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Homeodomain-interacting protein kinase 1 (Hipk1), 2, and 3 genes encode evolutionarily conserved nuclear
serine/threonine kinases, which were originally identified as interacting with homeodomain-containing pro-
teins. Hipks have been repeatedly identified as interactors for a vast range of functional proteins, including not
only transcriptional regulators and chromatin modifiers but also cytoplasmic signal transducers, transmem-
brane proteins, and the E2 component of SUMO ligase. Gain-of-function experiments using cultured cells
indicate growth regulatory roles for Hipks on receipt of morphogenetic and genotoxic signals. However, Hipk1
and Hipk2 singly deficient mice were grossly normal, and this is expected to be due to a functional redundancy
between Hipk1 and Hipk2. Therefore, we addressed the physiological roles of Hipk family proteins by using
Hipk1 Hipk2 double mutants. Hipk1 Hipk2 double homozygotes are progressively lost between 9.5 and 12.5 days
postcoitus and frequently fail to close the anterior neuropore and exhibit exencephaly. This is most likely due
to defective proliferation in the neural fold and underlying paraxial mesoderm, particularly in the ventral
region, which may be attributed to decreased responsiveness to Sonic hedgehog signals. The present study
indicated the overlapping roles for Hipk1 and Hipk2 in mediating cell proliferation and apoptosis in response
to morphogenetic and genotoxic signals during mouse development.

Homeodomain-interacting protein kinases (HIPKs) com-
pose an evolutionarily conserved protein family in eukaryotes
(37). Based on database screening, it appears that three closely
related homologous genes encoding Hipks are conserved in
vertebrates, including humans, mice, dogs, cows, and frogs (H.
Koseki, unpublished). Mammalian HIPK1, HIPK2, and HIPK3
proteins were originally identified as nuclear protein kinases
that function as corepressors for various homeodomain-con-
taining transcriptional regulators, at least in part by forming a
complex with Groucho and a histone deacetylase complex (7,
37). There is extensive structural similarity exhibited by the
HIPKs with respect to their protein kinase domains, homeo-
protein interaction domains, PEST sequences, and C-terminal
regions enriched by tyrosine and histidine (YH domains). Al-
though HIPK proteins are mainly found in the nucleus with a
novel dot-like subnuclear distribution, which partially overlaps
promyelocytic leukemia (PML) nuclear bodies, they are nev-
ertheless also found in the cytoplasm (16, 44, 46). HIPKs have
been consistently identified as interactors for a vast range of
functional proteins, including not only transcriptional regula-
tors and chromatin modifiers but also cytoplasmic signal trans-
ducers, transmembrane proteins, and the E2 component of
SUMO ligase (11, 14, 19, 25, 30, 31, 36, 38, 39, 40, 45, 51, 55,

57, 60, 63, 64). These observations suggest that HIPKs have a
role in the transcriptional regulation, signal transduction, and
regulation of protein stability.

Recently, the growth regulatory functions of HIPKs have
been intensively investigated. HIPK1 and HIPK2 have been
shown to phosphorylate and activate p53, resulting in the en-
hancement of p53-dependent transcription, cell growth regu-
lation, and apoptosis initiation upon genotoxic insult (12, 13,
14, 30, 39, 46, 57). Independent of the p53 pathway, HIPK2
also appears to promote apoptosis upon genotoxic stress by
down-regulating the transcriptional corepressor C-terminal
binding protein (CtBP) (68, 69). In the cytoplasm, it has been
shown that HIPK3 transduces proapoptotic signals by death
receptors through interaction with TRADD and FADD (55).
In particular, HIPK1 appears to be a novel signal transducer in
tumor necrosis factor alpha-induced apoptosis signaling, acti-
vating the apoptosis signal regulating kinase 1/c-Jun N-termi-
nal kinase/p38 mitogen-activated protein kinase signaling cas-
cade (40). A proapoptotic function of HIPK2 has also been
proposed in primary neuronal cells (15, 65). Targeted deletion
of the Hipk2 locus leads to a reduction in apoptosis and an
increase in the trigeminal ganglion, whereas overexpression of
HIPK2 induces apoptosis in cultured sensory neurons. It is,
however, intriguing that the results from a study which used
Hipk1�/� mouse embryonic fibroblasts (MEFs) transformed
by E1A and H-Ras oncogenes suggested antiapoptotic and
oncogenic roles for HIPK1 (39). Therefore, taken together,
these findings suggest that HIPK proteins are involved in the
control of cell growth in response to various extracellular stim-
uli and that their functions are also affected by intrinsic cellular
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issues, such as the cell lineage, developmental stage, genotoxic
stress status, and so on.

