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Abstract: Covalent conjugations of the SUMO-1 moiety on a target protein play important roles in the regulation of 
cellular protein function. SUMO-conjugation of PML is a regulatory step for PML nuclear body (PML-NB) formation, 
and HIPK2 is SUMO-conjugated and recruited into the PML-NBs. Although HIPK2 mutations (R861W and N951I) 
were found in acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) patients, little is known about 
the underlying mechanisms by which HIPK2 mutations are associated with the pathogenesis of leukemia. Here we 
show that HIPK2 mutants found in AML and MDS patients are defective in SUMO-interacting motif (SIM) function. 
Due to defective SIM function, the HIPK2 mutants were not modified with SUMO-1, and not recruited to the PML-
NBs. However, the HIPK2 mutants can normally bind to and phosphorylate AML1b. Therefore, the HIPK2 mutants 
can sequestrate the AML1 complex out of the PML-NBs, resulting in the disruption of AML1-mediated activation of 
target genes for myeloid differentiation. In addition, the differentiation of K562 blast cells was impaired by the ex-
pression of the HIPK2 SIM-defective mutants. These results suggest that HIPK2 targeting into the PML-NBs via the 
SIMs is crucial for HIPK2-mediated induction of myeloid differentiation, and is associated with AML pathogenesis.
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Introduction

SUMOylation, the covalent modification of the 
small ubiquitin-like modifier (SUMO) moiety to a 
target protein, is an important post-translation-
al modification which regulates diverse cellular 
functions and cancer pathogenesis [1]. SUMO 
is classified as a ubiquitin-like protein because 
the three dimensional structure of SUMO is 
similar to that of ubiquitin [2]. SUMOylation is 
highly analogous to ubiquitination, and hence is 
executed by the sequential activity of E1 acti-
vating, E2 conjugating, and SUMO E3 ligases. 
SUMO E3 ligases facilitate the transfer of 
SUMO from the E2 conjugating enzyme Ubc9 to 
the target protein [3]. Attachment of the SUMO 
moiety to the target protein requires a con-
served SUMO acceptor site, ψKxE (ψ; hydro-
phobic amino acid, x; any amino acid), in which 
a hydrophobic residue is followed by lysine and 
an acidic amino acid [4]. However, SUMOylation 
can also occur on lysine residues through the 

SUMO interacting motif (SIM), independent of 
SUMOylation acceptor sequences [5, 6]. SIMs 
consist of hydrophobic aliphatic residues, fol-
lowed by acidic or polar amino acids [5-8]. The 
acidic amino acids flanking the core hydropho-
bic residues promote electrostatic SUMO-SIM 
interactions [9, 10]. During SIM-mediated 
SUMOylation to the target protein, the SUMO-
loaded E2 conjugating enzyme Ubc9 is recruit-
ed to the target protein through SUMO-SIM 
interaction. Recruited Ubc9 promotes transfer 
of the SUMO moiety to nearby lysine residues. 
SIM forms a β-strand that can bind to the hydro-
phobic groove generated by the β2-strand and 
α1-helix of SUMO, and a negative charge 
imposed by a stretch of neighboring acidic 
amino acids determines its specificity in binding 
to distinct SUMO paralogues [7].

The promyelocytic leukemia protein (PML) has 
been identified as a fusion protein with retinoic 
acid receptor α (RARα) as a result of a chromo-
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somal translocation found in acute promyelo-
cytic leukemia patients [11, 12]. PML forms 
multi-protein complexes to build up nuclear dot 
structures, which are the so-called PML nuclear 
bodies (PML-NBs). PML-NBs consist of constitu-
tive resident proteins such as Sp100, Daxx as 
well as PML, and additional proteins are tempo-
rarily recruited to the PML-NBs, depending on 
the physiological condition of cells [13, 14]. 
PML-NBs are a dynamic sub-nuclear structure 
which are regulated by post-translational modi-
fications such as SUMOylation, phosphoryla-
tion, ubiquitination, and acetylation [15]. These 
modifications direct the interaction of PML with 
various binding partners. SUMOylation is 
essential for recruitment of PML-NB compo-
nents, turnover and retention of PML-NBs as 
well as maintaining the proper spherical struc-
ture and functional integrity of PML-NBs. All 
nuclear PML isoforms contain a SIM, with the 
exception of PML-VI, and PML-I and PML-IV have 
two additional serine and acidic amino acid 
motifs, corresponding to amino acids encoded 
by exon 8a [16]. Mutation of the SIM in PML-I 
and PML-IV dramatically affect the structure of 
PML-NBs and show a reduction in mean num-
ber, loss of hollowness, and increase in size 
[17]. The PML gene is rearranged in acute pro-
myelocytic leukemia (APL), an M3 subtype of 
acute myeloid leukemia (AML) [18, 19], and the 
AML1 gene is the most frequent target for chro-
mosomal translocation in leukemia [20]. The 
AML1 protein interacts with PML, p300/CBP, 
and coactivators such as MOZ and homeodo-
main-interacting protein kinase 2 (HIPK2) to 
regulate differentiation of hematopoietic cells 
[21, 22]. In a previous study, mutations of the 
HIPK2 gene were identified in the screening of 
mutations in AML (acute myeloid leukemia) and 
MDS (myelodysplastic syndrome) patients 
using denaturing high performance liquid chro-
matography [23].

