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Abstract

Background: Homeodomain-interacting protein kinase 2 (HIPK2) is a multifunctional protein that exploits its kinase activity
to modulate key molecular pathways in cancer to restrain tumor growth and induce response to therapies. For instance,
HIPK2 knockdown induces upregulation of oncogenic hypoxia-inducible factor-1 (HIF-1) activity leading to a constitutive
hypoxic and angiogenic phenotype with increased tumor growth in vivo. HIPK2 inhibition, therefore, releases pathways
leading to production of pro-inflammatory molecules such as vascular endothelial growth factor (VEGF) or prostaglandin E2
(PGE2). Tumor-produced inflammatory mediators other than promote tumour growth and vascular development may
permit evasion of anti-tumour immune responses. Thus, dendritic cells (DCs) dysfunction induced by tumor-produced
molecules, may allow tumor cells to escape immunosurveillance. Here we evaluated the molecular mechanism of PGE2
production after HIPK2 depletion and how to modulate it.

Methodology/Principal findings: We show that HIPK2 knockdown in colon cancer cells resulted in cyclooxygenase-2 (COX-
2) upregulation and COX-2-derived PGE2 generation. At molecular level, COX-2 upregulation depended on HIF-1 activity. We
previously reported that zinc treatment inhibits HIF-1 activity. Here, zinc supplementation to HIPK2 depleted cells inhibited
HIF-1-induced COX-2 expression and PGE2/VEGF production. At translational level, while conditioned media of both siRNA
control and HIPK2 depleted cells inhibited DCs maturation, conditioned media of only zinc-treated HIPK2 depleted cells
efficiently restored DCs maturation, seen as the expression of co-stimulatory molecules CD80 and CD86, cytokine IL-10
release, and STAT3 phosphorylation.

Conclusion/Significance: These findings show that: 1) HIPK2 knockdown induced COX-2 upregulation, mostly depending
on HIF-1 activity; 2) zinc treatment downregulated HIF-1-induced COX-2 and inhibited PGE2/VEGF production; and 3) zinc
treatment of HIPK2 depleted cells restored DCs maturation.
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Introduction

Homeodomain interacting protein kinase 2 (HIPK2) is a mul-

tifunctional kinase whose activity restrains tumor progression.

HIPK2 phosphorylates and activates oncosuppressor p53 for

apoptotic function in response to drugs [1,2]. HIPK2 also

represses signaling pathways involved in tumor progression, such

as Wnt/b-catenin, by means of its catalytic activity and

transcription repression function [3,4]. More recently, we found

that HIPK2 inhibits the hypoxia-inducible factor 1a (HIF-1a)
subunit at transcriptional level. HIF-1 is an heterodimeric

transcription factor that induces the transcription of more than

60 genes involved in angiogenesis, glucose metabolism and

invasion [5]. HIF-1 consists of the HIF-1b subunit, constitutively

expressed in cells, and the oxygen-sensitive HIF-1a subunit.

Increased HIF-1a levels are frequently found in many human

cancers and are stimulated by low oxygen but also by genetic

alterations. In this regard, HIPK2 knockdown induces HIF-1a
upregulation with increased HIF-1 activity leading to vascular

endothelial growth (VEGF) production, tumor angiogenesis and

chemoresistance [6,7]. In an attempt to target HIF-1 activity, we

previously demonstrated that zinc ions allow HIF-1a protein

degradation in cancer cells leading to repression of HIF-1 pathway

in vitro and in vivo [8] with restoration of chemosensitivity [9].

Other than inducing VEGF expression, HIPK2 knockdown

leads to increased prostaglandin E2 (PGE2) biosynthesis that

correlates with tumor growth in vivo [10]. PGE2 is the most

abundant prostaglandin found in colorectal cancer and favours

tumor growth by stimulating proliferation, angiogenesis, and

invasiveness, and by inhibiting apoptosis [11]. PGE2 activates

components of the oncogenic Wnt signaling system leading to

stabilization and activation of b-catenin as transcription factor to

induce the expression of several genes, including cyclooxygenase-2
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(COX-2), c-myc, cyclin D1, and PPARd that are involved in

tumor progression [12].

The generation of prostaglandins via COX-2 is an important

pathway in the pathogenesis of colorectal cancer but also of other

cancers [13]. COX-2, an inducible form of cyclooxygenase,

catalyses the conversion of arachidonic acid (AA) to endoperoxide

intermediates that are ultimately converted to prostaglandins

(PGE2, PGD2, PGF2a, PGI2, and TxA2). COX-2 is highly

induced in response to inflammatory mediators, growth factors,

oncogene activation, and tumor promoters [14]. Therefore,

elevated levels of COX-2 have been found in many cancer types

[15–17]. Transcriptional control of the COX-2 gene depends on

the molecular machinery interacting with the COX-2 promoter,

which seems to be controlled through the activity of various

signaling pathways [18]. Among them, oncogenic pathways such

as the Wnt/b-catenin signaling [19] or HIF-1 [20] may enhance

COX-2 gene transcription. It has been found that HIF-1-activated

COX-2/PGE2 axis induces VEGF and promotes angiogenesis

[21] which in turn potentiates HIF-1 transcriptional activity [22].

Such crosstalk among signaling pathways leads to an autoregula-

tory loop which is beneficial for tumor progression. Therefore,

targeting HIF-1 is a functional strategy to abolish pathways

involved in tumor progression, such as COX-2/PGE2/VEGF.