It has been suggested that HIPK proteins mediate growth
regulation in response not only to genotoxic stress and tumor
necrosis factor alpha signaling but also to Wnt and transform-
ing growth factor � (TGF-�) signals. HIPK2 is involved in
Wnt-1-dependent phosphorylation and subsequent degrada-
tion of c-Myb, which may in turn regulate both the prolifera-
tion and apoptosis of hematopoietic cells (36). HIPK2 is also
capable of forming a multimeric complex with Axin, a common
denominator of Wnt signaling, by regulating the cellular level
of �-catenin and p53 (57). Similarly, HIPK2 appears to be
required for the inhibition of bone morphogenetic protein
(BMP)-induced transcriptional activation by forming a com-
plex with c-Ski and Smad1/4 and regulates TGF-�-induced Jun
N-terminal kinase activation and apoptosis (26, 31). Taking
these results together, it has been hypothesized that HIPKs
recognize multiple cellular inputs for the regulation of cell
proliferation and apoptosis by regulating the activity of their
interacting proteins and subsequently the transcription of the
various target genes. Since Wnt and TGF-� family proteins are
essential signaling molecules for the development of various
organs, it could be expected that HIPK proteins might play a
decisive role during embryogenesis by regulating various mor-
phogenetic signal transductions.

The physiological roles of HIPK family proteins have been
addressed by generating mutant alleles for Hipk1 and Hipk2
genes. Unexpectedly, however, Hipk1 and Hipk2 singly defi-
cient mice were grossly normal and fertile (39, 65). Because
of structural and functional similarity between HIPK1 and
HIPK2, we hypothesized that single-mutant phenotypes for
Hipk1 and Hipk2 deficiencies may represent some of the func-
tions of HIPK family proteins based on mutually compensative
properties. To address this possibility, we have generated
Hipk1 Hipk2 double mutants by crossing newly generated mu-
tant alleles for both genes and have examined doubly deficient
phenotypes. Hipk1�/� Hipk2�/� double-mutant embryos are
progressively lost between 9.5 and 12.5 days postcoitus (dpc),
whereas single mutants survive birth. By using compound mu-
tants, we show that Hipk1 and Hipk2 act in synergy to mediate
growth regulation upon genotoxic and morphogenetic signals.
Hipks may be involved in the integration of various extracel-
lular stimuli and the mediation of appropriate cellular re-
sponses during embryogenesis.

MATERIALS AND METHODS

Histological and skeletal analyses. RNA in situ hybridization, terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
with an in situ cell death detection kit (AP; Roche), bromodeoxyuridine (BrdU)
incorporation analysis, and skeletal preparations were all performed as described
previously (23).

Antibodies to mouse Hipk1 and Hipk2. To generate mouse Hipk1- and Hipk2-
specific monoclonal antibodies, glutathione S-transferase (GST)–Hipk1 (amino
acids 702 to 925) and GST-Hipk2 (amino acids 898 to 1051) fusions were purified
and injected into BALB/c mice. Consequently, three and five independent hy-
bridoma clones, H1-1, 3H5, and 3G6 against Hipk1 and 1F11, 2D1, 3F7, 3C5,
and 3E9 against Hipk2, respectively, were obtained. The H1-1 clone was used for
immunostaining while the 2D1 and 3E9 clones were used for immunostaining,
immunoblotting, and immunoprecipitation (IP). In addition to the monoclonal
antibodies, a rabbit polyclonal antibody against the GST-Hipk2 fusion (T. K.
Craft, Japan) was produced.