HIPK2 was initially identified as a co-repressor 
of NK-class homeoproteins and a co-activator 
for the androgen receptor [24-26]. The name 
HIPK2 was coined from the characteristics of 
HIPK2 to interact with various homeoproteins 
[26]. HIPK2 regulates diverse cellular activities 
ranging from cell proliferation and differentia-
tion to apoptosis and the DNA damage response 
[27-30]. HIPK2 phosphorylates a wide variety 
of target proteins under different signaling 
cues, which are dynamically regulated by 
diverse post-translational modifications such 

as phosphorylation, poly-ubiquitination, acety-
lation, and SUMOylation [31-34]. HIPK2 was 
the first nuclear protein kinase identified to be 
covalently modified with SUMO-1 [35], and con-
tains SIM within its speckle retention sequence 
(SRS) domain [36, 37]. HIPK2 associates with 
PML-NBs through the SIMs of both PML and 
HIPK2 [38, 39]. PML was shown to be required 
for HIPK2 to induce p53 phosphorylation at 
Ser46 and transactivation of pro-apoptotic tar-
get genes in the PML-NBs [40, 41].

Abnormal SUMOylation can lead to the develop-
ment of a number of diseases, including cancer 
[1, 42, 43]. Here we show that HIPK2 mutants 
(R861W and N951I) found in AML and MDS are 
defective in SIM function, and hence these 
HIPK2 mutants are non-functional in PML-
mediated p53 activation and AML1-mediated 
activation of target genes. Since HIPK2 mutants 
show a dominant-negative function against 
wild-type HIPK2 in recruitment to the PML-NBs, 
a single allelic HIPK2 mutation is sufficient to 
block wild-type HIPK2 expressed from a normal 
allele. Differentiation of myeloid precursor cells 
is alleviated by the expression of HIPK2 SIM-
defective mutants.

Materials and methods

Cell culture and differentiation assay

HEK293T, RKO, HeLa, H1299, and U2OS cells 
were grown in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine 
serum. For immunoblot analysis, cells were 
transfected with the lipofectamine 3000 
reagent in six-well plates. The chronic myeloge-
nous leukemia cell line K562 cells were grown 
in RPMI medium 1640 supplemented with 10% 
FBS, antibiotics, and L-glutamine. Differentia- 
tion of K562 cells was induced by 24-hr treat-
ment of PMA. Cells were cytocentrifuged, and 
cell morphology was evaluated by Wright-
Giemsa staining.

Plasmid construction and site-directed muta-
genesis

Expression plasmids for HA-HIPK2, Myc-HIPK2, 
GFP-HIPK2, GFP-HIPK2 K221R, HIPK2 SIM-VK, 
and HIPK2 deletion mutants were previously 
described [26, 34, 35, 44]. Flag-PML isoforms 
(PML-I and PML-VI) were a generous gift from 
Keith Leppard (Warwick University, Warwick, 
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UK). Flag-AML1b, HA-MOZ, and pMPO-lucifer-
ase reporter plasmids were a kind gift from 
Issay Kitabayashi (National Cancer Center 
Research Institute, Tokyo, Japan). To generate 
the mouse HIPK2 deletion mutants, PCR prod-
ucts amplified with specific primers were sub-
cloned into pEntr-3C, and a Myc-tagged or GFP-
fused HIPK2 deletion mutant was generated 
using Gateway Technology (Invitrogen). HIPK2 
point mutants (HIPK2 R861W and HIPK2 
N951I) were generated using the QuikChange 
Mutagenesis Kit (Stratagene). Mutations were 
verified by DNA sequencing. In order to con-
struct pCFP-HIPK2, the 3.9 kb DNA fragment 
encoding HIPK2 was amplified by PCR, and 
inserted into the EcoRI and SalI sites of pECFP-
C1 (Clontech).

Western blot analysis

Western blotting was performed as previously 
described [45]. Briefly, cells were lysed with 
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% 
sodium deoxycholate, 50 mM Tris-HCl (pH  
8.0), 0.1% SDS, protease inhibitor). Whole cell 
lysates were separated by SDS-PAGE and 
transferred onto PVDF membranes. The mem-
branes were immunoblotted with various anti-
bodies followed by detection with ECL Western 
detection reagents (Intron).

In vitro SUMOylation assays

In vitro SUMOylation assays were performed as 
described [34]. GST-SUMO-1 and GST-SAE1/2 
proteins were affinity purified as described pre-
viously [8]. His-Ubc9 was purified from cell 
lysates by applying the mixture to Ni-NTA resin 
in buffer containing 20 mM Tris-HCl (pH 8.0), 
350 mM NaCl, 1 mM β-mercaptoethanol, and 
20 mM imidazole, and eluted from the resin in 
the same buffer except 400 mM imidazole. In 
brief, in vitro synthesized Myc-HIPK2-(800-10- 
49) were mixed with 500 ng of purified E1 (GST-
SAE1/SAE2), 400 ng of His-Ubc9, and 2 μg of 
GST-SUMO-1 (GG), and incubated at 37°C for 
60 min. Reactions were terminated by the addi-
tion of SDS sample buffer, and products were 
visualized by Western blotting with an anti-Myc 
antibody (Roche Molecular Biochemicals).