Tumor cells often produce inflammatory molecules that in the

microenvironment, other than promoting tumour growth and

vascular development, enable evasion of anti-tumour immune

responses [23]. PGE2, as other tumor released factors, has been

shown to suppress the immune response and allow tumor cells to

escape immunosurveillance by inducing, for instance, local and

systemic dendritic cells (DCs) dysfunction [24,25]. DCs are

powerful antigen-presenting cells (APCs) and as such have a crucial

role in initiating an immune-response. DCs are highly specialized

in antigen capture, processing and presentation, and after

maturation they express co-stimulatory molecules (i.e., CD80

and CD86) which active T lymphocytes [26]. Their role in

eliciting tumor-specific responses and subsequent tumor regression

has been extensively demonstrated through in vivo vaccine

stimulation or ex vivo DC immunotherapy [26]. Impairment of

DCs maturation may depend by tumor-released factors thereby

inducing immunosuppression. Thus, a defect in the DC system is

one of the main factors responsible for tumor escape [27,28].

On the basis of the above observations, the aim of this study was

first to evaluate the role of COX-2 in PGE2 generation following

HIPK2 depletion. We found that HIPK2 knockdown led to HIF-

1-induced COX-2 upregulation and COX-2-derived PGE2 pro-

duction. Interestingly, zinc treatment downregulated COX-2

expression and inhibited PGE2 generation and its signaling

pathways, as well as HIF-1-induced VEGF. Then, at functional

level, while conditioned media of both siRNA control and HIPK2

depleted cells inhibited DCs maturation, only conditioned media

of zinc-treated HIPK2 depleted cells, which showed strong PGE2

and VEGF downregulation, efficiently restored DCs maturation.

Materials and Methods

Ethics Statement
The study was approved by the ethical Committee of Policlinico

Umberto I, Sapienza University, Rome, Italy.

Cells, Culture Condition, Treatments, and Conditioned
Media
Human RKO (colon cancer) and the stably HIPK2-interfered

RKO-siHIPK2 [29] cells were routinely maintained in RPMI-

1640 (Life-Technology-Invitrogen) medium, while HCT116 (co-

lon cancer), 293 (human embryonic renal cells) and the

Doxyclyclin (Dox)-inducible MCF7 (breast cancer) (MCF7indsi/

HIPK2) cells expressing HIPK2-interference [30], were routinely

maintained in DMEM (Life-Technology-Invitrogen) medium, all

containing 10% heat-inactivated fetal bovine serum (FBS), 100

units/mL penicillin/streptomycin, and glutamine, in 5% CO2

humidified incubator at 37uC. For zinc supplementation, sub-

confluent cells were treated with 100 mM ZnCl2 for 24 h. For

inducible HIPK2 knockdown, Dox (1 mg/mL) was added to

MCF7indsi/HIPK2 cells every 3 days until HIPK2 knockdown

was successfully reached (usually in about 5 days). After HIPK2

knockdown was reached, cells were cultured without Dox for

additional 5 days for reversion of HIPK2 depletion.

To obtain the conditioned medium (CM), RKO siRNA control

and siHIPK2 depleted cells were seeded at 66105/60 mm2 Petri

dish and cultivated until 60% confluence. Thereafter, the medium

was replaced and the supernatants (that is, conditioned media)

were harvested 48 h later. ZnCl2 (100 mM) was added for 24 h.

RNA Extraction and Reverse Transcription (RT)-PCR
Analysis
Cells were harvested in TRIzol Reagent (Invitrogen) and total

RNA was isolated following the manufacturer’s instruction. cDNA

was syntesized from 2 mg of total RNA with MuLV reverse

transcriptase kit (Applied Biosystems). Semi-quantitative RT-PCR

was carried out by using Hot-Master Taq polymerase (Eppendorf)

with 2 ml cDNA reaction and genes specific oligonucleotides under

conditions of linear amplification. PCR was performed in

duplicate in two different sets of cDNA. PCR products were run

on a 2% agarose gel and visualized by ethidium bromide staining

using UV light. The housekeeping b-actin or 28S genes were used

as internal standard. Densitometric analysis was applied to

quantify specific mRNA levels compared to internal standard.

Data presented are representative of at least three independent

experiments.

Western Immunoblotting
Total cell extracts were prepared by incubating at 4uC for

30 min in lysis buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/

L NaCl, 150 mmol/L KCl, 1 mmol/L dithiothreitol, 5 mmol/L

EDTA, pH 8.0, 1% Nonidet P-40) plus a mix of protease

inhibitors (Sigma Chemical Company) and phosphatase inhibitors,

and resolved by SDS-polyacrylamide gel electrophoresis. Proteins

were transferred to a polyvinylidene difluoride (PVDF) membrane

(Millipore). Membranes were blocked with 5% nonfat dry milk in

PBS and incubated with primary antibodies that recognize COX-

2 (Cayman Chemical), b-catenin (Santa Cruz Biotechnology),

cyclin D1 (M-20, Santa Cruz, kindly provided by Marco

Crescenzi, ISS, Rome, Italy), mouse monoclonal anti-HIF-1a
(Novus Biologicals, UCS Diagnostic, Italy), p-STAT3 (Y705), total

STAT3 (both from Cell Signaling Technology), and b-actin
(Calbiochem). Secondary antibody conjugated to horseradish

peroxidise (Bio-Rad) was used at 1:5000. Immunoreactivity was

detected by enhanced chemiluminescence kit (ECL kit, Amersham

Corporation).