Immunostaining. Mouse Hipk1 and Hipk2 full-length cDNAs were isolated by
reverse transcriptase (RT)-PCR with mouse embryonic RNA. Myc-tagged Hipk1
and Hipk2 were subcloned into the expression vector pCXN2 (a gift from H.
Niwa) at the EcoRI site. These constructs were used for transfection into U2-OS
cells with Lipofectamine 2000 (Invitrogen). After 24 h, cells were fixed in 4%
paraformaldehyde for 5 min, permeabilized in 0.4% Triton X for 5 min, and
subjected to immunofluorescent staining with anti-Myc (9E10) antibody or the
anti-Hipk2 or PML (H-238; Santa Cruz Biotechnology) rabbit polyclonal anti-
body and then visualized by LSM510 confocal microscope (Carl Zeiss). To
address subcellular localization of endogenous Hipk1 and Hipk2, MEFs were
double-stained with H1-1 and the Hipk2 polyclonal antibody or 2D1 and the
anti-PML antibody. The visualization was carried out with an imaging system
consisting of an inverted IX71 microscope with UPlanSApo (magnification,
100�; numerical aperture, 1.40; oil; Olympus), a high-speed spinning disk con-
focal unit equipped with an ArKr laser system (CSU10; Yokogawa Electric
Corp., Japan), and a charge-coupled-device camera (ORCA-AG; Hamamatsu
Photonics).

Generation of Hipk1�/� Hipk2�/� mice. Approximately 16.5-kb and 17.5-kb
genomic clones for Hipk1 and Hipk2, respectively, were obtained from a �FIX
phage library of 129SVJ mice. Each genomic structure was determined by re-
striction mapping, Southern blotting, and sequencing. The Hipk1-targeting vec-
tor had the 5� arm of the XhoI-BamHI fragment (5 kb) from the genomic clone
and the 3� arm of the PCR fragment lacking the initiation codon (1.4 kb) inserted
by the neo cassette from pHR68 (a gift from T. Kondo) and the tk cassette
flanked by the 5� arm. The Hipk2-targeting vector had the 5� arm of the BamHI
fragment (3 kb) and the 3� arm of the BamHI-EcoRI fragment (2.2 kb) from the
genomic clone inserted by the neo cassette from pMC1-neo poly(A) and the tk
cassette. Germ line chimeras were made with these vectors as described previ-
ously (1). Targeted heterozygous mice were backcrossed onto C57BL/6 mice
more than three times and intercrossed to obtain homozygous mice. In addition,
Hipk1 Hipk2 double mutants were generated by crossing between Hipk1 and
Hipk2 single mutants, and Hipk1�/� Hipk2�/� males and females were mainly
maintained for embryological analyses. Hipk1 Hipk2 double mutants were
crossed with p53 mutant mice (24) to generate p53 Hipk1 Hipk2 triple mutants.

Immunoprecipitation. Whole-cell extracts were prepared by sonicating an 11.5
dpc embryo in 400 �l of IP buffer (20 mM HEPES [pH 7.8], 10% [vol/vol]
glycerol, 150 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol) containing 4 mM
Pefabloc SC (Roche). Lysates were precleared with 50 �l of 50% (vol/vol)
protein G-Sepharose at 4°C for 60 min and then incubated for 90 min with Hipk2
antibody (2D1)-bound protein G, which had already been prepared by mixing
100 �l of the 2D1 culture supernatant with 20 �l of 50% (vol/vol) protein
G-Sepharose and 300 �l IP buffer for 90 min. After this 90-min incubation
period, protein-bound protein G was washed five times with 800 �l IP buffer,
boiled in sodium dodecyl sulfate-sample buffer, separated on 6.5% denaturing
polyacrylamide gels, and then analyzed by Western blotting using the Hipk2
antibody (2D1).

