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Abstract

About half of cancers sustain mutations in the TP53 gene,
whereas the other half maintain a wild-type p53 (wtp53) but
may compromise the p53 response because of other alter-
ations. Homeodomain-interacting protein kinase-2 (HIPK2)
is a positive regulator of p53 oncosuppressor function. Here,
we show, by microarray analysis, that wtp53 lost the target
gene activation following stable knockdown of HIPK2
(HIPK2i) in colon cancer cell line. Our data show that the
stable knockdown of HIPK2 led to wtp53 misfolding, as
detected by p53 immunoprecipitation with conformation-
specific antibodies, and that p53 protein misfolding impaired
p53 DNA binding and transcription of target genes. We present
evidence that zinc supplementation to HIPK2i cells increased
p53 reactivity to conformation-sensitive PAb1620 (wild-type
conformation) antibody and restored p53 sequence-specific
DNA binding in vivo and transcription of target genes in
response to Adriamycin treatment. Finally, combination of
zinc and Adriamycin suppressed tumor growth in vivo and
activated misfolded p53 that induced its target genes in nude
mice tumor xenografts derived from HIPK2i cells. Bioinfor-
matics analysis of microarray data from colon cancer patients
showed significant association of poor survival with low
HIPK2 expression only in tumors expressing wtp53. These
results show a critical role of HIPK2 in maintaining the
transactivation activity of wtp53 and further suggest that low
expression of HIPK2 may impair the p53 function in tumors
harboring wtp53. [Cancer Res 2008;68(10):3707–14]

Introduction

The human p53 gene is mutated in f50% of human cancers,
and in cancers harboring wild-type p53 (wtp53), its activity may
be compromised by other mechanisms, including deregulation of
regulatory proteins (1, 2). Various types of stress activate p53
mostly at posttranslational level, resulting in protein stabilization
and in conformational changes that increase the affinity of the
protein for specific DNA sequences (3). This active form of p53

leads to the expression of numerous target genes involved in onco-
suppressor functions (4).
At present, the sequence-specific transcriptional activity repre-

sents a clear link between wtp53 biochemical activities and wtp53-
mediated biological functions. In this regard, it has been shown
that p53 phosphorylation at Ser46 is a late event after DNA damage
and is a necessary step for inducing apoptosis in response to severe
DNA damage (5). Thus, the specific p53Ser46 phosphorylation
is considered to be a sensor for DNA damage intensity that pro-
motes changes in p53 affinity for different promoters with a shift
from cell cycle arrest–related genes to apoptosis-related genes
(5, 6). Thus, deletion of the transcriptional activation domain
(TAD) 2 (residues 43–63) of p53 abolishes apoptosis and phos-
phorylation at both Ser46 and Thr55 enhances the binding to p53
of p62 and Tfb1, which play an important role in regulating p53
target gene activation (7).
We and others have shown that homeodomain-interacting

protein kinase-2 (HIPK2) specifically phosphorylates p53 at Ser46,
in response to severe DNA damage, regulating p53-induced
apoptosis by enhancing the p53-mediated transcriptional activa-
tion of proapoptotic factors such as p53AIP1, PIG3, Bax, Noxa, and
KILLER/DR5 (8–11). Thus, it has been shown that silencing of
endogenous HIPK2 by RNA interference reduces both p53Ser46
phosphorylation and p53 apoptotic function in response to drug
(10). Recently, HIPK2 mutations in the speckle retention signal
domain have been found in leukemias (12). Those HIPK2 muta-
tions affect HIPK2 localization and impair p53-mediated tran-
scription. Therefore, further identification of mechanisms involving
HIPK2-mediated p53 regulation may provide additional insights
into the molecular etiology of the human cancers harboring wtp53.
Another important mechanism controlling p53 function is its

conformational stability. The X-ray crystallography elucidated the
DNA-binding domain structure of p53 and shows the importance
of zinc atom in stabilizing this structure (13). Treatment of wtp53
with metal chelators in vitro results in removal of zinc and dis-
ruption of the tertiary structure, with loss of sequence-specific
DNA binding to the canonical p53-binding site (14, 15). Conversely,
addition of zinc allows p53 folding into wild-type conforma-
tion (16).
Here, we show the involvement of HIPK2 in maintaining wtp53

native conformation for a proper transcription activity after DNA
damage. We found that chronic depletion of HIPK2 function by
stable interference with pSUPER vector (HIPK2i) resulted in com-
plete abolishment of p53 transcription activity in response to
chemotherapeutic drug Adriamycin in colon cancer cell line. In this
system, p53 acquired a misfolded conformation leading to loss of
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the wtp53 transcription activity. Interestingly, zinc supplementa-
tion to HIPK2i cells induced regain of the wtp53 native
conformation and transcription activity in vitro . In agreement
with these data, treatment of mice carrying HIPK2i tumors with a
combination of zinc and Adriamycin enhanced growth suppres-
sion of such tumors with regaining of wtp53 transcription activity
in vivo . Altogether, these data indicate that HIPK2 can regulate
wtp53 functions also through conformational variables and this
conformational switch is reversible. The implication of these re-
sults to treatment of cancer with wtp53 and low expression of
HIPK2 is discussed.