Transfection and Plasmids
293 cells were transfected by using the N,N-bis-(2-hydro-

xyethyl)-2amino-ethanesulphonic acid-buffered salinr (BBS) ver-

sion of the calcium phosphate procedure [31], while RKO and

HCT116 were transfected by using the cationic polymer

LipofectaminePlus method (Invitrogen), according to the manu-

facture’s instruction. The amount of plasmid DNA was equalized

HIPK2 Knockdown Induces COX-2/PGE2 Pathway
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in each sample by supplementing with empty vector and

transfection efficiency was visualized with the use of a co-

transfected GFP expression vector. The expression plasmids used

were: the dominant negative form of HIF-1a without DNA

binding domain and transactivation domain (pCEP4-HIF-1a-DN)

[32] (kindly provided by B.H. Jiang, Nanjing Medical University,

China), HIF-1a expression vector (kindly provided by A. Farsetti,

National Research Council, Rome, Italy) and HA-VHL expres-

sion vector (kindly provided by WK Rathmell, University of North

Caroline at Chapel Hill, USA).

RNA Interference
Cells were plated at semiconfluence in 35 mm dishes the day

before transfection. Control-siRNA and specific siHIF-1a (Dhar-

macon), or pSUPER-HIPK2 and control pSuper vectors [29]

were transfected overnight using LipofectaminePlus reagent

(Invitrogen). 36 h later cells were treated with 100 mM ZnCl2
for 24 h. Transfection efficiency was visualized with the use of a co-

transfected GFP expression vector under a fluorescent microscope.

The efficiency of knockdown was confirmed by RT-PCR analysis.

ELISA Assay
Cells grown to subconfluence in 60 mm Petri dishes were

cultured for 24 h with 0.5% FBS before adding fresh medium with

10% FEB with or without COX-2 selective inhibitor NS-398

(Cayman Chemical, Ann Arbor, MI, USA) at 50 nM for 24 h or

100 mM ZnCl2 for 24 h with. PGE2 and VEGF detection in the

cell-conditioned media were determined in triplicate by enzyme-

linked immunosorbent assay (ELISA) using, respectively, the

Prostaglandin E2 EIA kit (Cayman Chemical) and the Quantikine

human VEGF immunoassay kit (R&D Systems, Minneapolis,

MN), according to manufacturer’s instructions. PGE2 and VEGF

levels were normalized to cell number and expressed as pg/106

cells/ml.

For IL-10 production by DCs, conditioned media from siRNA

control and siHIPK2 depleted cells, untreated or treated with

100 mM ZnCl2 for 24 h, were added to DC culture in 96 well

plates, 1/1 (vol/vol) with medium containing IL-4 and GM-CSF,

for 24 h. Afterword, TNF-a was added for 48 h for DCs

maturation. IL-10 production by DCs was then assayed by ELISA

using commercially available reagents and standards (RayBiotech,

Inc.). The supernatants were added in duplicate to appropriate

pre-coated plates. After the plates were washed, horseradish

peroxidase-conjugated detection antibody was added. The sub-

strate used for color development was tetramethylbenzidine

(TMB). The optical density was measured at 450 nm with

a microplate reader (Multiskan Ex, Thermo Labsystem). The

minimum detection dose of IL-10 is typically less than 1 pg/ml.

Generation of Monocyte-derived Dendritic Cells (DCs)
and DCs Maturation
To generate monocyte-derived DCs, human peripheral blood

mononuclear cells (PBMC), obtained from healthy donors (under

informed consent) were isolated by Fycoll-Paque gradient centri-

fugation (Pharmacia, Uppsala, Sweden) from buffy coats. CD14+
monocytes were positively selected using anti-CD14 MAb-

conjugated magnetic microbeads (Miltenyi Biotec, Auburn,

California, USA). Purified monocytes were cultured at a density

of 106 cells/3 ml in 12-well plates for 6 days in RPMI 1640

(Euroclone) containing 10% fetal calf serum (FCS), 2 mM L-

glutamine, 100 U/ml penicillin G, 100 mg/ml streptomycin and

recombinant human granulocyte-macrophage colony stimulating

factor (GM-CSF, 50 ng/ml) and interleukin 4 (IL-4, 20 ng/ml)

(Miltenyi Biotec) to generate the immature DC (iDC). Cytokines

were replenished every other day along with 20% fresh medium.

For iDC activation, human recombinant TNF-a (20 ng/mL;

Miltenyi Biotec) was added at day 6 for 48 h to induce DCs

maturation.

Analysis of DC Phenotype by Flow Cytometry
Purified monocytes were cultured for 6 days with GM-CSF and

IL-4, with or without 20% (vol/vol) of conditioned media (CM)

from cancer cells untreated or treated with 100 mM zinc for 24 h

or with monoclonal anti-VEGF antibody (R&D Systems, Inc.)

(kindly provided by F. Spinella, Regina Elena National Cancer

Institute, Rome, Italy). Afterword, TNF-a was added for 48 h for

DCs maturation and DC phenotype analyzed by flow cytometry.

Phycoerytrin (PE)-conjugated anti-CD80 and FITC-conjugated

anti-CD86 antibodies (Becton Dickinson, San Diego, CA) were

used for cell surface staining. Cells were incubated with the

antibodies for 30 minutes at 4uC and washed twice in PBS before

analyses. DC were gated according to their FSC and SSC

properties. Appropriate isotype controls were included and 5000

viable DC were acquired for each experiment. Flow cytometry

acquisition was done with a cytofluorimeter EPICS XL Coulter

(Hialeah, FL).

