mutated, promoter activation or inhibition was
restored (Figure 8B,C).

3.9 | Restoring P53 expression rescued E-Cad
suppression induced by HIPK2 deficiency

To further verify whether attenuated HIPK2 suppressed CDH1 tran-
scription through P53 inhibition, we forced P53 expression in HIPK2-
deficient cells to restore luciferase activity of the CDH1 promoter.
The results showed that increased P53 expression rescued the de-
creased luciferase activity of the CDH1 promoter-3/-4 induced by
HIPK2-sh in a dose-dependent manner (Figure 9A). Consistently,
the restoration of P53 expression reversed the expression of E-Cad
protein in Cal-27-HIPK2-sh cells (Figure 9B). Consequently, the en-
hanced tumor cell invasion ability triggered by attenuated HIPK2 was
reduced (Figure 9C).
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FIGURE 5 Homeodomain-interacting protein kinase 2 (HIPK2) regulated the expression of epithelial-mesenchymal transition (EMT)
signaling genes. A, Protein levels of EMT-related genes (E-cadherin [E-Cad], WNT4, and SNAI1) in Cal-27-HIPK2-sh cells. B, C, Protein levels
of HIPK2, E-Cad, P53, and P53-Ser46 in (B) Cal-27-/SCC-25-HIPK2-sh cells and (C) Cal-27-HIPK2 cells. **P < .01; ***P < .001

3.10 | Restoring cytoplasmic HIPK2 expression
in Cal-27 cells had no influence on the E-Cad
expression or tumor cell invasion

According to a previous report, mutations of KK796/798AA,
R826A, and K828E in HIPK2 nuclear localization sequences forced
cytoplasmic localization of HIPK2.4® Therefore, to elucidate the
function of HIPK2 in cytoplasm, the cytoplasmic HIPK2 expres-
sion was rescued by transduction of flag-HIPK2 KK776/778AA,
flag-HIPK2 R806A, or flag-HIPK2 K808E sequences into Cal-27
cells (Figure 10A). The immunofluorescence assay showed that
Cal-27-flag-HIPK2 K808E cells exhibited exclusively cytoplasmic
flag-HIPK2 expression (Figure 10B), whereas Cal-27-flag-HIPK2
KK776/778AA cells and Cal-27-flag-HIPK2 R806A cells presented

universal nuclear and cytoplasmic localization (Figure S2). Thus,

PCDH-flag-HIPK2 K808E vectors were used for further rescue
experiments. The restoration of cytoplasmic HIPK2 expression in
Cal-27 cells had no influence on the protein expression levels of
E-Cad, P53, or P53-Ser46 (Figure 10C), nor on the tumor cell inva-
sion ability (Figure 10D).

4 | DISCUSSION

In this study, we undertook a comprehensive investigation of
HIPK2 expression modes in paired adjacent normal epithelia,
dysplastic epithelia, OSCC tissue, and LM samples. It was found
that HIPK2 was mainly localized in the nuclei of normal epithelia.
During the process of carcinogenesis, two novel characteristics of
HIPK2 expression were observed. One was that HIPK2 partially
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FIGURE 6 Nuclear delocalization of homeodomain-interacting protein kinase 2 (HIPK2) was associated with deficient P53 and
E-cadherin (E-Cad) expression in oral squamous cell carcinoma cell lines. A, Representative immunofluorescence images show the nuclear
localization of HIPK2 in HIOEC and Cal-27 cells, and the nuclear delocalization of HIPK2 in SCC-9, UM-SCC-23, SCC-25, and HSC3

cells. Cell nuclei were counterstained with DAPI (blue); HIPK2 protein is indicated by red staining. Original magnification, x100. B, C,
Immunofluorescence images of (B) P53 and (C) E-Cad in Cal-27, SCC-9, UM-SCC-23, SCC-25, and HSC3 cells. P53 and E-Cad proteins are
indicated by green staining. Original magnification, x100. HIPK2 fluorescence ratio of nucleus to cytoplasm / E-Cad correlation (B) and
HIPK2 fluorescence ratio of nucleus to cytoplasm / P53 correlation (C) were determined by Pearson correlation. ***P < .001

or totally translocated from the cell nucleus to the cytoplasm. nuclear HIPK2 in breast cancer®**! and leukemia*? caused impair-
Further analysis revealed that the diminished nuclear localization ment in antitumor function. Therefore, diminished nuclear locali-
of HIPK2 was related to poor clinicopathological factors and an zation might be the key to inactivate HIPK2 in the nucleus and
unfavorable 5-year survival. These findings were in accordance might serve as a valuable negative biomarker for poor prognosis

with previous studies, which showed that the inactivation of in OSCC.
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P <.001

