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a b s t r a c t

The regulation of intracellular b-catenin levels is central in the Wnt/b-catenin signaling cascade and the
activation of the Wnt target genes. Here, we show that homeodomain-interacting protein kinase 2
(HIPK2) acts as a negative regulator of the Wnt/b-catenin pathway. Knock-down of endogenous HIPK2
increases the stability of b-catenin and results in the accumulation of b-catenin in the nucleus, conse-
quently enhancing the expression of Wnt target genes and cell proliferation both in vivo and in cultured
cells. HIPK2 inhibits TCF/LEF-mediated target gene activation via degradation of b-catenin. HIPK2 phos-
phorylates b-catenin at its Ser33 and Ser37 residues without the aid of a priming kinase. Substitutions of
Ser33 and Ser37 for alanines abolished the degradation of b-catenin associated with HIPK2. In ex vivo
mouse model, HIPK2 knock-down resulted in accumulation of b-catenin, thereby potentiated b-cate-
nin-mediated cell proliferation and tumor formation. Furthermore, the axis duplication induced by the
ectopic expression of b-catenin was blocked by co-injection of HIPK2 mRNAs into Xenopus embryos.
Taken together, HIPK2 appears to function as a novel negative regulator of b-catenin through its phos-
phorylation and proteasomal degradation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The Wnt/b-catenin signaling pathway plays important roles in
animal development [1]. The aberrant regulation of Wnt signaling
cascade component is associated with human disease, and muta-
tions of APC, Axin and b-catenin have been studied extensively in
colon and liver cancers [2]. Although many signaling molecules
participate in the transduction of signals from the Wnt receptor
to downstream components, b-catenin plays a pivotal role in
the signaling pathway. In the absence of the Wnt signal, cytosolic
b-catenin is constitutively degraded via phosphorylation-depen-
dent ubiquitination and subsequent proteasomal clearance. The
Wnt ligand/receptor-induced signaling cascade results in stabil-
ization of b-catenin and an increase in the levels of b-catenin in
the nucleus where it functions as a coregulator of TCF/LEF tran-
scription factors for Wnt target gene activation [3,4]. The canon-
ical mechanism of b-catenin regulation involves a destruction
complex where b-catenin is phosphorylated by priming kinases
at the Ser45 site and subsequently by glycogen synthase kinase
3b (GSK3b) at the Thr41, Ser37 and Ser33 sites [5,6]. Phosphory-
ll rights reserved.
lated b-catenin is recognized by b-TrCP, a component of the SCF
E3 ligase complex, and is degraded by the ubiquitin-mediated
proteasome system [7,8].

HIPK2 has been shown to act as a coregulator of homeodo-
main transcription factors [9–12] and as a tumor suppressor
through the phosphorylation of cellular target proteins, including
p53, CtBP, AML and p300/CBP [13,14]. HIPK2 appears to exert
multiple functions depending on the binding partner or on the
phosphorylation of the downstream target proteins in different
signaling pathways. Although there is evidence supporting that
HIPK2 may be involved in the Wnt signaling pathway
[15,16,22], it was not well known how HIPK2 directly regulates
intracellular b-catenin levels. In this study, we report that HIPK2
can bind directly and phosphorylate b-catenin, and consequently
degrades b-catenin. The knock-down of endogenous HIPK2 aug-
ments the stability of b-catenin and the expression of b-catenin
target genes. A stable tumor cell line in which HIPK2 was si-
lenced using an HIPK2 shRNA displays accelerated proliferation.
In addition, HIPK2 expression blocked the axis duplication in-
duced by the injection of b-catenin mRNA into Xenopus embryos.
These results strongly indicate that HIPK2 is a novel negative
regulator of Wnt signaling operating via the direct phosphoryla-
tion and degradation of b-catenin, a key component of the Wnt
signaling pathway.

http://dx.doi.org/10.1016/j.bbrc.2010.03.099
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2. Materials and methods