Statistical Analysis
All experiment unless indicated were performed at least three

times. All experimental results were expressed as the arithmetic

mean and standard deviation (s.d.) of measurements was shown.

Student’s t-test was used for statistical significance of the

differences between treatment groups. Statistical analysis was

performed using analysis of variance at 5% (p,0.05) or 1%

(p,0.01).

Results and Discussion

Inverse Correlation between Low HIPK2 and High COX-2
Expression Levels in Cancer Cells
To gain insights into the in vivo relationship between COX-2

and HIPK2 we performed an in-silico co-expression analysis

comparing different microarray studies of various normal and

tumor colon tissues from the Oncomine integrated cancer

database research tool (http://www.oncomine.org). Analyses of

datasets obtained from specimens of normal tissues and primary

colon adenocarcinomas revealed an inverse correlation between

HIPK2 and COX-2 expression. Thus, HIPK2 expression was

high in normal tissues and significantly reduced in colon

adenocarcinomas, while COX-2 expression was low in normal

tissues and significantly increased in colon adenocarcinomas

(Fig. 1A). We next attempted to investigate whether HIPK2

played a role in COX-2 regulation. As depicted in Fig. 1B,
increased COX-2 expression levels were observed in RKO colon

cancer cells stably interfered for HIPK2 function (siHIPK2) [29],

compared to control siRNA cells. Similar inverse correlation

between low HIPK2 and high COX-2 levels was found in

HCT116 colon cancer cells undergoing transient HIPK2 de-

pletion by siRNA (Fig. 1C), implying a role for HIPK2 in COX-2

mRNA expression in cancer cells. To further confirm this finding,

we took advantage of the Dox-inducible MCF7 breast cancer cells

(MCF7indsi/HIPK2), where Dox treatment induces HIPK2

downregulation [30], obtaining essentially similar results. Thus,

Dox treatment (Dox +) reduced HIPK2 mRNA expression which

significantly correlated with COX-2 upregulation, as also

evidenced by the densitometric analysis (Fig. 1D). Subsequently,

reversion of HIPK2 depletion by Dox removal (Dox -), restored

HIPK2 Knockdown Induces COX-2/PGE2 Pathway
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Figure 1. Inverse correlation between low HIPK2 and high COX-2 expression levels in cancer cells. (A) HIPK2 and COX-2 gene expression
profile in primary tumors. The box plots represent HIPK2 (left panel) and COX-2 (right panel) mRNA levels in specimens of 1) colon, 2) rectum, and 3)
colon adenocarcinoma primary tumors. *P,0.001. (B) Semi-quantitative RT-PCR analyses of HIPK2 and COX-2 gene expression in RKO cells stably
interfered for HIPK2 function (siHIPK2) or with non-target RNA interference (siRNA). 28S was used as internal control. (C) Representative RT-PCR
analysis of HCT116 cells transfected with pSuper-HIPK2 (siHIPK2) or pSuper control (siRNA) vector for 48 h. 28S was used as internal control. (D, left
panel) Representative RT-PCR analyses of MCF7-indsi/HIPK2 cells treated with Dox (DOX+) for 5 days (for HIPK2 knockdown) and then cultured
without Dox (DOX-) for additional 5 days (for HIPK2 recovery). (D, right panel) Densitometric analysis of HIPK2 and COX-2 levels (as in the left panel)

HIPK2 Knockdown Induces COX-2/PGE2 Pathway
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the COX-2 gene expression levels similarly to the starting COX-2

levels of control cells, as also evidenced by densitometric analyses

(Fig. 1D). Next, Western immunoblotting showed increased

COX-2 protein levels in RKO HIPK2-depleted cells, compared to

control siRNA cells (Fig. 1E). These results show, for the first

time, an inverse correlation between HIPK2 and COX-2

expression in colon cancer cells which was intriguingly confirmed

by probing the Oncomine dataset of normal and cancer tissues,

indicating that this might be a typical cancer signature. Moreover,

the effect of COX-2 upregulation in breast cancer cells following

HIPK2 inhibition may be also taken in consideration.

Enhancement of COX-2 Expression in HIPK2 Knockdown
Cells via HIF-1a
One of the mechanisms that enhance COX-2 transcription is

through HIF-1 activity [20]. HIPK2 knockdown induces HIF-1

activity, seen as increased VEGF gene transcription and angio-

genesis, by derepressing HIF-1a promoter transcription [6]. In

order to examine if HIF-1a is involved in COX-2 expression,

several genetic approaches were performed. RKO stably in-

terfered for HIPK2 function (siHIPK2) were mainly used and

transfection efficiency was monitored with the use of a co-

transfected GFP vector throughout the experiments. To explore

the effect of HIF-1a on the COX-2 gene transcription, we first

carried out loss-of-function experiments with a dominant negative

HIF-1a (HIF-1aDN) construct without DNA binding and

transactivation domain that inhibits HIF-1 activity [32]. RT-

PCR analysis showed that HIF-1aDN expression markedly

reduced the levels of COX-2 in RKO-siHIPK2 cells (Fig. 2A),
suggesting HIF-1 transcription-dependent COX-2 regulation.