Materials and Methods

Cells and reagents. The engineered C-RKO and HIPK2i colon cancer

cells were generated by stable transduction of pSUPER vectors carrying

HIPK2 or aspecific RNA interfering sequences (10) and selected as polyclonal
populations; the RKO-p53i cell line was a kind gift from S. Soddu (Regina

Elena Cancer Institute, Rome, Italy). Cells were maintained in RPMI 1640

(Life Technologies-Invitrogen) supplemented with 10% fetal bovine serum,

antibiotics, 2.5 Amol/L HEPES, and glutamine. For treatments, Adriamycin
and ZnCl2 were added to the culture medium to a final concentration of

2 Ag/mL and 100 Amol/L, respectively, for the indicated period.
Viability and terminal deoxynucleotidyl transferase–mediated

dUTP nick end labeling assays. Exponentially proliferating cells were
exposed to Adriamycin (2 Ag/mL) for different time points. Both floating
and adherent cells were collected and counted in hemocytometer after

addition of trypan blue. The percentage of dead cells (i.e., blue/total cells)

was determined by scoring 100 cells per chamber for three times. At least
three independent experiments were performed and cell numbers were

determined in duplicate.

For terminal deoxynucleotidyl transferase–mediated dUTP nick end
labeling (TUNEL) assay, both floating and adherent cells were spun onto

slides by cytocentrifugation. After fixing in 4% paraformaldehyde, cells were

permeabilized in 0.1% Triton X-100 and then incubated with fluorescein-

conjugated dUTP terminal deoxynucleotide transferase mixture for TUNEL
reaction according to the manufacturer’s instructions (Roche). Cells were

counterstained with Hoechst before analysis with a fluorescent microscope.

At least 400 cells were counted in each plate in duplicate. At least three

independent experiments were performed. Cell numbers were determined
in duplicate.

Hybridization and analysis of gene expression by microarrays. C-
RKO, HIPK2i, and p53i cells were treated with Adriamycin (2 Ag/mL) and
harvested after 8 and 16 h of treatment. Total RNA was extracted and used

to synthesize biotin-labeled cRNA (4) and hybridized to separate Affymetrix

Hu133A oligonucleotide arrays containing 22,215 probe sets (Affymetrix).

Every sample was performed in triplicate. Gene expression values <20 were
adjusted to 20 to eliminate noise from the data, and subsequently, all values

were log2 transformed. Expression level ratios for each group were

determined at time points 8 and 16 h, with respect to time 0 of the

particular group. Only genes with expression ratios above >2 (or <0.5) in
one or both time points of a particular treatment group were selected.

The modulated gene lists were presented in Venn diagrams that compared

the common and specific genes in each treatment group. We applied the
sorting points into neighborhoods (SPIN) algorithm on the up-regulated

genes. SPIN is an unsupervised method for analysis, organization, and

visualization of the data (17).

RNA extraction and reverse transcription-PCR. Cells and tumors were
harvested in Trizol Reagent (Invitrogen) and total RNA was isolated

following the manufacturer’s instructions. The first-strand cDNA was

synthesized according to the manufacturer’s instructions (Moloney murine

leukemia virus reverse transcriptase kit, Applied Biosystems). Semiquanti-
tative reverse-transcribed PCR was carried out by using HotMaster Taq

(Eppendorf) using 2 AL cDNA reaction and gene-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 with ethidium bromide. The housekeeping aldolase A and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, used as

internal standard, were amplified from the same cDNA reaction mixture.

Chromatin immunoprecipitation assay. Chromatin immunopre-

cipitation (ChIP) analysis was carried out essentially as described (18).

Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room

temperature and formaldehyde was then inactivated by the addition of

125 mmol/L glycine. Chromatin extracts containing DNA fragments with an

average size of 500 bp were incubated overnight at 4jC with milk shaking
using polyclonal anti-p53 antibody (FL393; Santa Cruz Biotechnology).