2.1. Cell transfection and luciferase reporter assays

Cell cultures, transient transfection and luciferase assays were
performed as described previously [17,18]. The HEK293 and RKO
cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Gibco). Cells were grown
on six-well plates and transiently transfected with reporter plas-
mids and various expression plasmids using Fugene6 reagent
(Roche Molecular Biochemicals). For the transcription assays, cells
were transfected with 0.4 lg of TOP-FLASH reporter plasmids,
0.6 lg of b-catenin plasmid, 2 lg of HIPK2/K221R plasmids and
0.1 lg of pCMV-b-gal plasmid encoding b-galactosidase was in-
cluded in all transfections to normalize the transfection efficiency
in combination as indicated in figures. Thirty-six hours after trans-
fection, the luciferase activities were measured from duplicate
plates using the Luciferase Reporter Assay System (Promega) and
a Genios luminometer (TECAN). All experiments were repeated at
least three times.

2.2. In vitro phosphorylation of b-catenin

In vitro b-catenin phosphorylation was performed as described
previously [9]. In brief, affinity-purified GST-b-catenin was mixed
with GST-HIPK2 (aa 1–629) in 30 ll of kinase buffer (50 mM HEPES
pH 7.0, 0.1 mM EDTA, 0.1% b-mercaptoethanol, 0.1 mg/ml bovine
serum albumin, 0.15 M NaCl, 5 mM MgCl2) and incubated for
30 min at 30 �C. The samples were resolved by SDS–PAGE, and
the amounts of phosphorylation were evaluated by Western blot-
ting with Ser33, Ser37-specific anti-phospho-b-catenin antibody
(Cell signaling).

See Materials and methods section of Supplementary data for
detailed experimental procedures for plasmid constructions,
mRNA injection into Xenopus embryo, reverse transcription-PCR,
GST pull-down assays, Western blot and immunoprecipitation,
Establishment of shRNA-expressing cell lines and subcutaneous
injection of CT-26 cells into BALB/c mice.
3. Results

3.1. Knock-down of HIPK2 increases b-catenin stability

In a yeast-two hybrid screen using the C-terminus (aa 503–
1189) of HIPK2 as bait, we identified b-catenin as a HIPK2-inter-
acting protein. The association of endogenous HIPK2 with b-cate-
nin was also verified via co-immunoprecipitation with anti-b-
catenin antibody followed by Western blotting using anti-HIPK2
antibody (Fig. S1). In the course of co-immunoprecipitation
experiments, we have seen that the level of b-catenin was de-
creased by forced expression of HIPK2. Therefore, we assessed
the effects of HIPK2 silencing on the level of b-catenin and the
b-catenin-mediated transcriptional activation. The knock-down
of endogenous HIPK2 enhanced the level of b-catenin (Fig. 1A)
and b-catenin-mediated transactivation of the cyclin D promoter
as well as the TOP-FLASH reporter gene (Fig. 1B and C). As a po-
sitive control, the expression plasmid for shRNA against GSK3b
was utilized in parallel. Since b-catenin is expressed at a rela-
tively low level and is not associated with plasma membrane in
RKO cells [19], RKO cell was chosen for establishment of HIPK2
knock-down cell line to study the effect of HIPK2 on b-catenin
stability. The stability of b-catenin was remarkably enhanced in
RKO-shHIPK2 cells when compared with that observed in RKO
cells (Fig. 1D). These results indicate that the downregulation of
HIPK2 increases the stability of b-catenin. We further evaluated
the effects of HIPK2 silencing on cellular functions of b-catenin
in terms of its localization and activation of target genes. The
immunocytochemistry of endogenous b-catenin showed that b-
catenin in the RKO-shHIPK2 cell line was detected in both the nu-
cleus and the cytoplasm, while b-catenin in RKO cells was de-
tected in the cytoplasm. Additionally, the quantity of b-catenin,
which was determined by intensities of fluorescence, was in-
creased to a greater degree in RKO-shHIPK2 cells than in RKO
cells (Fig. 1E). Consistently, the expressions of c-myc, cyclin D
and DKK1, typical target genes of b-catenin, were increased to a
higher degree in RKO-shHIPK2 cells than in RKO cells (Fig. 1F
and G). Taken together, HIPK2 knock-down resulted in the stabil-
ization and concomitant translocalization of b-catenin to the nu-
cleus, and transactivation of b-catenin target genes.