According to our results, the other feature of HIPK2 was its
aberrant expression, which was elevated in tumor cells compared
with normal epithelia, but decreased in most cases of metastasis
compared with nonmetastasis. The HIPK2 dysregulation (both
over- and underexpression) observed in this study was compatible
with the findings presented by Saul and Schmitz,'! in that only op-
timal amounts of HIPK2 were functional. This implies that higher
concentrations of HIPK2 are less active, possibly due to the for-
mation of inactive protein aggregates or misfolded HIPK2. Thus,
overexpression of HIPK2 in OSCC might override protective mech-
anisms and induce malignant changes in cells. To further identify
this “optimum model,” more experimental evidence should be pro-
vided in the future.

On the contrary, our results showed a close correlation be-
tween decreased HIPK2 expression and OSCC LM. Further
studies have reported that HIPK2 inhibited OSCC cell inva-
sion ability in vitro and significantly impaired the capacity of
these cells to generate LM in vivo. These results suggested
an effective function of HIPK2 deficiency in promoting tumor
metastasis. Although previous studies have confirmed that

suppressing HIPK2 mediates tumor invasion and metastasis in

several malignancies,lsm'33 the mechanisms are not well de-
fined. To our knowledge, only two signaling pathways involved in
HIPK2 that oppose tumor invasion have been reported, includ-
ing suppressing p4 integrin transcription43 and promoting p-cat-
enin nuclear localization.'® Here, several signaling pathways and
markers associated with tumor invasion and EMT were revealed
in HIPK2-deficient cells. Notably, E-Cad expression was conspic-
uously inhibited by depletion of HIPK2. In accordance with our
results, the decreased E-Cad in HIPK2-suppressed cells has also
been found in esophageal SCC,32 breast cancer,33 and bladder
cancer.® Therefore, all these findings strongly suggested the es-
sential suppressor role of HIPK2 in inhibiting EMT by triggering
E-Cad expression.

E-Cadherin, which is one of the most important adhesion
molecules, plays a vital role in the maintenance of epithelial in-
tegrity,** and its repression increases EMT and tumor inva-
sion.*>* In this study, we revealed a novel mechanism in which
HIPK2 promoted P53-dependent E-Cad expression in OSCC.
Homeodomain-interacting protein kinase 2 is widely known as
a P53 activator and could maintain P53 native conformation.*’
It colocalizes and interacts with P53 and CREB-binding protein
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FIGURE 8 Homeodomain-interacting protein kinase 2 (HIPK2) mediated P53 targeting to theCDH1 promoter. A, Diagram of four

CDH1 promoter fragments containing P53 binding sites (vertical lines).

Underline indicates specific binding sequences; red sequences

represent mutant bases. B, For the HIPK2-overexpressing luciferase reporter assays, 50 ng pSiCheck-2 vectors, pSiCheck-2-

CDH1 promoter-1/-2/-3/-4 vectors, or corresponding mutant vectors were transiently cotransfected with empty vector PCDH-EF1-puro
plasmid or PCDH-EF1-HIPK2 plasmid into HSC3 cells (+, 50 ng; ++, 150 ng; +++, 300 ng; 96-well plate; 48 h transfection). In each ev group
or HIPK2-ov group,Renillaluciferase activity was normalized to firefly luciferase activity, and then the final luciferase activity was normalized
by pSiCheck-2-CDH1 promoter/pSiCheck-2 or pSiCheck-2-CDH1 mut promoter/pSiCheck-2. C, For the HIPK2-knockdown luciferase reporter
assays, 50 ng pSiCheck-2 vectors, pSiCheck-2-CDH1 promoter-1/-2/-3/-4 vectors, or corresponding mutant vectors were transiently
cotransfected with sh-scramble plasmid or GV-248-HIPK2-sh2 plasmid into Cal-27 cells (+, 50 ng; ++, 150 ng; +++, 300 ng; 96-well plate;
48 h transfection). In each scramble group or HIPK2-sh group,Renillaluciferase activity was normalized to firefly luciferase activity, and then
the final luciferase activity was normalized by pSiCheck-2-CDH1 promoter/pSiCheck-2 or pSiCheck-2-CDH1 mut promoter/pSiCheck-2.