Before use, protein G (Pierce) was blocked with 1 Ag/AL sheared herring
sperm DNA and 1 Ag/AL bovine serum albumin for 3 h at 4jC and then
incubated with chromatin and antibody for 2 h at 4jC. PCR was performed
with HotMaster Taq using 2 AL of immunoprecipitated DNA and promo-
ter-specific primers spanning p53-binding sites. Immunoprecipitation with

nonspecific immunoglobulins (IgG; Santa Cruz Biotechnology) was per-

formed as negative controls. PCR products were run on a 2% agarose gel

and visualized with ethidium bromide.
Western blotting and p53 immunoprecipitation. Total cell extracts

were prepared by incubation in lysis buffer [50 mmol/L Tris-HCl (pH 7.5),

300 mmol/L NaCl, 5 mmol/L EDTA, 150 mmol/L KCl, 1 mmol/L DTT, 1%

NP40] and a mix of protease inhibitors (Sigma) and resolved by SDS-
polyacrylamide gel electrophoresis. Proteins were transferred to a poly-

vinylidene difluoride (PVDF) membrane (Millipore) and incubated with the

primary antibodies followed by an anti-IgG-horseradish peroxidase
antibody (Bio-Rad). Specific proteins were detected by enhanced chemilu-

minescence (ECL; Amersham). Immunoblotting was performed with rabbit

polyclonal anti-caspase-3, mouse monoclonal anti-poly(ADP-ribose) poly-

merase (PARP; all from BD PharMingen), rabbit polyclonal anti-p53Ser46
(Cell Signaling), rabbit polyclonal anti-p53 (FL393), and rabbit polyclonal

anti-p21 (Santa Cruz Biotechnology) antibodies used in accordance with

the manufacturer’s instruction and revealed by ECL kit (Amersham).

Mouse monoclonal anti-tubulin (Immunological Sciences) was used as pro-
tein loading control.

For p53 immunoprecipitation, cells were lysed in immunoprecipitation

buffer [10 mmol/L Tris (pH 7.6), 140 mmol/L NaCl, 0.5% NP40, protease

inhibitors] for 20 min on ice and cleared by centrifugation. Precleared

supernatants (200 Ag) were immunoprecipitated overnight at 4jC with the
conformation-specific monoclonal antibodies PAb1620 (wild-type specific)

and PAb240 (mutant specific; Calbiochem) preadsorbed to protein G-

agarose (Pierce). Immunocomplexes were collected by centrifugation,

separated by 9% SDS-PAGE, and blotted onto PVDF membrane. Immuno-

blotting was performed with rabbit polyclonal anti-p53 (FL393) antibody

and revealed by ECL kit.

Transactivation assay. Cells were transiently transfected with the
luciferase reporter gene driven by the p53-dependent synthetic PG13-luc

(kindly provided by M. Oren, Weizmann Institute, Rehovot, Israel), natural

Noxa-luc (kindly provided by T. Taniguchi, University of Tokyo, Tokyo,
Japan), and AIP1-luc (kindly provided by H. Arakawa, National Cancer

Center, Tokyo, Japan) promoters using Lipofectamine Plus (Invitrogen)

method according to the manufacturer’s instructions. Twenty-four hours

after transfection, cells were treated with Adriamycin (2 Ag/mL) for
additional 12 h. Transfection efficiency was normalized with the use

of a cotransfected h-galactosidase plasmid. Luciferase activity was assayed
on whole-cell extract and the luciferase values were normalized to h-
galactosidase activity and protein content.

Tumorigenicity in nude mice. Six-week-old CD-1 nude (nu/nu) mice
(Charles River Laboratories) were used for in vivo studies. For tumor

treatments, 3 � 106 viable RKO-HIPK2i cells were implanted i.m. on the
flank of each mouse, allowing the tumors to grow to 400 mm3 weight

(approximately 5–7 d from injection). Mice were then randomized in four

groups (six to eight mice per group) and treated with Adriamycin (10 mg/kg

body weight), ZnCl2 (10 mg zinc/kg body weight), combination of Adria-
mycin plus ZnCl2, or PBS. Adriamycin was injected once at day 7, i.p.,

whereas ZnCl2 was administrated once daily by oral administration, start-

ing from day 7, over the course of 2 wk. Tumor dimensions were mea-

sured every other day and their volumes were calculated from caliper
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measurements of two orthogonal diameters (x and y, larger and smaller
diameters, respectively) by using the formula volume = xy2 / 2, as previously

described (19). The antitumor effect of the combination treatment zinc +

Adriamycin was evaluated by comparing the relative tumor size with

tumors treated with Adriamycin only or zinc only. The experiment was
repeated twice with similar results. All mouse procedures were carried out

in accordance with institutional standard guidelines.