This effect was paralleled with the one observed on HIF-1 target

gene VEGF (Fig. 2A). Then, HIF-1a depletion in RKO-siHIPK2

cells by specific siRNA interference showed that HIF-1a down-

regulation strongly inhibited both COX-2 and VEGF gene

expression (Fig. 2B). As an additional approach to inhibit HIF-

was performed and normalized values to 28S mRNA levels were plotted. *P = 0.001. (E) Total cell extracts from RKOsiHIPK2 and control siRNA cells
were analysed by Western immunoblotting to assess COX-2 protein levels. b-actin was used as protein loading control.
doi:10.1371/journal.pone.0048342.g001

Figure 2. COX-2 upregulation in HIPK2 knockdown depends on HIF-1. (A) Representative RT-PCR analyses of control RKO-siRNA and RKO-
siHIPK2 cells transfected with HIF-1a dominant negative (HIF-1aDN) for 36 h. The COX-2 and VEGF mRNA levels are shown. b-actin was used as
internal control. (B) RT-PCR analyses of RKO-siHIPK2 cells were transfected with specific siRNA for HIF-1a knockdown or control siRNA. After
transfection total RNA was extracted and RT-PCR was performed to assess HIF-1a, COX-2 and VEGF expression levels. b-actin was used as internal
control. One representative experiment out of three independent experiments was shown. (C, left panel) RT-PCR analyses of RKO-siHIPK2 cells
transfected with VHL expression vector (+) or with empty vector (-). After transfection total RNA was extracted and RT-PCR was performed to assess
COX-2 and VEGF expression levels. b-actin was used as internal control. (C, right panel) Densitometric analysis of COX-2 and VEGF levels (as in the
left panel) was performed and normalized values to b-actin mRNA levels were plotted. *P = 0.001. (D) 293 cells were transfected with HIF-1a
expression vector (+) or with empty vector (2). After transfection total RNA was extracted and RT-PCR was performed to assess HIF-1a, COX-2 and
VEGF expression levels. b-actin was used as internal control. One representative experiment out of three independent experiments was shown.
doi:10.1371/journal.pone.0048342.g002
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1 activity, we overexpressed von Hippel-Lindau (VHL) protein

that has been shown to inhibit HIF-1 activity by targeting HIF-1a
for proteasomal degradation [33]. As shown in Fig. 2C, VHL

overexpression in RKO-siHIPK2 cells induced efficient COX-2 as

well as VEGF downregulation, as evidenced by densitometric

analyses. Finally, to further confirm the effect of HIF-1 in COX-2

regulation, we transfected HIF-1a expression vector in 293 cells

observing that there was a significant enhancement of both COX-

2 and VEGF mRNA expression, compared to control cells

(Fig. 2D). Taken together, these results provide strong evidence

that COX-2 upregulation, following HIPK2-knockdown, de-

pended, al least in part, on HIF-1 activity as confirmed by the

effect observed on HIF-1- target gene VEGF.

Zinc Downregulates COX-2 Expression Levels in HIPK2
Depleted Cells
We previously demonstrated that zinc ions supplementation in

constitutively hypoxic prostate cancer cells or in angiogenic

glioblastoma cells downregulates HIF-1a expression, consequently

inhibiting HIF-1 activity [8]. This finding was next substantiated

by a genome-wide analyses where zinc indeed counteracts the

gene expression profiles induced by hypoxia-activated HIF-1 [34].

Here we first overexpressed HIF-1a in 293 cells and analyzed

mRNA levels by semiquantitative RT-PCR before and after zinc

treatment. As shown in Fig. 3A, HIF-1-induced COX-2 and

VEGF gene expression was efficiently inhibited by zinc treatment.

The HIF-1a overexpression and its downregulation upon zinc

treatments, as previously reported [8], were shown by Western

immunoblotting (I.B.) (Fig. 3A, lower panel). Then, zinc

treatment of RKO-siHIPK2 cells showed significant reduction of

both COX-2 and VEGF mRNA gene expression by RT-PCR

analysis (Fig. 3B). Consequently, Western immunoblotting

confirmed COX-2 downregulation in HIPK2 depleted cells after

zinc treatment (Fig. 3C). Of note, in our hands zinc treatment

(100 mM for 24 h) did not affect cell viability (data not shown).

Because COX-2 is often upregulated in tumors leading to tumor

aggressiveness and bad prognosis [14], targeting COX-2 may be

an important achievement in cancer therapy. Thus, COX-2

selective inhibitors have shown potent antitumor effects in several

different animal models of colorectal cancer; in agreement,

deletion of the COX-2 gene results in a marked decrease of

adenoma burden in both small and large intestine in ApcD716

mutant mice and in Apcmin mice [35]. Nevertheless selective COX-

2 inhibitors were shown to be highly effective in preventing polyp

recurrence, the associated adverse cardiovascular side effects by

these drugs may affect appropriate randomised clinical trials

[36,37]. Therefore, it is mandatory to develop new approaches to

target COX-2 function. In this regard, the use of zinc in

downregulating HIF-1-induced COX-2 expression may represent

an interesting starting-point to overcome the adverse effects of at

least some specific COX-2 inhibitors; moreover by acting on HIF-

1 activity zinc may affect several interconnected signaling path-

ways. Finally, whether zinc might inhibit COX-2 also indepen-

dently from HIF-1 needs to be further elucidated.