GST pull-down assay

In vitro pull-down assays were performed as 
described [38]. Briefly, assays were performed 

by incubating in vitro translated wild-type Myc-
HIPK2 or Myc-HIPK2 mutants (R861W and 
N951I) with equal amounts of GST or GST-
SUMO-1 fusion proteins immobilized on gluta-
thione-Sepharose beads. The mixture was incu-
bated for 2 hr with gentle agitation on a slowly 
rotating wheel at 4°C, and washed 3 times. 
Bound proteins were eluted by the addition of 
SDS sample buffer, and separated by 8% SDS-
polyacrylamide gel electrophoresis, followed by 
Western blotting using anti-Myc antibody.

Co-immunoprecipitation analysis

Co-immunoprecipitation was performed after 
the lysis of 2×107 cells in RIPA buffer (150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
50 mM Tris-HCl (pH 8.0), 0.1% SDS, protease 
inhibitor). After incubation on ice for 10 min and 
centrifugation at 4°C for 10 min, equal volumes 
of protein were diluted with lysis buffer lacking 
NaCl and incubated with antibody and protein 
A/G-Sepharose beads overnight at 4°C on a 
rotating wheel. The beads were washed three 
times with lysis buffer. The whole cell lysate 
and immunoprecipitates were separated by 
SDS-PAGE and transferred onto PVDF mem-
branes. The membranes were immunoblotted 
with various antibodies followed by detection 
with ECL Western detection reagents (Intron).

Immunocytochemistry

Immunocytochemistry for U2OS cells was per-
formed as described [38]. Briefly, U2OS cells 
were grown on coverslips and transfected with 
HA-PML expression plasmid together with wild-
type GFP-HIPK2 or GFP-HIPK2 mutant plasmid 
(HIPK2 R861W and HIPK2 N951I). Twenty-four 
hours after transfection, cells were fixed with 
100% methanol for 5 min at -20°C and blocked 
with phosphate-buffered saline containing 1% 
bovine serum albumin. Fluorescence micros-
copy was performed with a Zeiss LSM-700 
microscope. GFP-HIPK2 was detected using an 
excitation wavelength of 488 nm. HA-PML was 
detected using a rhodamine-conjugated sec-
ondary antibody against a mouse monoclonal 
anti-HA antibody. Acquired images were pro-
cessed with Adobe Photoshop.

Luciferase assay

To analyze HIPK2-mediated induction of apop-
tosis at the transcriptional level, H1299 cells 
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seeded into 12-well plates were transfected 
with the p53 expression plasmid, p53 response 
element-Luc reporter plasmid, and either the 
wild-type HIPK2 or a HIPK2 mutant (catalyti-
cally inactive K221R, HIPK2 R861W, or HIPK2 
N951I) plasmid. To determine HIPK2-mediated 
activation of the MPO promoter, H1299 cells 
were transfected with the pMPO-luc reporter 

plasmid together with expression plasmids 
encoding AML1b, MOZ, and increasing amounts 
of wild-type HIPK2 or HIPK2 SIM mutants 
(HIPK2 R861W and N951I). Forty-eight hours 
after transfection, luciferase activity was mea-
sured using the Luciferase Reporter Assay 
System (Promega) and a Genios luminometer 
(TECAN, Austria). Transfection efficiency was 

Figure 1. Characterization of HIPK2 mutants found in acute myeloid leukemia and myelodysplastic syndrome pa-
tients. A. Schematic of HIPK2 and position of HIPK2 mutations. KD, protein kinase domain; ID, interaction domain 
with homeodomain proteins; SRS, speckle retention sequence; YH, tyrosine- and histidine-rich domain. Sequence 
alignment of human HIPK2 and mouse HIPK2 shows conservation (hHIPK2 Arg869 and mHIPK2 Arg861; hHIPK2 
Asn958 and mHIPK2 Asn951). B. GST-pull down assay showing physical interaction of HIPK2-(800-1049) with SUMO-
1. In vitro translated Myc-HIPK2-(800-1049), or the R861W or N951I mutant was incubated with equal amounts of 
either GST protein or GST-SUMO-1. Bound proteins were eluted and resolved by 8% SDS-PAGE, followed by Western 
blotting using anti-Myc antibody. Affinity purified GST or GST-SUMO-1 used in this assay are shown in the lower pan-
el. Input shows 10% of the in vitro translated Myc-HIPK2 used in the binding reaction. C. Co-immunoprecipitation of 
Myc-HIPK2-(800-1049) with SUMO-1. An expression plasmid coding for either Myc-HIPK2-(800-1049), the R861W 
or N951I mutant was transfected into HeLa cells, together with an HA-SUMO-1 expression plasmid. Transfected cells 
were lysed and immunoprecipitated with anti-HA antibody, followed by Western blotting using anti-Myc antibody. 
D. Mutation of HIPK2 at Arg861 or Asn951 abolishes SUMO-1 conjugation to HIPK2. An expression plasmid encod-
ing either Myc-HIPK2-(800-1049), R861W or N951I was transfected into HeLa cells with or without the SUMO-1 
expression plasmid. SUMO-1 conjugation to HIPK2 was determined by Western blotting using anti-Myc antibody. E. 
In vitro translated Myc-HIPK2-(800-1049), the R861W or N951I mutant was subjected to in vitro SUMOylation as-
says. Reactions were terminated by adding sample buffer, followed by Western blotting using anti-Myc antibody. F. 
U2OS cells were transfected with GFP-HIPK2, the R861W or N951I mutant in combination with nuclear HA-PML-I or 
HA-PML-IV. Cells were fixed and immunostained 24 hrs after transfection. Images were obtained with a confocal fluo-
rescent microscope at an excitation wavelength of 488 nm and 543 nm, respectively. G. Co-immunoprecipitation 
of Myc-HIPK2-(800-1049) with SUMOylated PML-IV. Either Myc-HIPK2-(800-1049), the R861W or N951I mutant ex-
pression plasmid was transfected into HeLa cells with the HA-PML-IV expression plasmid in the presence or absence 
of the GFP-SUMO-1 expression plasmid. Total cell lysates were immunoprecipitated with anti-Myc antibody, followed 
by Western blotting using anti-HA antibody.
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normalized against β-galactosidase expres-
sion. Each experiment was repeated at least 
three times.