Statistical analyses. All experiments unless indicated were performed at
least thrice. All experimental results were expressed as the arithmetic mean
and SD of measurements was shown. Student’s t test was used for statistical

significance of the differences between treatment groups in tumor growth.

Statistical analysis was performed using ANOVA at 5% (P < 0.05) or 1%

(P < 0.01).
Survival plots were analyzed using the Kaplan-Meier method; survival

of colon cancer patients with high (top tertile) and low (bottom tertile)

expression levels of HIPK2 (obtained from microarray gene expression
data) was compared separately for patients with wtp53 and mutant p53

(mutp53).

Results

Knockdown of either HIPK2 or p53 inhibits Adriamycin-
induced apoptosis. To investigate the role of HIPK2 in p53
regulation, we compared RKO colon cancer cell line depleted of
either the endogenous HIPK2 or p53 by stable transfection with
pSUPER vectors carrying HIPK2, p53, or aspecific RNA interfering
sequences. We first analyzed the expression of HIPK2 and p53 on
small interfering RNA (siRNA) interference. As shown in Fig. 1A ,
HIPK2 and p53 expression was decreased in, respectively, RKO-
HIPK2–interfered (HIPK2i) and RKO-p53–interfered (p53i) cells
compared with that of control vector–transfected cells (C-RKO).
To evaluate the biological consequences of either HIPK2 or p53
depletion, we verified the apoptotic response to chemotherapeutic
treatment because results of our previous studies indicate that
HIPK2 regulates p53Ser46-induced apoptosis in response to

severe DNA damage (8, 10). Here, we used the chemotherapeutic
drug Adriamycin that has been shown to induce Ser46 phos-
phorylation and apoptosis (5). As shown by viability (Fig. 1B) and
TUNEL (Fig. 1C) assays, HIPK2- and p53-depleted cells were both
resistant to Adriamycin-induced cell death compared with the
control C-RKO cells. In fact, we found that only C-RKO cells
expressed PARP and caspase-3 cleavages compared with HIPK2-
and p53-depleted cells (Fig. 1D). In agreement, C-RKO cells
showed p53Ser46 phosphorylation that was inhibited in HIPK2i
cells despite good expression of p53, whereas p53i cells showed
absence of p53 (Fig. 1D). Altogether, these results indicate that
although p53 accumulated in HIPK2 knockdown cells, its function
was impaired.

Stable knockdown of HIPK2 inhibits p53 DNA-binding and
transcription activity. To gain further insight into the alteration
of p53 pathway, we compared gene expression patterns of C-RKO,
HIPK2i, and p53i cells, treated with apoptotic dose of Adriamycin,
by DNA microarray analyses. Expression ratios were determined
for each group at time points 8 and 16 h after Adriamycin
treatment, with respect to the time 0 h of each cell line. Only those
genes that showed >2-fold induction or repression in one or both
time points of a particular treatment group were considered and
the genes that were modulated in the two time points were
compared by the Venn diagram (Fig. 2A). The modulated genes in
C-RKO cells on Adriamycin treatment identified 1,904 up-regulated
and 2,791 down-regulated genes in at least one time point and
among them were the known p53 targets (compared with Sup-
plementary Table S2 in ref. 20; Supplementary Table S1). These p53
target genes were not modulated in HIPK2i cells, whereas some of
them were still induced in p53i cells, including CCNG2/Cyclin G2,
ATF3 , and CDKN1A/p21 (Supplementary Table S1), suggesting that
the residual p53 in p53i cells retained the ability of activating some
genes probably because of the higher affinity to their promoters.

Figure 1. Both HIPK2- and p53-depleted
cell lines are resistant to Adriamycin-
induced apoptosis. A, RT-PCR analysis of
endogenous HIPK2 and p53, in RKO cells,
depleted of either the endogenous HIPK2
or p53 by stable transfection with pSUPER
vectors carrying HIPK2 (HIPK2i), p53
(p53i ), or aspecific (C-RKO) RNA
interfering sequences. The mRNA levels
were normalized to GAPDH expression.
B, the three cell lines as in A were treated
with 2 Ag/mL Adriamycin (ADR ) for the
indicated period and the percentage
of dead cells was scored by trypan
blue staining. Points, mean of three
independent experiments; bars, SD.
C, the three cell lines were treated with
Adriamycin for 24 h and analyzed by
TUNEL assay. Quantitation of TUNEL-
positive/apoptotic cells was performed with
respect to total nuclei stained with Hoechst.
Columns, mean of three independent
experiments for each cell line; bars, SD.
D, the three cell lines were treated
with Adriamycin for 24 h. The expression
of Ser46, p53, caspase-3, and PARP
cleavage was determined by Western
blotting with whole-cell lysates. The
representative bands from at least two
independent experiments are shown.