3.2. HIPK2 down-regulates Wnt signaling-mediated transactivation
through b-catenin degradation

In order to characterize function of HIPK2 on the regulation of
b-catenin, a series of experiments was carried out using transient
expression of wild-type and catalytically inactive HIPK2 mutant.
Transcription assays were conducted via the transfection of Wnt3a
or b-catenin expression plasmids in combination with wild-type or
catalytically inactive HIPK2. As shown in Fig. 2A, HIPK2 repressed
the Wnt3a- and Wnt1-mediated transactivation of reporter gene.
HIPK2 also inhibited b-catenin-mediated transactivation of the re-
porter gene in a catalytic activity-dependent manner (Fig. 2B). In
addition, transcription from the promoter of Wnt target gene, such
as cyclin D, was repressed by HIPK2 (Fig. 2C). These results indicate
that HIPK2 inhibits Wnt/b-catenin-mediated transactivation of tar-
get genes.

Because HIPK2 knock-down increased b-catenin stability, we
wondered whether b-catenin is degraded by HIPK2. The Western
blot revealed that HIPK2 remarkably reduced b-catenin stability,
which was blocked by administration of cells with MG132, thereby
indicating that HIPK2 induced the proteasomal degradation of b-
catenin as GSK3b (Fig. 2D). Consistently, b-catenin stability was
dramatically reduced upon HIPK2 expression (Fig. 2E, HIPK2 pa-
nel). The inhibitory effect of HIPK2 was compromised by the inac-
tivation of its catalytic activity (Fig. 2E, HIPK2 KR panel). The
expression of the HIPK2 N-terminus with an active catalytic do-
main (HIPK2 1–629) resulted in suppression of b-catenin-mediated
transactivation (Fig. 2B, lane 5) and b-catenin degradation (Fig. 2F),
in contrast to the catalytically inactive mutant HIPK2 (HIPK2 1–
629 K221R) (Fig. 2B and F). Taken together, these results suggest
that HIPK2 represses transactivation of Wnt target genes through
b-catenin degradation.

3.3. HIPK2 targets b-catenin for phosphorylation and proteasomal
degradation

Phosphorylation-dependent b-catenin regulation by HIPK2 led
us to test whether HIPK2 can directly phosphorylate b-catenin.
The Western blot analysis revealed that the level of b-cat DN
was not influenced by HIPK2 expression while wild-type b-catenin
was decreased by HIPK2 in a manner depending on catalytic activ-
ity of HIPK2 (Fig. 3A). These results indicate that degradation of b-
catenin by HIPK2 depend on the N-terminal phosphorylation sites
of b-catenin in a HIPK2’s catalytic activity-dependent manner, sug-
gesting that N-terminal region of b-catenin might be a phosphory-
lation target of HIPK2. In cultured HEK293 cells, the coexpression
of HIPK2 and b-catenin resulted in b-catenin phosphorylation,
which was determined by Western blot using the S33- and S37-
specific phospho-b-catenin antibody (Fig. 3B). The affinity-purified
wild-type b-catenin was phosphorylated by HIPK2 in vitro, but sub-
stitutions of Ser33 and Ser37 to alanines abolished its phosphory-



Fig. 1. Knock-down of endogenous HIPK2 increases stability and transcription activity of b-catenin. (A) RKO cells were transfected with either control siRNA or HIPK2 siRNA,
and the levels of endogenous HIPK2 and b-catenin were determined by Western blotting using anti-HIPK2 and anti-b-catenin antibodies. (B and C) TOP-FLASH, FOP-FLASH or
cyclin D-luciferase reporter plasmids were transfected into HEK293 cells together with expression plasmids for b-catenin and shRNA against either the scrambled sequence
(as a control), GSK3b or HIPK2. Thirty-six hours after transfection, normalized luciferase activities, obtained from transfected cells with indicated expression plasmids, was
divided by the corresponding value obtained with the empty vector and is shown as fold activation. (D) Each of RKO cells (RKO), RKO cells silencing HIPK2 (RKO-shHIPK2) and
RKO cells silencing GSK3b (RKO-shGSK3b) were treated with cycloheximide for the time indicated in figure. Endogenous levels of b-catenin were determined to measure the
stability of b-catenin by Western blotting using anti-b-catenin antibody. (E) Cells were stained with anti-b-catenin or anti-HIPK2 antibodies, and localizations of endogenous
b-catenin and HIPK2 in either RKO or RKO-shHIPK2 cell line were analyzed by confocal microscopy. Note that, in RKO-shHIPK2 cells, b-catenin is localized to the nucleus. Cells
were also stained with DAPI to show the nucleus. (F) Knock-down of HIPK2 enhances expression of endogenous Wnt/b-catenin target genes. mRNAs were isolated from either
RKO or RKO-shHIPK2 cells, followed by qRT-PCR using either primers for cyclin D, c-myc, DKK1, or HIPK2. (G) Total cell lysates were prepared from either RKO or RKO-
shHIPK2 cells, and were subjected to Western blotting with either anti-HIPK2, anti-cyclin D, or anti-c-myc antibody.