Colony formation assay

RKO cells (2×105 cells/dish) were transfected 
with either GFP-HIPK2 or GFP-HIPK2 mutant 

are not conjugated with SUMO-1, whereas wild-
type HIPK2-(800-1049) is conjugated to SUMO-
1 in vivo and in vitro (Figure 1D and 1E). These 
results indicate that Arg861 and Asn951 of HIPK2 
contribute to both noncovalent interactions 
with SUMO-1 and covalent modification of 
HIPK2 with SUMO-1. Next, we examined the 
colocalization of these HIPK2 mutants with 

Figure 2. The HIPK2 R861W and N951I mutants do not phosphorylate p53 
at Ser46. A. H1299 cells were transfected with p53 and either wild-type 
HA-HIPK2 or a HIPK2 mutant (catalytically inactive K221R mutant, R861W 
or N951I) expression plasmid. p53 Ser46 phosphorylation was determined 
with Western blotting using a p53Ser46 phospho-specific antibody. Expres-
sion levels of p53 and HIPK2 were determined by Western blotting using 
anti-p53 and anti-HA antibody, respectively. B. The p53 expression plas-
mid and each reporter plasmid (PUMA gene promoter) was transfected 
into H1299 cells with either wild-type HIPK2 or an HIPK2 mutant (K221R, 
R861W or N951I mutant). Twenty-four hours after transfection, luciferase 
activities were measured using the Luciferase Assay System (Promega). 
Transfection efficiency was normalized against β-galactosidase expression. 
Experiments were repeated at least three times. The data were statistically 
analyzed by one-way ANOVA followed by Bonferroni’s multiple comparison 
test (***P < 0.001, **P < 0.01). Bars represent the mean ± SD of three 
independent experiments. C. The HIPK2 R861W and N951I mutants are 
defective in p53-mediated induction of apoptosis. Wild-type GFP-HIPK2 or 
a GFP-HIPK2 mutant was transfected into RKO cells, and transfected cells 
were selected with G418 for two weeks. Colonies were visualized by stain-
ing with crystal violet and counted. The number of colonies was determined 
as the mean ± SD of three independent experiments, and presented as 
the relative percentage compared to the colony numbers of the negative 
control. The data were statistically analyzed by one-way ANOVA followed by 
Bonferroni’s multiple comparison test (***P < 0.001, **P < 0.01). A repre-
sentative example is shown.

expression plasmid (catalyti-
cally inactive K221R mut- 
ant, HIPK2 R861W and HIPK2 
N951I mutants). Cells were 
selected by 400 μg/ml G418 
administration for two weeks. 
G418-resistant colonies were 
stained with Coomassie Brilli- 
ant Blue. Experiments were 
repeated at least three times.

Results

Characterization of HIPK2 mu-
tants found in AML and MDS 
patients

HIPK2 mutations were identi-
fied in acute myeloid leukemia 
(AML) and myelodysplastic syn-
drome (MDS) patients [23]. 
The sites of these HIPK2 muta-
tions (Arg868 and Asn958) are 
well conserved in mouse HIP- 
K2 (Arg861 and Asn951) and are 
located within the speckle 
retention sequence (SRS) do- 
main, which is also known to 
contain the SUMO-interaction 
motif (SIM) (Figure 1A). HIPK2 
SIM plays a crucial role in the 
SUMO modification of lysine 
residues via interaction with 
SUMO-Ubc9 conjugates [36]. 
To test whether these mutants 
affect the SIM functions of 
HIPK2, we mutated Arg861 to 
Trp (R861W) and Asn951 to Ile 
(N951I) on mouse HIPK2. GST 
pull-down and co-immunopre-
cipitation analysis showed that 
HIPK2 R861W and N951I 
mutants do not interact with 
SUMO-1 in vitro and in vivo, in 
contrast to wild-type HIPK2 
(Figure 1B and 1C). Moreover, 
we verified that both HIPK2 
R861W and N951I mutants 
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PML-I or PML-IV by indirect immunocytochemis-
try of cells expressing PML-I, PML-IV, and each 
HIPK2 mutant (Figure 1F). The R861W and 
N951I mutants did not colocalize with PML-I 

and PML-IV, whereas wild-type HIPK2 localized 
to the PML-NBs containing PML-I or PML-IV 
(Figure 1F). Next, we performed co-immuno-
precipitation assays with HA-PML-IV and Myc-