Misfolded p53 by HIPK2 Knockdown
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The SPIN algorithm (17) was used to order the expressed genes
of the combined genes up-regulated >2-fold in both time points,
in all three cell lines, as they appear in the Venn diagram (Fig. 2A),
yielding 747 genes. This expression matrix confirmed that there
was almost no overlap between up-regulated genes in C-RKO and

the interfered cells. The modulated genes in C-RKO were absent
in HIPK2i and only very few of them were present in p53i cells
(Fig. 2B, left). Analysis of the 85 genes up-regulated in HIPK2i
showed that they were not induced in C-RKO nor in p53i cells
(Fig. 2B, middle). Similarly, analysis of the 226 genes up-regulated
in p53i cells showed that they were not induced in HIPK2i;
however, few of them were induced in C-RKO cells (Fig. 2B, right).
The microarray data were validated by reverse transcription-PCR
(RT-PCR) analyses on a pool of activated genes (e.g., BTG2, NDRG1,
DR5 , and p21), with an aliquot of the RNA used in the DNA chip
analyses (Fig. 2C). Similar results were obtained with a second set
of cDNA (data not shown). The results showed that the p53 target
genes induced in C-RKO cells were completely inhibited by HIPK2
depletion and in a lesser extent by p53 depletion. These data
suggest that, despite siRNA, the p53 retained in p53i cells could
still be able to activate its target genes (e.g., p21), whereas the
transactivation activity of p53 in HIPK2i cells was completely
impaired.
To further evaluate this hypothesis, we performed luciferase

assay by transfecting a plasmid containing 13 copies of the p53-
binding consensus sequence upstream of a luciferase reporter gene.
As shown in Fig. 3A , the PG13-luc reporter activity was induced by
Adriamycin treatment in C-RKO cells, whereas it was significantly
impaired in HIPK2 knockdown cells, suggesting a lack of p53 pro-
tein transcription activity. To confirm this hypothesis, two natural
promoters were analyzed. As shown in Fig. 3B , the Noxa-luc and
AIP1-luc promoter activities were severely impaired in HIPK2i
cells. To further understand the molecular mechanism by which
HIPK2 knockdown inhibits p53 transactivation activity, we checked
the binding of p53 to its target DNA sequences. ChIP analyses
showed that the p53 binding to the target gene promoters (e.g.,
BTG2, NDRG1, and DR5) was enhanced in response to Adriamycin
treatment in C-RKO cells (Fig. 3C, top), whereas it was hampered
in HIPK2i cells (Fig. 3C, bottom). Overall, these data suggest that,
when HIPK2 is depleted, the p53 protein is impaired in its DNA-
binding and transcription activity.

Reversible misfolding of p53 protein in HIPK2i cells. p53
may lose its transcription activity either because of a mutation
or because of conformational changes that reduce the affinity of
the protein for specific DNA sequences. High p53 content, such as
that is present in HIPK2i cells (Fig. 1D), and impaired p53 tran-
scriptional activity, such as that seen in the above results, are a
common feature of many solid tumors carrying out mutations
in p53 gene (21); therefore, we evaluated this hypothesis. Direct
cDNA sequencing revealed the wild-type sequence of the endo-
genous p53 in HIPK2i cells (data not shown). High content and
impaired p53 transcriptional activity is also the result of a change
in the tertiary structure of p53 (15). Hence, the conformation of
p53 was studied by immunoprecipitation technique using two
conformation-specific antibodies, PAb1620 and PAb240, which
identify folded (‘‘wild-type’’) and unfolded (‘‘mutant like’’) p53
structure, respectively (22, 23). As expected, C-RKO cells expressed
mainly wtp53 as shown by the reactivity with PAb1620 (Fig. 4A).
In HIPK2i cells, although the PAb1620-positive phenotype was
present, an unfolded p53 isoform appeared, as identified by reac-
tivity to PAb240 (Fig. 4A) that might be compatible with the loss
of DNA-binding activity seen in Fig. 3. To determine whether
this conformation status of p53 was reversible, the HIPK2i cells
were treated with ZnCl2 (16). As shown in Fig. 4B , zinc supple-
mentation to Adriamycin treatment increased the folded PAb1620-
reactive conformer, supporting the hypothesis that zinc plays a