Zinc Inhibits PGE2 Signaling Pathways in HIPK2-depleted
Cells
Having established that zinc may downregulate COX-2 levels in

HIPK2 depleted cells, we next sought to evaluate PGE2

modulation. ELISA assay showed that the relevant amount of

PGE2 produced by HIPK2 depleted compared to control cells, as

previously reported [10], was significantly inhibited by zinc

supplementation (Fig. 4A). Interestingly, zinc-induced PGE2

inhibition was as efficient as the specific COX-2 inhibitor NS-

398 (Fig. 4A). In agreement, western immunoblotting showed

strong reduction of COX-2 protein levels after zinc treatment

(Fig. 4B), as reported above. Moreover, the enhanced levels of b-
catenin and of its target cyclin D1 in HIPK2 depleted cells, as

previously reported [3,4], were markedly inhibited by zinc

treatment (Fig. 4B), which paralleled the above PGE2 inhibition.

This is an interesting correlation, because PGE2 has been shown to

activate b-catenin as transcription factor to induce the expression

of several genes, including COX-2 and cyclin D1, generating

Figure 3. Zinc downregulates COX-2 expression levels in HIPK2 depleted cells. (A) 293 cells were transfected with HIF-1a expression vector
(+) or with empty vector (2). HIF-1a-transfected cells were treated with ZnCl2 (100 mM). 24 h after treatment, cells were collected in divided in two for
both RNA and protein analyses. RT-PCR was performed to assess COX-2 and VEGF expression levels (upper panel). 28S was used as internal control.
Total cell extracts was analysed by Immunoblotting (I.B.) to assess HIF-1a protein levels. l.c. (loading control). (B) RKO-siHIPK2 cells were treated with
ZnCl2 (100 mM) for 24 h. After transfection total RNA was extracted and RT-PCR was performed to assess COX-2 and VEGF expression levels. b-actin
was used as internal control. One representative experiment out of three independent experiments was shown. (C) Total cell extracts from
RKOsiHIPK2 untreated or treated with ZnCl2 (100 mM) for 24 h were analysed by Western immunoblotting to assess COX-2 protein levels. b-actin was
used as protein loading control.
doi:10.1371/journal.pone.0048342.g003
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a positive autoregulatory loop which favours tumour progression

[12,38].

COX-2/PGE2 axis has been shown to induce VEGF and

promote angiogenesis [13]. Therefore, VEGF production was

analysed in HIPK2 depleted cells. ELISA assay showed that the

high levels of VEGF produced in HIPK2 depleted cells,

compared to control cells, were significantly inhibited by zinc

supplementation (Fig. 4C). Taken together, these results

provide evidence that the signaling pathways activated in our

model of constitutive hypoxic HIPK2 depleted cells, such as

PGE2 and VEGF, may be inhibited by zinc supplementation,

likely by acting on HIF-1 activity. These findings thus

strengthen the role of HIPK2 in curbing tumor progression

[39]. However, given that HIPK2 is one of the many factors

related to COX-2/PGE2 pathway activation in cancer, it will be

interesting in future studies to evaluate the effect of zinc

treatment in cancer cells with upregulated COX-2/PGE2

pathway independently from HIPK2.

Zinc Reduces the Ability of HIPK2 Depleted Cells to
Suppress DCs Maturation
We next wanted to test whether conditioned media (CM) of

zinc-treated or -untreated cells, as showed in the above paragraph,

could affect immune cells and in particular DCs maturation. It is

well established that tumor-host interaction may lead to immu-

nosuppression [23]. In particular, tumors synthesize and secrete

factors that may suppress DCs function to prevent immune

response [27,28]. To mimic an in vivo condition, we decided to

assess the differentiation of DCs in the presence of 20% CM of

siHIPK2 or si-RNA control cells cultured with or without zinc. To

this aim, the CM showed in Fig. 4A and Fig. 4C were used to

take advantage of the zinc-induced modulation of COX-2/PGE2

and VEGF pathways. Thus, inflammatory mediators in the

tumour microenvironment other than promoting tumour growth

and vascular development have been shown to enable evasion of

anti-tumour immune responses [23,26]. Interestingly, we first

noticed a strong inhibition of differentiated DCs morphology

when DCs maturation was allowed in the presence of CM of both

HIPK2-depleted and siRNA control cells (Fig. 5A, compare

Figure 4. Zinc inhibits PGE2 signaling pathways in HIPK2 depleted cells. (A) PGE2 production was assayed by ELISA in RKO-siRNA control
cells left untreated and in HIPK2 depleted cells (siHIPK2) before and after ZnCl2 treatment (100 mM for 24 h) and after treatment with COX-2 specific
inhibitor NS-398 (50 nM) for 24 h. PGE2 production was plotted as pg/106 cells. Columns, mean of two independent experiments performed in
duplicate,6S.D. *P,0.001. (B) Total cell extracts from RKO-siRNA control cells left untreated and HIPK2 depleted cells (siHIPK2) before and after ZnCl2
treatment (100 mM for 24 h) were analysed by Western immunoblotting to assess COX-2, b-catenin, and cyclin D1 protein levels. b-actin was used as
protein loading control. (C) VEGF production was assayed by ELISA in RKO-siRNA control cells and in HIPK2 depleted cells (siHIPK2) before and after
ZnCl2 treatment (100 mM for 24 h). VEGF production was plotted as pg/106 cells. Columns, mean of two independent experiments performed in
duplicate, 6S.D. *P,0.001.
doi:10.1371/journal.pone.0048342.g004