Cell culture. MEFs were prepared from 12.5 dpc mouse embryos (33), which
were genotyped with yolk sac DNAs and then stored at �80°C. The MEFs were
grown in Dulbecco’s minimal essential medium supplemented with 10% fetal calf
serum and 1% (wt/vol) penicillin/streptomycin on 6-cm dishes at 37°C under 7%
CO2. At passage 4, the culture medium was removed and cells were irradiated
with UV (15 or 50 J/m2) with UV cross-linker (UV Products, Cambridge, United
Kingdom) and then recultured in the same medium. Subsequently, at the indi-
cated periods, cells were collected and the trypan blue-stained dead cells and
unstained living cells were counted. In addition, these cells were sonicated, and
each lysate (30 �g) was subjected to Western blot analysis with anti-p53 (M-19),
anti-Bax (B-9), and anti-p21 (F-5) from Santa Cruz Biotechnology, anti-cleaved
caspase 3 from Cell Signaling Technology, and anti-CtBP-1 from Upstate. Al-
ternatively, cells on coverslips 12 h after UV (15 and 50 J/m2) exposure were
subjected to a TUNEL assay with the kit described above and then counter-
stained with eosin.

Luciferase reporter assay. Human lung carcinoma H1299 cells (p53�/�) were
grown in RPMI 1640 medium supplemented with 10% fetal calf serum and
antibiotics and transfected with the Lipofectamine Plus transfection kit (Invitro-
gen, Grand Island, NY) according to the manufacturer’s protocol. Briefly, H1299
cells were seeded at a density of 5 � 104 cells/well in a 12-well tissue culture dish
and then cotransfected with 100 ng of p53-responsive luciferase reporter con-
structs carrying Bax and p21WAF1 promoter, 10 ng of pRL-TK (Promega), and 25
ng of the human or mouse p53 expression plasmid in either the presence or
absence of increasing amounts of the pCXN2-Myc-Hipk1 or -Hipk2 construct as
described previously (64). The total amounts of DNA used in each transfection
were kept constant (510 ng/transfection) using pcDNA3. Luciferase assays were
performed 48 h posttransfection with a dual luciferase reporter assay system
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(Promega) according to the manufacturer’s instructions. To examine the degree
of transactivation by DNA damage, transfected cells were exposed to UV (15 and
50 J/m2) at 24 h posttransfection or treated with cisplatin (Sigma Chemical Co.,
St. Louis, MO) at a final concentration of 20 �M for 24 h.

Explant culture of presomitic mesoderm and RT-PCR. Strips of the anterior
half of the unsegmented paraxial mesoderm were isolated from 9.5 dpc mouse
embryos by a combination of dispase treatment and subsequent surgical dissec-
tion using a tungsten needle, essentially following a previously described method
(21). Mouse tissues were embedded in collagen gels and cultured as described
previously (21). Bacterially expressed recombinant Shh protein was added to the
culture to a concentration of 100 ng/ml. After 2 days of culture, total RNA was
extracted from the explants in collagen gels as described previously (21). Each
sample was reverse transcribed by reaction with oligo(dT) primers in a volume of
20 �l. The product of this reaction was serially diluted in a ratio of 3:1, and
eventually amounts equivalent to 3, 1, 0.33, 0.11, 0.037, 0.012, 0.0041, and
0.00147 �l of the original reaction volume were subjected to PCR for Pax1, Twist,
and Hprt (21). The amounts of total cDNA were corrected by comparing the Hprt
signal intensities.