Figure 2. DNA microarray analyses of the C-RKO, HIPK2i, and p53i cell
lines treated with Adriamycin for 8 and 16 h. A, Venn diagram comparison of
the common and specific modulated genes in the three cell lines. Only genes
that were modulated >2-fold or <2-fold at the two time points (see Materials
and Methods) are shown. B, expression matrix of the modulated genes in the
three cell lines after sorting using the SPIN algorithm. Left, matrix of the 747
genes up-regulated in all cell lines (see A); middle, matrix of the 85 genes
specifically up-regulated in HIPK2i cells; right, matrix of the 226 genes
specifically up-regulated in p53i cells. C, DNA microarray data validation by
semiquantitative RT-PCR. Total mRNAs were reverse transcribed from C-RKO,
HIPK2i, and p53i cells treated with Adriamycin (0, 8, and 16 h) for the PCR
analyses of the indicated p53 target genes. The mRNA levels were normalized
to aldolase expressions.
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role in the control of conformation of the misfolded p53 and that
HIPK2 is involved in this regulation.
To evaluate the activation of wtp53-responsive genes after zinc

supplementation, the in vivo promoter binding was analyzed by
using ChIP. HIPK2i cells were treated with Adriamycin in the
presence or absence of zinc and p53 was immunoprecipitated with
polyclonal anti-p53 antibody (FL393). The amount of coprecipi-
tated p53-binding element in target promoters was determined by
RT-PCR. The results showed strong enrichment of p53 binding to
its wild-type target promoters in response to Adriamycin only after
zinc supplementation (Fig. 5A). The increase of p53 DNA binding
in HIPK2i cells, treated with Adriamycin and zinc, was consistent
with the level of induction of mRNAs of p53 target genes that
were comparable with the wtp53-dependent gene expression in
C-RKO cells treated with Adriamycin (Fig. 5B). This finding was
also consistent with the increased p53 reactivity to PAb1620 seen
in Fig. 4B . Finally, Western blot analysis showed induction of
p21 expression by zinc treatment, suggesting restoration of mis-
folded p53 transcription function in HIPK2i cells (Fig. 5C). There-
fore, zinc supplementation could reverse the misfolding of p53
and restore the sequence-specific DNA binding in vivo and the
target gene transcription.

Activation of misfolded p53 in tumor xenografts. To test
whether zinc activates misfolded p53 also in vivo , we generated

tumor xenografts in athymic nude mice by injecting HIPK2i cells.
Cells were implanted into nude mice by i.m. injection and allowed
to develop into f400 mm3 tumor nodules at the injection sites.
The mice were then treated with Adriamycin and ZnCl2 separately
or in combination (see Materials and Methods). Mice treated
with zinc alone over the course of 2 weeks displayed tumor volume
that increased in size in a comparable manner with those treated
with vehicle PBS, reaching a volume off4 cm3 by day 21 (Fig. 6A).
Mice treated with Adriamycin displayed an average tumor volume
above 3 cm3 by day 21 that was not statistically significant
compared with vehicle PBS- or zinc-treated mice (P = 0.177).
Interestingly, mice treated with combination of zinc and Adriamy-
cin showed a statistically significant reduction of tumor growth
that remained <2 cm3 by day 21 (Adriamycin + zinc versus
Adriamycin: P = 0.0121; Adriamycin + zinc versus zinc: P = 0.0002;
Fig. 6A). Tumors were harvested by day 18 and p53 target gene
expression was determined by RT-PCR. The results showed that
p53 target genes (e.g., NDRG1 and PIG3) were induced by zinc
supplementation to Adriamycin treatment compared with Adria-
mycin-injected tumors (Fig. 6B). These results suggest that zinc
was able to reactivate the endogenous misfolded p53 in tumors
in vivo .

Microarray analysis of HIPK2 expression on colon cancers.
Our results may be relevant to the effect of wtp53, retained in
f50% of cancers, suggesting that for such tumors low levels of
HIPK2 may be indicative of bad outcome. This hypothesis was
addressed by analyzing expression microarray data on >300
samples from colon cancer patients with known clinical records
and p53 mutation status (known for a subset of the patients; ref.
24). We used carcinoma and clean metastasis samples and looked
for association between HIPK2 expression and survival using the
Kaplan-Meier procedure. From 60 wtp53 tumors, we extracted the
high and low tertiles of HIPK2 expression levels (n = 20 patients in
each group; ratio of average HIPK2 expression levels = 2.05). From
105 mutp53 tumors, we compared two groups of n = 35 in the high
and low tertiles of expression (expression ratio = 2.02). The results
showed that low expression of HIPK2 was associated with poor
outcome in patients bearing tumors with wtp53 (Fig. 6C) but not in
those with mutp53 (Fig. 6D). These results strengthen the role of
HIPK2 in p53 regulation and highlight the possibility that
combination treatment using chemotherapy and zinc may inhibit
tumor growth, particularly in cancers with known wtp53 and low
expression of HIPK2.