Fig. 2. HIPK2 down-regulates Wnt signaling-mediated transactivation via b-catenin degradation. (A and B) HEK293 cells were transfected with TOP-FLASH reporter plasmid
together with expression plasmids for Wnt1, Wnt3a, b-catenin, HIPK2, HIPK2(K221R), HIPK2(1–629), HIPK2(1–629KR) and GSK3b as indicated in the figures. Thirty-six hours
after transfection, normalized luciferase activities, obtained from transfected cells with indicated expression plasmids, was divided by the corresponding value obtained with
the empty vector and is shown as fold activation. (C) Cyclin D-luciferase reporter plasmid was transfected into HEK293 cells, together with b-catenin expression plasmids in
combination with either HIPK2, HIPK2(K221R) or GSK3b expression plasmid. (D) HA-b-catenin expression plasmid was transfected into HEK293 cells together with either
HIPK2, HIPK2(K221R) or GSK3b expression plasmid. GFP expression plasmids were transfected into the cell to monitor the relative transfection efficiency. Thirty-six hours
after transfection, half of the transfected cell were treated with the MG132, proteasome inhibitor for 10 h, followed by Western blot analysis for the detection of HA-b-
catenin. (E) HA-b-catenin expression plasmids were transfected into HEK293 cells together with either HIPK2, HIPK2(K221R) or GSK3b expression plasmids. Thirty-six hours
after transfection, cells were chased with cycloheximide (CHX) (50 lg/ml) to inhibit de novo protein synthesis. At the indicated times after the addition of cycloheximide, the
levels of the b-catenin proteins were analyzed by Western blot analysis. (F) HA-b-catenin expression plasmid was transfected into HEK293 cells together with either
HIPK2(1–629) or HIPK2(1–629 K221R). Thirty-six hours after transfection, the level of HA-b-catenin was determined with Western blotting using anti-HA antibody.
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Fig. 3. Phosphorylation and degradation of b-catenin by HIPK2. (A) Either HA-b-catenin or HA-b-catenin DN (deletion of amino acid 1–89) expression plasmid was
transfected into HEK293 cells together with expression plasmid for either HIPK2 (WT), HIPK2(K221R) (KR) or GSK3b. Levels of wild-type or mutant b-catenin were analyzed
by Western blot with anti-HA antibody. (B) HEK293 cells expressing Myc-b-catenin and either GFP-HIPK2 or GFP-HIPK2(K221R) were treated with MG132 for 12 h and then
b-catenin was immunoprecipitated from the cell lysates. Phosphorylation of b-catenin at Ser33 and Ser37 sites in HEK293 cells were determined by Western blot with
phosphorylated S33- and S37-specific anti-b-catenin antibody. (C) Affinity-purified wild-type and GST-b-catenin mutants were subjected to in vitro phosphorylation reaction
using affinity-purified GST-HIPK2. The identical amounts (2 lg) of GST-b-catenin and mutants of GST-b-catenin were incubated with GST-HIPK2, and phosphorylated b-
catenin was detected with phosphorylated S33- and S37-specific anti-b-catenin antibody. GST-b-catenin was stained with Coomassie Brilliant Blue (CBB). (D) Either HA-b-
catenin or HA-b-catenin S33, 37A mutant was expressed in combination with HIPK2 or GSK3b, and transfected cells were administered with cycloheximide, and levels of b-
catenin were determined by Western blot. (E) Three different expression plasmids for b-catenin (wild-type, lanes 2–5; S37A mutant, lanes 6–9; S45A mutant, lanes 10–13)
were transfected into HEK293 cells in combination with either HIPK2, HIPK2(K221R) (KR) or GSK3b expression plasmid. Transcription activities from the TOP-FLASH reporter
plasmid are shown.
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lation. In addition, substitutions of Thr41 and Ser45 to alanines did
not affect its phosphorylation by HIPK2, indicating that phosphor-
ylation of b-catenin by HIPK2 does not require priming kinase
which phosphorylate Ser45 for following phosphorylation of
Thr41, Ser37 and Ser33 by GSK3b (Fig. 3C). Moreover, chase exper-
iments after administration of cycloheximide indicated that the b-
catenin S33, 37A mutant was almost resistant to degradation upon
HIPK2 expression (Fig. 3D). These results were supported by the
observation that the transactivation of the reporter gene by b-cat
S37A was not affected as the result of HIPK2 expression, whereas
transactivations by wild-type b-catenin and b-cat S45A were inhib-
ited by HIPK2 (Fig. 3E). These results suggest that HIPK2 phosphor-
ylate S33 and S37 residues of b-catenin in vitro and in vivo, and the
phosphorylation of b-catenin by HIPK2 may contribute to the deg-
radation of b-catenin.