Figure 3. HIPK2 SIM mutants have dominant-negative function. A. U2OS cells were transfected with GFP-HIPK2, 
CFP-HIPK2 or a SIM-VK mutant and nuclear HA-PML-IV. Cells were fixed and immunostained 24 hrs after transfec-
tion. B. The HIPK2 R861W and N951I mutants have dominant-negative function. U2OS cells were transfected with 
GFP-HIPK2, Myc-HIPK2 or various mutants and nuclear HA-PML-IV. Cells were fixed and immunostained 24 hrs after 
transfection. Images were obtained with a confocal fluorescent microscope at an excitation wavelength of 488 nm 
and 543 nm, respectively.
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HIPK2 (wild type, R861W or N951I mutant) in 
the presence or absence of SUMO-1. Wild-type 
HIPK2 interacted with SUMO-conjugated PML-
IV (Figure 1G, lane 2), but the R861W and 
N951I mutants did not (Figure 1G, lanes 4 and 
6). Taken together, the substitutions of arginine 
to tryptophan at amino acid 861 and of aspara-
gine to isoleucine at amino acid 951 of HIPK2 
impaired colocalization with PML-NBs and 
interaction with PML-IV. In addition, HIPK2 
R861W and N951I mutants are defective in 
SIM function, and are thus functionally equiva-
lent to the HIPK2 SIM-defective mutant (HIPK2 
SIM-VK) where VSVI, the core sequence of SIM, 
was substituted with KSAK at amino acids 878-
881 [38].

HIPK2 R861W and N951I mutants do not 
phosphorylate p53 at Ser46

The SIM function of HIPK2 is important in 
HIPK2-induced p53 phosphorylation at Ser46 
and p53-mediated apoptosis [38, 39]. Since 
the R861W and N951I mutants of HIPK2 lose 
SIM function (Figure 1B-E), we examined p53 
Ser46 phosphorylation upon co-expression of 
wild-type HIPK2, or the R861W or N951I 
mutant. Western blot analysis revealed that 
phosphorylation of p53 at Ser46 was markedly 
reduced by expression of the R861W and 
N951I mutants of HIPK2, compared to strong 
phosphorylation by wild-type HIPK2. The cata-
lytically inactive mutant (K221R) of HIPK2 was 
utilized as a positive control (Figure 2A). 
Moreover, these mutants did not induce 
p53-mediated transcription of the pro-apoptot-
ic PUMA gene (Figure 2B). Next, we explored 
whether the R861W and N951I mutants affect 
colony formation of cancer cell and induction of 
apoptosis. Wild-type HIPK2 inhibited the colony 
formation of RKO cells, but the R861W and 
N951I mutants did not (Figure 2C). These 
results show that the R861W and N951I 
mutants of HIPK2 functionally mimic the HIPK2 
SIM-defective mutant in HIPK2-mediated in- 
duction of apoptosis through p53 phospho- 
rylation.

Dominant-negative functions of HIPK2 R861W 
and N951I mutants

HIPK2 was shown to be able to homo-dimerize 
in vitro and in vivo independent of its catalytic 
activity [46]. HIPK2 mutants were found in an 

allele of a chromosome from AML and MDS 
patients [23]. Thus wild-type HIPK2 was 
expressed from a normal allele and either 
HIPK2 R861W or N951I was expressed from  
a mutant allele, and thereby wild-type and 
mutant HIPK2 were expressed simultaneously. 
Therefore, we hypothesized that the HIPK2 
R861W and N951I mutants might act in a dom-
inant-negative manner against wild-type HIPK2. 
To test this idea, the effects of the HIPK2 SIM 
mutant on the colocalization of wild-type HIPK2 
with PML-IV was explored with indirect immuno-
cytochemistry. U2OS cells were transfected 
with expression plasmids encoding GFP-HIPK2 
and HA-PML-IV together with either wild-type 
CFP-HIPK2 or the CFP-HIPK2 SIM-VK mutant. 
Immunostaining of transfected cells indicated 
that CFP-HIPK2 colocalized with GFP-HIPK2 
and PML-IV, while the CFP-HIPK2 SIM-VK 
mutant did not colocalize with PML-IV and the 
localization of wild-type GFP-HIPK2 was shifted 
to the dot structures of the CFP-HIPK2 SIM-VK 
mutant. These results suggested that the 
HIPK2 SIM-VK mutant inhibited colocalization 
of wild-type HIPK2 with PML-IV, and thereby the 
HIPK2 SIM-VK mutant has dominant-negative 
functions against the colocalization of wild-type 
HIPK2 with PML-IV (Figure 3A). The same 
experiments were repeated with HIPK2 K221R, 
a catalytically inactive mutant, and the R861W 
and N951I mutants. Co-expression of the 
HIPK2 K221R mutant did not disrupt colocal-
ization of wild-type GFP-HIPK2 with PML-IV, 
while both Myc-HIPK2 SIM-VK, R861W and 
N951I mutants forced relocalization of wild-
type GFP-HIPK2 to small dot structures, so as 
not to colocalize with PML-IV (Figure 3B). These 
results suggest that HIPK2 R861W and N951I 
mutants as well as the HIPK2 SIM-VK mutant 
have dominant-negative effects on the parti-
tioning of wild-type HIPK2 into the PML-NBs.