*P < .05; **P < .01; ***P < .001. E-Cad, E-cadherin

(CBP) within promyelocytic leukemia (PML) nuclear bodies.*®%

Homeodomain-interacting protein kinase 2 can phosphorylate
P53 at serine 46, thus facilitating the CBP-mediated acetylation
of P53 at lysine 382, disrupting binding of MDM2, and mediating
the expression of P53 target genes.?3%59 Activated P53 can act
as a guardian of epithelial integrity and a restrictor of epithelial cell
plasticity.?’ For example, the prevailing mechanism by which P53
blocks EMT is the activation of the P53-miRNAs-EMT-transcription

factor (TF) axis, such as when P53 inhibits SNAI1 by promoting mi-
croRNA-34a expression.51 In contrast, P53 can bind to enhancer
regions of the CDH1 locus and oppose trimethylation of H3K27 to
maintain its acetylation, thereby maintaining E-Cad expression in
EMT-prone cells.®® According to the PROMO and JASPAR data-
bases, we found significant enrichment of the motifs for the bind-
ing of P53 in the promoter regions of CDH1. A series of luciferase
assays found that HIPK2 could induce direct binding of P53 to the
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was normalized to firefly luciferase activity. The final normalized luciferase activity was normalized by pSiCheck-2-CDH1 promoter/
pSiCheck-2. B, pCDNA3-P53 plasmid or pCDNAS3 control plasmid was transfected into Cal-27-HIPK2-sh2 cells or sh-scramble cells,

as indicated on thex-axis (2500 ng, 6-well plate). Then, 48 h after transfection, the protein levels of E-Cad and P53 were detected

by western blotting. C, Transwell analysis of Cal-27-HIPK2-sh2 cells and sh-scramble cells that were transiently transfected with
pCDNAS3-P53 plasmid or pPCDNA3 control plasmid (2500 ng, 6-well plate, 48 h transfection). The enhanced tumor cell invasion ability
triggered by attenuated HIPK2 was significantly reduced by forced P53 expression. Original magnification, x100. *P < .05; **P < .01,

**P <.001

promoter regions of the CDH1 locus and then accelerate E-Cad
transcription and expression. It was noted that the fold change of
luciferase activity difference between control groups and experi-
mental groups was not that remarkable, which might be attributed
to the coordinated action of multiple TFs during the transcrip-
tion regulation in eukaryotes. The transcriptional effect of fac-
tors binding to a single promoter site might be not particularly
evident, whereas functional interactions between factors bound
at multiple promoter sites on DNA often lead to a synergistic or
more-than-additive transcriptional response. Here, we showed
that the binding of P53 to the CDH1 promoter region might be a
novel underlying mechanism of HIPK2-mediated epithelial integ-

rity in OSCC. However, the cooperative transcription factors and

other synergistic binding promoter sites remain to be revealed by
further research.

Itis reported that HIPK2 disappearance from the nucleus may affect
the multiprotein complex formation and inhibit P53 phosphorylation
and transcriptional activity.>® Our results further verified that the rescue
of cytoplasmic HIPK2 expression had no influence on the P53/E-Cad
axis or the tumor cell invasion ability. It suggests that HIPK2 might be
activated in cell nucleus while inactivated in cytoplasm. Relocalization of
HIPK2 from the nucleus to the cytoplasm resulted in the deprivation of
HIPK2 antitumor function, thereby promoting OSSC progression.

Overall, the above results indicated that the nucleus delocal-
ization of HIPK2 might serve as a valuable negative biomarker for

OSCC poor prognosis and LM. The depletion of HIPK2 expression
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FIGURE 10 Restoring cytoplasmic homeodomain-interacting protein kinase 2 (HIPK2) expression in Cal-27 cells had no influence on the
expression of E-cadherin (E-Cad) and tumor cell invasion. A, Schematic diagram of three HIPK2 nuclear localization sequence mutations of
HIPK2 KK776/778AA, HIPK2 R806A, and HIPK2 K808E. The vertical line indicates the mutant position in the protein sequences (left) and
bases sequences (right). Mutated amino acids and bases are shown in red. B, Representative immunofluorescence images of Cal-27 cells
transiently transfected with 1000 ng PCDH-EF1-puro-flag empty vectors or PCDH-EF1-puro-flag-HIPK2 K808E vectors (12-well plate,

48 h transfection). Cell nuclei were counterstained with DAPI (blue); flag-HIPK2 protein is indicated by red staining. Original magnification,
x100. C, PCDH-EF1-puro-flag empty vectors or PCDH-EF1-puro-flag-HIPK2 K8O8E vectors were transiently transfected into Cal-27 cells
(2500 ng, 6-well plate). Then, 48 h after transfection, protein expression levels of HIPK2, E-Cad, P53, and P53-Ser46 were detected by
western blotting. D, Transwell analysis of Cal-27 cells transiently transfected with PCDH-EF1-puro-flag empty vectors or PCDH-EF1-puro-
flag-HIPK2 K808E vectors (2500 ng, 6-well plate, 48 h transfection). Original magnification, x100
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