3.4. Knock-down of HIPK2 increases b-catenin-mediated cell
proliferation both in vivo and in cultured cells

Next, we wished to determine the in vivo significance of these
observations in cellular level and ex vivo grafting mouse model.
As b-catenin has oncogenic potential through the promotion of
the cell proliferation in RKO cells [20], proliferation and migration
of RKO-shHIPK2 cells were monitored by measuring the time re-
quired for the closure of scratch-wounded gaps. Wound closure
was completed more quickly in the RKO-shHIPK2 cells than in
the RKO cells (Fig. 4A, left panel). The accelerated cell prolifera-
tion and migration of the RKO-shHIPK2 cells was reversed via
the expression of the dominant negative Tcf3 mutant [21] and
constitutive repressor form of TCf3 (Fig. 4A, right panel and B),
thereby indicating that enhanced proliferation potential is the re-
sult of the b-catenin accumulation induced by HIPK2 silencing. Ex
vivo grafting of tumor cells is one of the experimental approaches
utilized to explore the effect of a gene on tumor cell growth in a
murine model. The mouse colon cancer line (CT-26) expressing
shHIPK2 (CT-26-shHIPK2) was established and subcutaneously in-
jected into the dorsal region of the syngenic BALB/c mice and tu-
mor outgrowth was monitored for 2 weeks. The subcutaneous
injection of CT-26-shHIPK2 cells resulted in enhanced tumor out-
growth as compared with that observed in the control CT-26
cells. The average weight of the tumors (n = 10) derived from
injection of the CT-26-shHIPK2 cells was fourfold higher than that
of the tumors (n = 8) derived from injection of the control CT-26
cells (Fig. 4C). The Western blot analysis indicated that b-catenin
protein levels from the CT-26-shHIPK2 tumors were higher than
the b-catenin protein levels from the CT-26 tumors (Fig. 4D). Ta-
ken together, the knock-down of HIPK2 expression via shRNA en-
hanced the stability of b-catenin and target gene expression.
Consequently, the growth of tumor cells was accelerated in vivo
as the result of b-catenin accumulation. Furthermore, we deter-
mined whether HIPK2 is involved in the Wnt/b-catenin pathway
in Xenopus embryo (Fig. S2). The injection of in vitro transcribed
HIPK2 mRNA together with b-catenin mRNA blocked the axis
duplication induced by the forced expression of b-catenin
(Fig. S2B). In accordance with the phenotypes of the Xenopus em-
bryos, the expressions of all tested Wnt target genes (Siamois,
Xnr3, xCyclin D and Gsc) were attenuated by coexpression of
HIPK2 (Fig. S2C). These results indicate that HIPK2 is a negative
regulator of the Wnt/b-catenin signaling pathway in vivo.