Effects of HIPK2 mutants on AML1-mediated 
transcription

HIPK2 was reported to induce AML1b-de- 
pendent transcriptional activity of the myelo-
peroxidase (MPO) promoter through AML1b 
phosphorylation [23]. To know whether HIPK2 
SIM-VK, R861W and N951I mutants affect the 
AML1b-dependent transcriptional activity, the 
AML1b, MOZ expression plasmids and MPO 
reporter plasmid were transfected into 293T 
cells with either wild-type HIPK2 or the HIPK2 
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Figure 4. The SIM mutants of HIPK2 do not affect the phosphorylation and interaction with AML1b. A. The HIPK2 
R861W and N951I mutants do not activate AML1b-dependent transcriptional activity. The AML1b, MOZ expression 
plasmid and MPO-reporter plasmid were transfected into 293T cells with increasing amounts of wild-type HIPK2 or 
a HIPK2 mutant (K221R, SIM-VK, R861W or N951I mutant). Twenty-four hours after transfection, luciferase activi-
ties were measured using the Luciferase Assay System (Promega). Transfection efficiency was normalized against 
β-galactosidase expression. Experiments were repeated at least three times. Error bars indicate the standard error 
of the means of three independent experiments. The data were statistically analyzed by one-way ANOVA followed 
by Bonferroni’s multiple comparison test (***P < 0.001, **P < 0.01). B. 293T cells were transfected with AML1b 
and either wild-type HA-HIPK2 or a HIPK2 mutant (catalytically inactive K221R mutant, SIM-VK, R861W or N951I) 
expression plasmid. AML1b phosphorylation was determined with Western blotting using anti-HA antibody. HIPK2 
expression levels were determined by Western blotting using anti-Myc antibody. C. Co-immunoprecipitation of Myc-
HIPK2 with AML1b. Either Myc-HIPK2, SIM-VK, R861W or N951I mutant expression plasmid was transfected into 
293T cells with the HA-AML1b expression plasmid. Total cell lysates were immunoprecipitated with anti-Myc anti-
body, followed by Western blotting using anti-HA antibody. D. The SIM mutants of HIPK2 co-localize with AML1b. 
U2OS cells were transfected with GFP-HIPK2, or various mutants and AML1b. Cells were fixed and immunostained 
24 hrs after transfection. Images were obtained with a confocal fluorescent microscope at an excitation wavelength 
of 488 nm and 543 nm, respectively.

mutants. Activation of AML1b-mediated tran-
scription was impaired upon expression of the 
HIPK2 SIM-VK, R861W and N951I mutants, as 
measured by transcriptional activity of a natu-
ral promoter of the MPO gene. Transcriptional 
activity was inversely correlated to the expres-
sion levels of HIPK2 SIM-VK, R861W and N951I 
mutants (Figure 4A). These results suggest 
that HIPK2 SIM-defective mutants, including 
the R861W and N951I mutants, act in a domi-
nant-negative manner against AML1-mediated 
transactivation of the MPO promoter. Next, to 
explore the repression mechanisms of AML1b-
dependent transcriptional activity by HIPK2 

mutants, we determined the phosphorylation 
of AML1b by the HIPK2 mutants, and also ana-
lyzed the interaction of AML1b with either 
HIPK2 or the HIPK2 mutants. Western blotting 
indicated that AML1b phosphorylation was not 
affected by the HIPK2 mutants (Figure 4B). In 
addition, co-IP analysis revealed that the inter-
action affinity of HIPK2 SIM-VK mutant, R861W 
and N951I mutants with AML1b were not 
affected (Figure 4C). These results indicate 
that the SIM mutations in HIPK2 do not affect 
AML1b phosphorylation and interaction bet- 
ween AML1b and HIPK2 (Figure 4B and 4C). 
Moreover, to characterize the colocalization 
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between AML1b and HIPK2 SIM mutants, we 
examined cells expressing various GFP-HIPK2 
mutants and HA-AML1b. Consistent with the 
results in Figure 4B and 4C, an indirect immu-
nofluorescence assay revealed that both wild-
type HIPK2 and HIPK2 SIM mutants including 
HIPK2 R861W and N951I mutants were colo-
calized with AML1b (Figure 4D). These results 
suggested that SIM mutations of HIPK2 do not 
disrupt the interaction and colocalization with 
AML1b.