HIPK2 Knockdown Induces COX-2/PGE2 Pathway

PLOS ONE | www.plosone.org 7 November 2012 | Volume 7 | Issue 11 | e48342



HIPK2 Knockdown Induces COX-2/PGE2 Pathway

PLOS ONE | www.plosone.org 8 November 2012 | Volume 7 | Issue 11 | e48342



panel 1 with panel 2 and 3). However, this inhibition did not

take place if DCs were cultured in the presence of CM of zinc-

treated siHIPK2 cells (Fig. 5A, compare panel 3 with panel
5), while inhibition of differentiated DCs morphology did remain

when DCs were cultured in the presence of CM of zinc-treated

siRNA control cells (Fig. 5A, compare panel 2 with panel 4).
These observations are in line with the concept that tumors

produce immunosuppressive factors that may inhibit DCs

maturation [26–28,40]. Moreover, they also suggest that the

immunosuppressive pathways induced by HIPK2 knockdown

rather than those produced by siRNA control cells could be

preferentially targeted by zinc for DCs reactivation. Therefore, the

different outcome in DCs maturation achieved in the presence of

supernatants of zinc-treated control or HIPK2 depleted cells

established the specificity of zinc action, rather than a direct DCs

activation by zinc which, after 4 days colture, might still remain in

conditioned media from cancer cells. In particular, the zinc-

targeted PGE2 and VEGF pathways, produced after HIPK2

depletion (Fig. 4), could have a role in DCs maturation, although

their direct role and/or the presence and modulation of additional

immunosuppressive factors produced in our experimental model

need to be elucidated.

We then determined the phenotype of DCs differentiation by

assessing the surface expression of co-stimulatory CD80 and CD86

molecules using flow cytometry analyses. As shown in Fig. 5B
and Fig. 5C, CD80 and CD86 expression was significantly

inhibited when DCs maturation was allowed in the presence of

CM of either siRNA (siRNA-CM) or siHIPK2 (siHIPK2-CM)

cells, compared to control mature DCs (DC Mock). In agreement

with our hypothesis, CD80 and CD86 expression significantly

increased when DCs maturation was allowed in the presence of

CM of zinc-treated siHIPK2 cells, while CD80 and CD86

expression did not essentially change when DCs maturation was

allowed in the presence of CM of zinc-treated siRNA control cells

(Fig. 5B and Fig. 5C). CD80 and CD86 expression, when DCs

maturation was allowed in the presence of CM of zinc-treated

siHIPK2 cells, reached almost 70% of that of the control mature

DCs. These findings indicate that zinc could inhibit some

immunosuppressive pathways produced by HIPK2-depleted cells

to reactivate DCs maturation. As mentioned above, this effect

might depend by zinc-induced inhibition of immunosuppressive

Figure 5. Inhibition/reactivation of DCs maturation cultured with conditioned media (CM) of siRNA control or HIPK2 depleted cells
with or withour zinc treatment. (A) Light microscopy showing control differentiated DCs (Mock, panel 1) and inhibition of differentiated DCs
morphology in the presence of CM of siRNA control (panel 2) or HIPK2 depleted cells (siHIPK2) (panel 3); this inhibition did not take place only if DCs
where cultured in the presence of CM of zinc-treated siHIPK2-CM (panel 5) compared to CM of zinc-treated siRNA control cells (panel 4). One
representative experiment out of three independent experiments was shown. Microphotograph magnification, 106. (B) Analysis of surface DCs
maturation markers, CD80 and CD86, using flow cytometry. DC Mock: control mature DCs; DC+siRNA-CM: DCs maturation in the presence of CM of
siRNA control cells; DC+siHIPK2-CM: DCs maturation in the presence of CM of HIPK2 depleted cells (siHIPK2); DC+siRNA/zinc-CM: DCs maturation in
the presence of zinc-treated siRNA cells; DC+siHIPK2/zinc-CM: DCs maturation in the presence of CM of zinc-treated siHIPK2 cells. A representative
experiment, out of three, is shown. The isotype control is shown. H indicates the region used to calculate the % of positive cells for each
costimulatory molecule, for each sample. (C) Percentage of CD80 and CD86 expression in DCs cultured with the indicated CM as in (B) and compared
to control mature DCs fixed at 100%. (D) Analysis of surface DCs maturation marker CD86 using flow cytometry. The results are expressed as
percentage (%) 6S.D., over DC Mock fixed at 100%. Mock: control mature DCs; siHIPK2-CM: DCs maturation in the presence of CM of HIPK2 depleted
cells (siHIPK2); siHIPK2/zinc-CM: DCs maturation in the presence of CM of zinc-treated siHIPK2 cells; siHIPK2/a-VEGF-CM: DCs maturation in the
presence of CM of a-VEGF-treated HIPK2 depleted cells; siHIPK2/zinc/a-VEGF-CM: DCs maturation in the presence of CM of zinc- and a-VEGF-treated
HIPK2 depleted cells.
doi:10.1371/journal.pone.0048342.g005

Figure 6. Molecular mechanisms of DCs inhibition/reactivation. (A) IL-10 production by mature DCs cultured with CM of siRNA or siHIPK2
cells (plus or minus zinc-treatment), assayed by ELISA. Columns are mean of three independent experiments performed in duplicate. *P ,0.001. (B)
Western blot analysis of p-STAT3 and total STAT3 in control (Ctr) mature DCs, or DCs cultured with CM of siHIPK2 cells with or without zinc-treatment.
Tubulin was used as protein loading control.
doi:10.1371/journal.pone.0048342.g006
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molecules such as PGE2 and VEGF (Fig. 4). Thus, PGE2 has been

shown to induce DCs dysfunction [24,25]. Similarly, VEGF has

been shown to inhibit the functional maturation of DCs [41]. In

this regard, VEGF inhibition in HIPK2-depleted cell culture, by

the use of anti-VEGF monoclonal antibody, efficiently restored

DCs maturation, seen as expression of CD86, in a similar extent to

that obtained by CM of zinc-treated siHIPK2 cells (Fig. 5D).