4. Discussion

In this study, we have demonstrated that HIPK2 is a negative
regulator of the Wnt/b-catenin signaling pathway through the di-
rect phosphorylation and degradation of b-catenin. Recent papers
associating HIPK2 with the Wnt/b-catenin signaling pathway have



Fig. 4. Knock-down of endogenous HIPK2 promotes cell proliferation through b-catenin accumulation. (A) Either RKO, RKO-shHIPK2, RKO-HIPK2/TcfDN (expressing
transiently dominant negative Tcf3) or RKO-shHIPK2/EngTcf3 (expressing transiently constitutive repressor form of Tcf3) cells were grown to confluence under normal
culture conditions and were scratched out to make a gap. The closures of gaps after scratching at the indicated time points are shown. (B) The numbers of cells were counted
for three days after seeding the same number (1 � 105 cells) of either RKO, RKO-shHIPK2 or RKO-shHIPK2/Tcf3DN cells. (C) Either CT-26 or CT-26/shHIPK2 cells (2 � 106 cells/
mouse) were injected subcutaneously into BALB/c mice. Arrows indicate tumors originated from either injected CT-26 or CT-26/shHIPK2 cells. Graph is weight presentation of
tumors from either CT-26 (n = 8) or CT-26/shHIPK2 (n = 10). (D) Endogenous levels of b-catenin in tumor isolated from the mice as shown in C were determined by Western
blotting with anti-HIPK2 and anti-b-catenin antibodies.
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reported conflicting results regarding whether HIPK2 is involved in
proteasomal degradation of b-catenin [16,22,23]. For example,
Puca et al. have shown that HIPK2 downregulates b-catenin pro-
tein levels and inhibits b-catenin transcriptional activity in a cata-
lytic activity-dependent way, and contradictory to results from
other groups including ours, Wei et al. showed that the level of
b-catenin was not affected in HIPK2 KO MEF cells and over-expres-
sion of HIPK2 did not induce b-catenin degradation [16,22]. These
conflicting results may be due to differences between cell lines,
since empirically, we have also found that certain cell lines do
not show elevated levels of b-catenin upon HIPK2 knock-down
(data not shown). HIPK2 may induce proteasomal degradation of
b-catenin in a cell type-specific manner, requiring different degra-
dation components such as E3 ubiquitin ligases depending on the
cellular context. HIPK2-mediated degradation of b-catenin was in-
duced in a dose- and phosphorylation-dependent manner
(Figs. 2D, F and 3A). Wei et al. showed that deletion of the YH do-
main abolished repressor activity of HIPK2 upon b-catenin-medi-
ated transactivation [16]. Further deletion, however, of the whole
C-terminus (deletion of amino acids to 522 or 753) restored the
repressor activity of HIPK2 (Eric J. Huang, personal communica-
tion). Consistent with these results, we observed that the N-termi-
nal of HIPK2 (1–629) showed stronger repressor activity than wild-
type HIPK2 (Fig. 2B, lane 5). Degradation of b-catenin by HIPK2 (1–
629) was found to be catalytic activity-dependent, since the cata-
lytically inactive HIPK2 (1–629) K221R mutant could not degrade
b-catenin (Fig. 2F, lane 3). These results suggest that HIPK2 sup-
presses the function of b-catenin by two levels of regulation; at
the transcriptional level through the HIPK2 C-terminus, and at
the protein level through HIPK2 catalytic activity. HIPK1 was also
shown to contribute to Dsh-dependent signaling activities in a
complex fashion during early Xenopus development, and the sig-
naling functions of HIPK1 were suggested to be context-dependent
[24]. Although it is evident that the regulation of Wnt/b-catenin
signaling by HIPKs is a complex process, much is still unknown,
including the possibility of functional redundancy between HIPK1
and HIPK2 [25,26].

Given that the protein level and catalytic activity of HIPK2
could be elevated and activated, respectively, by a variety of
external stimuli [13,14], it is conceivable that HIPK2 functions
as a signal transducer that responds to various stimuli for the
downregulation of the Wnt signaling pathway in both catalytic
activity-dependent and -independent manners. Studies regarding
the upstream signaling pathways for the stabilization and activa-
tion of HIPK2 could provide further insight into the HIPK2-med-
iated b-catenin regulation.
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