The PML-I isoform specifically interacts with 
AML1b and facilitates functional cooperation 
between AML1b and p300 in transcriptional 
activation. Moreover, PML-I can recruit both 
AML1b and its cofactor p300 to the PML-NBs 
[21]. Since the HIPK2 SIM mutants did not colo-
calize with PML-I (Figure 1F), we hypothesized 
that the HIPK2 SIM mutations could interfere 
with colocalization between AML1b and PML-I. 
To test this idea, we examined the colocaliza-
tion of the HIPK2 SIM mutant with AML1b in 
the presence or absence of PML-I. Immuno- 
staining of cells indicated that wild-type HIPK2 
and the SIM mutant colocalized with HA-AML1b 
irrespective of PML-I expression (Figure 5A). In 
addition, we examined the effects of HIPK2 

SIM mutants including the HIPK2 R861W and 
N951I mutants on the colocalization of AML1b 
with PML-I. U2OS cells were transfected with 
expression plasmids encoding HA-AML1b and 
Flag-PML-I together with either Myc-HIPK2 or 
Myc-HIPK2 mutants (SIM-VK, R861W or N951I). 
Immunostaining of transfected cells showed 
that HA-AML1b colocalized with Flag-PML-I 
when wild-type HIPK2 was co-expressed, while 
HA-AML1b did not colocalize to the PML-NBs 
when HIPK2 SIM mutants were co-expressed 
(Figure 5B, arrows in zoom images). These 
results suggested that HIPK2 SIM mutants 
could sequestrate AML1b into PML-independent 
dot structures of HIPK2, and thereby AML1b is 
not localized to the PML-NBs in the presence of 
HIPK2 SIM mutants including the HIPK2 R861W 
and N951I mutants. Taken together, the HIPK2 
R861W and N951I mutants disrupt AML1b-
dependent transcription of target genes, which 
require recruitment of AML1b and its cofactors 
into the PML-NBs.

HIPK2 function on myeloid blast cell differen-
tiation

AML1b was reported to be a nuclear matrix-
associated transcription factor, and essential 

Figure 5. HIPK2 SIM mutants impair co-localization between AML1b and PML-I. A. U2OS cells were transfected with 
HA-AML1b in the presence or absence of Flag-PML-I in combination with GFP-HIPK2 or GFP-HIPK2 SIM mutant. 
Cells were fixed and immunostained 24 hrs after transfection. B. U2OS cells were transfected with HA-AML1b and 
Flag-PML-I in combination with Myc-HIPK2 or Myc-HIPK2 mutants (HIPK2 SIM-VK, R861W or N951I). Cells were fixed 
and immunostained 24 hrs after transfection. Zoom image is 10 times magnification of inset. Arrows indicate the 
AML1b-containing puncta independent of PML-I. Images were obtained with a confocal fluorescent microscope at 
an excitation wavelength of 488 nm and 543 nm, respectively.

Figure 6. HIPK2 SIM mutants impair AML1b-dependent differentiation of K562 cells. A. Morphological features of 
K562 cells in which differentiation was induced by PMA treatment for 24 hrs. K562 cells were transfected with GFP-
HIPK2, or GFP-HIPK2 mutant (HIPK2 SIM-VK mutant, R861W or N951I). Cytospins were stained with Wright-Giemsa. 
Original amplification, ×400. Arrows indicate the differentiated K562 cells. B. The number of differentiated or undif-
ferentiated K562 cells were counted, and are shown on the graph. The data were statistically analyzed by one-way 
ANOVA followed by Bonferroni’s multiple comparison test (**P < 0.01). Data are presented as the mean ± SEM.
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for hematopoiesis [47]. To test whether the 
HIPK2 SIM mutation affects the differentiation 
of myeloid precursor cells, differentiation of 
K562 cells (chronic myelogenous leukemia cell 
line) were induced by the administration of 
PMA, and differentiation was determined by 
staining the cells with Wright-Giemsa. Differ- 
entiation of K562 was observed 1 day after cell 
culture with induction medium containing PMA. 
Expression of HIPK2 SIM mutants including the 
R861W and N951I HIPK2 mutants impaired 
differentiation of the K562 cells, while wild-
type HIPK2 did not affect differentiation (Figure 
6A and 6B). These results showed that the 
recruitment of HIPK2 into PML-NBs is very 
important for AML1b-mediated transcriptional 
activation and the differentiation of K562 cells, 
and thereby HIPK2-dependent recruitment  
of AML1b into the PML-I NBs is required for  
the differentiation of hematopoietic precursor 
cells.

Discussion

Post-translational modifications of HIPK2 such 
as phosphorylation, acetylation, poly-ubiquiti-
nation, and SUMOylation, are crucial for HIPK2 
stability, catalytic activities and selection of 
binding partners [31-33]. SUMO-modification of 
HIPK2 plays multiple roles in the regulation of 
HIPK2 stability and partitioning to specific sub-
cellular structures [38, 39, 48, 49]. SUMO-
modification of a target protein occurs at a 
SUMOylation acceptor site such as ψKxE. 
HIPK2 Lys25 is a major SUMOylation site which 
matches well with the SUMOylation acceptor 
site consensus sequence. However, the C-ter- 
minus of HIPK2 is also SUMOylated by a differ-
ent molecular mechanism in which Ubc9-
loaded SUMO interacted with SIM [36], and the 
SUMO moiety is transferred to the nearby lysine 
residues by association with the E2 conjugating 
enzyme Ubc9. SIM-mediated SUMOylation of 
HIPK2 at lysine residues near SIM play a role  
in HIPK2 targeting into PML-NBs [38, 39]. 
N-terminal SUMOylation of HIPK2 at Lys25 was 
associated with stability and selection of bind-
ing partners, but not partitioning to the PML-
NBs which require C-terminal SUMOylation at a 
lysine nearby the HIPK2 SIM [34, 48, 49].