Discussion

The prevention and progression of human cancer development
depend on the integrity of a complex network of defense mecha-
nisms that help cells to respond to DNA damage and oncogenic
stimuli. A key player in this network is p53 oncosuppressor, a
DNA sequence-specific transcription factor (25). We have
previously shown that HIPK2 regulates p53 oncosuppressor
activity through Ser46 phosphorylation and induction of apopto-
tic target genes. Here, we have found that stable interference of
HIPK2 function completely abolished p53 transcription activity in
response to DNA damage, and investigated the mechanisms that
may have led to loss of p53 function. We found that knockdown
of HIPK2 resulted in misfolding of p53 that acquired a mutant-
like conformation, concomitant with the loss of its wild-type
transcription activity in response to Adriamycin. We showed
regain of the wtp53 conformation and wild-type transcription

Figure 3. The p53 recruitment on gene promoters and its transcription activity is
impaired by HIPK2i knockdown. Relative luciferase activity (RLU ) of reporter
constructs PG13-luc (A) and Noxa-luc and AIP1-luc (B) transfected in
C-RKO and HIPK2i cells in the presence or absence of Adriamycin, showing
significant impairment of p53-dependent transcription by HIPK2 knockdown
compared with C-RKO cells. Columns, mean of three independent experiments
performed in duplicate; bars, SD. *, P < 0.01. C, ChIP analyses performed with
p53 antibody on C-RKO (top ) and HIPK2i (bottom ) cells treated with 2 Ag/mL
Adriamycin for 16 h. Nonspecific IgG was used as control.
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activity by zinc supplementation to Adriamycin treatment
in vitro . Additionally, the treatment of transplanted human
tumors, derived from HIPK2i cells, by the combination of zinc
and Adriamycin inhibited synergistically tumor growth signifi-
cantly better than Adriamycin alone, with regain of p53
transcription activity in vivo .
The p53 is an intrinsically unstable protein belonging to the

group of intrinsically disordered proteins and this property is
particularly located to the NH2-terminal region encompassing
Ser46 (26, 27). Therefore, p53 misfolding in our system could be due
in part to the lack of Ser46 phosphorylation, which is in the TAD
domain. Previous experiments showed that this NH2-terminal
region, outside of the DNA-binding domain (DBD), can affect the
DBD function because antibodies to this region, particularly
PAb1801 that recognizes the epitope encompassed by residues 46
to 55, confer on inactive mutp53 the regain of specific target DNA
binding by the DBD (28).
The p53 structure includes one zinc atom as an important

cofactor for DNA-binding activity in vitro (14) and in vivo , as some
p53 mutations (e.g., C242S, H179R, C176F, and R175H) that
perturb the zinc-binding site in p53 result in the loss of DNA
binding (29). It has been proposed that metallothioneins might act
as regulators of p53 folding and activity (16). Metallothionein is a
class of cysteine-rich, metal-binding, antioxidant proteins that
control the intracellular distribution of zinc and serve as a
scavenger of reactive oxygen species (30). Metallothioneins also
act as a potent chelator in removing zinc from p53 in vitro and
may modulate p53 transcriptional activity (16). In addition,
studies on the zinc-dependent folding of p53 DBD suggest that
DBD must fold in an environment where free Zn2+ concentration
is carefully regulated by cellular metalloproteins, although the
concentration of free zinc in the cell is actually not known (31).

Interestingly, our microarray results showed stronger induction of
metallothioneins in HIPK2i cells compared with C-RKO and
p53i cells, in response to ADR treatment (data not shown).
The finding that zinc supplementation reverted p53 dysfunction in
our system strongly supports the hypothesis that p53 misfolding
may be connected to zinc abstraction, and therefore, the
measurement of intracellular levels of zinc in the presence and/
or absence of HIPK2 would be of great interest in future studies.
Several studies have shown an increased expression of metal-
lothioneins in various human tumors (e.g., see ref. 32); therefore,
additional studies are needed to address the differential metal-
lothionein expression in tumors with down-regulated HIPK2. The
functional importance of HIPK2 is evident by its numerous
interacting proteins (e.g., transcriptional regulators and chromatin
modifiers) and downstream phosphorylation targets, including
p53 (reviewed in ref. 33). Therefore, masking or unmasking of p53
epitopes by additional interacting proteins regulated by HIPK2
may also be impaired following chronic HIPK2 depletion leading
to p53 inactivations.
Altogether, the findings described in this article might account for

the progression of tumors with impaired wtp53 in low HIPK2 back-
ground. It is noteworthy that an analysis of colon cancer patients