Similar results were obtained for CD80 expression (data not

shown). However, the role of additional immunosuppressive

pathways produced by HIPK2 knockdown cannot be excluded

and needs to be further elucidated.

In the attempt to evaluate the molecular mechanism involved in

reactivation of DCs maturation, we first assessed IL-10 production

by DCs challenged with the conditioned media of siRNA control

or siHIPK2 depleted cells with or without zinc treatment, as

endogenous IL-10 appears to be and important regulator of DCs

biology [42]. ELISA assay showed that immunosuppressive

cytokine IL-10 was similarly produced when DCs maturation

was allowed in the presence of CM of either siRNA control or

siHIPK2 cells (Fig. 6A). Interestingly, the release of IL-10 by DCs

was significantly inhibited only when DCs maturation was allowed

in the presence of CM of zinc-treated siHIPK2 cells, while CM of

zinc-treated siRNA control cells did not have such an effect

(Fig. 6A). As inflammatory molecules such as IL-6, IL-10, and

VEGF may activate STAT3 whose abnormal phosphorylation/

activation is reported to be the underlying mechanism involved in

impairment of DCs maturation [43,44], STAT3 phosphorylation

(p-STAT3-Y705) was analysed in mature control DCs compared

to DCs cultures with CM of siHIPK2 depleted cells treated or not

with zinc. As shown in Fig. 6B, strong STAT3 phosphorylation

was evidenced when DCs were cultured with CM of siHIPK2

cells, compared to the control mature DCs (Fig. 6B). Strong

inhibition of STAT3 phosphorylation was obtained when DCs

were cultured with CM of zinc-treated siHIPK2 depleted cells

(Fig. 6B). Therefore, zinc-induced modulation of PGE2 and

VEGF production (see Fig. 4) might correlate with DCs

dysfunction. Many tumor-produced factors, such as IL-10, IL-6

and VEGF, which are crucial for both tumour growth and

immunosuppression, activate STAT3 to create an efficient

‘feedforward’ mechanism to ensure increased STAT3 activity

both in tumour cells and in tumour-associated immune cells

which, in turn, generates immunosuppression involving both

innate and adaptive immunity [44]. Thus, hyperactivation of

STAT3 is involved in abnormal differentiation of dendritic cells in

cancer [45]. In this regard, we recently found that release of

cytokines such as IL-6, IL-10 and VEGF by Primary Effusion

Lymphoma (PEL) cells suppresses DCs differentiation by activat-

ing STAT3 and p38 MAPK molecules [46,47]. Therefore,

STAT3 inhibitors, other than acting as a chemotherapeutic drug,

can improve the DCs activity against some type of tumors [44,48].

In conclusion, in this study we found that HIPK2 knockdown

induced COX-2 upregulation, mostly depending on HIF-1

activity. This finding supports the PGE2 production after HIPK2

depletion, as previously reported [10]. Recent studies demonstrate

that HIPK2 inhibition does exist in human tumors and depends by

several mechanisms including HIPK2 cytoplasmic localization,

protein degradation [2], and loss of heterozygosity (LOH) [49],

recapitulating the biological outcome obtained by RNA in-

terference studies in tumor cells, such as p53 inactivation,

resistance to therapies, apoptosis inhibition, and tumor progression

[2]. The role of HIPK2 in modifying molecular pathways to

restrain tumor development is also confirmed by studies with

HIPK2 knockout mice [50,51]. Therefore, HIPK2 inhibition

becomes an additional factor that might be related to COX-2/

PGE2 pathways activation in vivo. This finding was corroborated in

this study by analyses of Oncomine dataset of normal and cancer

tissues (Fig. 1A), indicating that low HIPK2 expression and high

COX-2 expression might be a typical cancer signature. This

finding also strengthens the role of HIPK2 as oncosuppressor and

as a molecule to be exploited and/or (re)activated for cancer

therapy [52]. Moreover, the present study suggests that HIPK2

inhibition might be a possible mechanism of immune deregulation

which will be worth to further evaluate in human studies.

However, while regulation of HIPK2 expression is still elusive,

HIPK2 protein degradation has been demonstrated under

hypoxia [39,53] which is a condition often present in solid tumors

[5,22]. Hypoxia within the tumor microenvironment is correlated

with poor treatment outcome, with activation or inactivation of

molecular pathways involved in tumor progression, but also with

immunosuppression including impaired dendritic cell maturation

[54]. Therefore, targeting hypoxia-induced HIF-1 is a functional

strategy to abolish interconnected pathways involved in tumor

progression, such as COX-2/PGE2/VEGF, which in turn may

lead to immunosuppression.

Inflammatory mediators have been shown to hold the key to

dendritic cell suppression and tumor progression [26]. Zinc has

been shown to have an anti-inflammatory role [55,56], however,

further studies in different cancer cells are needed to corroborate

our working model of zinc inhibition of tumor-induced pro-

inflammatory pathways for efficient DCs activation and more

interestingly for the induction of immunogenic cell death, as

recently demonstrated by our studies in PEL with Bortezomib and

STAT3 inhibitor [57], for efficient tumor regression.
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