HIPK2 mutants with Arg868 substitution to Trp 
and Asn958 to Ile were found in AML and MDS 
patients [23]. In this study, we demonstrated 

that mouse HIPK2 mutations at Arg861 and 
Asn951, which are equivalent to human Arg868 
and Asn958, disrupted HIPK2 SIM function, and 
thereby the HIPK2 C-terminus was not modified 
with SUMO-1 (Figure 1). As a result, HIPK2 was 
not recruited to the PML-NBs, which is crucial 
for the p53-mediated DNA damage response 
(Figure 2) and AML1b-dependent differentia-
tion of hematopoietic cell lineage (Figure 6). 
Mouse HIPK2 SIM (VSVITISSDTDEEEE) spans 
amino acids 878 to 892, and is located at the 
center of the SRS domain (aa 860-967). The 
SRS domain was identified by serial deletion 
analysis of N- or C-terminal HIPK2, and indi-
cates the minimal motif required for HIPK2 to 
form the nuclear dot structure which colocaliz-
es with the PML-NBs [35]. The HIPK2 muta-
tions found in AML and MDS patients, Arg868 
and Asn951, are located near the N- and 
C-terminal end points of the HIPK2 SRS domain, 
respectively. Previously, we demonstrated that 
the HIPK2 K966R mutant also shows defective 
SIM function [38]. In addition, serial deletion 
analysis of Pc2 SIM and mutational analysis of 
the amino acids surrounding the Pc2 SIM indi-
cated that several conserved amino acids sur-
rounding the Pc2 SIM are essential in SUMO 
binding [50]. Taken together, it is plausible that 
HIPK2 SRS domain may be a minimal motif to 
maintain the three dimensional structure of 
SIM to associate with the hydrophobic groove 
generated by the SUMO β2-strand and α1-helix. 
The HIPK2 mutations found in AML and MDS 
patients may disrupt the tertiary conformation 
of SIM and the integrity of the SRS domain to 
associate with SUMO. AML and MDS are asso-
ciated with the AML1 protein, and formation of 
the AML1 complex including HIPK2 and p300/
CBP in the PML-NBs plays a role in AML1-
mediated transcriptional activation of target 
genes for cell differentiation [21, 22]. The asso-
ciation of HIPK2 with the PML-NBs requires 
both SIM function and C-terminal SUMOylation. 
SUMOylated HIPK2 recognizes the SIM of PML-I 
and PML-IV, and HIPK2 SIM binds to SUMOylated 
PML. Therefore, SIM-defective HIPK2 mutants 
such as R861W and N951I mutants, cannot 
bind to SUMOylated PML, and the PML SIM 
cannot recognize these HIPK2 mutants due  
to the lack of SUMOylation at the HIPK2 
C-terminus, resulting in a loss of association  
of the HIPK2 mutants with the PML-NBs 
(Figures 3 and 5). On the other hand, HIPK2 
SUMOylation is not required for binding to and 
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phosphorylating AML1 (Figure 4). Therefore, 
HIPK2 SIM mutants sequestrate AML1 out of 
PML-NBs, and hence HIPK2 SIM mutants act in 
a dominant negative manner against wild-type 
HIPK2 (Figures 3 and 5).

We demonstrated an additional role of HIPK2 
and PML-NBs during the differentiation of 
myeloid precursor cells. AML1b associates with 
the MOZ coactivator and PML-I to induce tran-
scriptional activation of AML1b target genes 
[21]. During normal differentiation of myeloid 
precursor cells, HIPK2 participated in the 
AML1-mediated transcriptional activation of 
downstream target genes by phosphorylation 
of both AML1b and MOZ [22]. PML activated 
transcription of AML1 target genes by protect-
ing HIPK2 and p300 from proteasomal degra-
dation [51]. However, the HIPK2 SIM-VK mutant 
and other HIPK2 mutants defective in SIM 
function such as HIPK2 R861W and N951I 
mutants bind to AML1b and MOZ but do not 
associated with the PML-NBs. The outcome of 
the differential association of HIPK2 mutants 
to PML, AML1 and MOZ is the sequestration of 
AML1 and MOZ to other nuclear dots indepen-
dent of the PML-NBs. Consequently, AML1b 
and MOZ could not induce the transcription 
program for differentiation of myeloid precur-
sor cells in the presence of the HIPK2 SIM 
mutant. These results indicated that recruit-
ment of HIPK2 into PML-NBs via SIM is crucial 
for the appropriate differentiation of hemato-
poietic precursor cells. Furthermore, since 
HIPK2 targeting into PML-NBs is also critical for 
p53-mediated induction of apoptosis [38, 39], 
cells expressing HIPK2 SIM-defective mutants 
are resistant to DNA damage response and cell 
death. Therefore, partitioning of HIPK2 into the 
nuclear dot structures independent of PML-
NBs plays dual roles in inhibition of cell death 
and myeloid differentiation, resulting in the 
development of cancers such as AML.
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