Figure 4. Immunoprecipitation of endogenous p53 with conformation-specific
antibodies. A, C-RKO and HIPK2i total cell extracts were immunoprecipitated
with conformation-specific antibodies PAb1620 (for wild-type, folded
conformation) and PAb240 (for ‘‘mutant,’’ unfolded conformation) and a mix of
DO1 and PAb1801 (for both conformers). Immunoprecipitated total cell extracts
were analyzed by Western blot with the FL393 polyclonal anti-p53 antibody.
B, HIPK2i cells were treated with ZnCl2 and Adriamycin and total cell extracts
were immunoprecipitated as in A . The representative bands from at least two
independent experiments are shown.

Figure 5. Reactivation of dysfunctional p53 in HIPK2i cells following zinc
supplementation. A, ChIP analyses performed with p53 antibody on HIPK2i
cells treated with ZnCl2 and Adriamycin for 16 h. Nonspecific IgG was used as
control. PCR analysis showed increased p53 binding to the selected target
gene promoters in response to Adriamycin only after zinc supplementation.
B, RT-PCR analyses of the indicated p53 target genes in C-RKO and HIPK2i
cells treated with ZnCl2 and Adriamycin. PCR showed regaining of wtp53-
dependent gene expression in HIPK2i cells only after zinc supplementation to
Adriamycin treatment. The mRNA levels were normalized to GAPDH expression.
C, accumulation of p21 in HIPK2i cells treated as in B , as measured by
immunoblotting. Anti-tubulin is used as protein loading control.
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showed a significant association between low expression of HIPK2
and poor outcome for patients with wtp53 tumors but not with
mutp53. The presence of dysfunctional wtp53 in tumors correlates
also with recent results that show growth-promoting activity by p73,
another tumor suppressor of the p53 family (34). It also correlates
with the finding that human p53 in the p53-null background of mice
did not prevent accelerated tumor development after genotoxic or
oncogenic stress (35). These findings imply that wtp53 can lose its
oncosuppressor activity depending on interaction with other
proteins. It also may correlate with the recent unexpected clinical
analysis of ovarian cancer where cancer patients with wtp53 display
a reduced long-term survival compared with those with mutp53 (36).
The possibility that wtp53 in vivo may fluctuate between growth
promoter and growth suppressor was suggested in the past as the
conformational hypothesis for p53 function (37). Our study is limited
thus far to the situation of wtp53 in tumor cells that lack HIPK2.
In conclusion, our results may open new ways to affect the

possible equilibrium between active and inactive wtp53 in tumors
toward increasing wtp53 oncosuppressor function, which may be
applied in the clinic. They directly raise the possibility that

combination of chemotherapy and zinc may facilitate enhanced
tumor growth inhibition, particularly in cancers with known wtp53
and low expression of HIPK2.
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Figure 6. Growth inhibition of HIPK2i-derived tumors by combination treatment with ZnCl2 and Adriamycin. A, tumor volumes were measured every other day following
the establishment of xenografts in nude mice. HIPK2i-derived tumors were treated with Adriamycin at day 7 (arrow) and daily, starting from day 7, with ZnCl2
administrated for 2 wk. Y axis, tumor volume; X axis, calibration time after cell injection. The results showed a statistically significant reduction of tumor growth with
combination treatment of zinc plus Adriamycin. P values of <0.05 (*) and <0.001 (**) were deemed statistically significant. B, RT-PCR analyses of HIPK2i-derived
tumors as in A performed at day 18 showed regaining of p53 transcription activity of p53 target genes only after zinc supplementation to Adriamycin treatment.
The mRNA levels were normalized to GAPDH expression. C and D, Kaplan-Meier plot comparing survival of colon cancer patients with high (top tertile ) and low
(bottom tertile ) expression levels of the HIPK2 gene. Kaplan-Meier analysis was performed separately on patients with wtp53 (n = 20 in each group; C ) and
mutp53 (n = 35 in each group; D ). The x marks denote censored patients. Colon cancer patients with low HIPK2 expression levels show poor, significantly (P = 0.05)
lower survival rates in the wtp53 group; in the mutp53, HIPK2 expression has no significant association with outcome (P = 0.45).
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