RESULTS

The expression of Hipk genes during embryogenesis. A pre-
requisite of the hypothesis that Hipk1 and Hipk2 act in a
redundant and mutually compensable manner is the coexpres-
sion and colocalization of Hipk family proteins. We therefore
compared the expressions of Hipk genes during embryogene-
sis, particularly around 9.5 dpc, at which embryonic stage var-
ious inductions that are required for subsequent organ de-
velopment take place. The expression of Hipk1 is seen
ubiquitously through 8.5 to 10.5 dpc but is slightly enhanced in
the neural tube at 10.5 dpc (16; K. Isono, unpublished). Hipk2
was intensely expressed in the neural tissues, including optic
and otic vesicles and newly generated paraxial mesoderm,
while other tissues also expressed lower but nevertheless sig-
nificant amounts of Hipk2 at 9.5 dpc (Fig. 1A, B, and G) (52).
The section at the level of the midbrain revealed the expression
in this region and in the emerging and migrating neural crest
cells and branchial arches and membranes (Fig. 1C, D, and E).
Interestingly, the expression was more intense in the neural
crest-derived cells localizing in the vicinity of the surface ec-
toderm. In the otic vesicle, intense expression was also seen at
the region juxtaposed to the surface ectoderm (Fig. 1F). In the
prospective trunk region, Hipk2 expression in the neural tube
was slightly more intense in the dorsal than the ventral region
and was not seen in the floor plate or the notochord (Fig. 1H).
Hipk2 expression in the paraxial mesoderm was transiently
increased in the cranial part of the presomitic mesoderm and
newly segmented somites (Fig. 1J). After de-epithelization of
the somites, the expression was lower in the sclerotome than in
the dermomyotome and was not seen in the myotome (Fig. 1I
and J). Therefore, Hipk2 is expressed in most tissues except for
the notochord, floor plate, and myotome. In contrast, Hipk3
was exclusively expressed in the myocardial wall of the heart
primordium and myotome (Fig. 1K, L, and M). These obser-
vations indicate that there is coexpression of Hipk1 and Hipk2
in various embryonic tissues.

Coexpression and colocalization of Hipk1 and Hipk2 gene
products. We went on to examine whether endogenous Hipk1
and Hipk2 proteins were coexpressed in embryonic cells by
immunofluorescence. Primary MEFs derived from 12.5 dpc
fetuses were used. In all MEFs examined, both proteins were
expressed and exhibited punctate localization throughout the
nucleus apart from the nucleoles (Fig. 1N, left). Higher

magnification views revealed that Hipk1 and Hipk2 were
condensed to numerous speckles, which were surrounded by
less-condensed foggy domains (Fig. 1N, middle). Condensed
speckles for Hipk1 and Hipk2 were mostly separated, and
overlapping regions were consequently limited. We also ob-
served their punctate distributions in cytoplasm. Minor frac-
tions of Hipk1 and Hipk2 were contained in PML nuclear
bodies as observed in various cell lines (Fig. 1N, right) (K.
Isono, unpublished). Therefore, Hipk1 and Hipk2 were co-
expressed in primary MEFs. Inclusion to similar extents of
both Hipk1 and Hipk2 in PML nuclear bodies may partly
indicate their functional similarity.

We next examined the colocalization of Hipk1 and Hipk2
following overexpression, since transiently expressed Hipk1
and Hipk2 in cultured cells were known to localize to sub-
nuclear speckles, which were much larger in size than those
seen in MEFs (14, 16, 30, 37, 44). We examined the subnuclear
localization of Hipk1 and Hipk2 in U2-OS cells that had been
transfected by expression vectors for Myc-tagged Hipk1 and
wild-type Hipk2, and these proteins were detected by immu-
nofluorescence with anti-Myc and -Hipk2 antibodies. Under
this condition, Hipk1 and Hipk2 strongly colocalized to sub-
nuclear speckles (Fig. 1O). Hipk1 also exhibited a partial co-
localization with PML nuclear bodies as well as Hipk2 (Fig.
1P) (14, 16, 30). This may imply that Hipk1 and Hipk2 are
potentially capable to colocalize to subnuclear domains in cer-
tain cellular contexts, which again indicates their functional
similarity.

Generation of Hipk1 Hipk2 doubly deficient mice. To gen-
erate Hipk1 Hipk2 doubly deficient mice, we independently
generated Hipk1 and Hipk2 mutant alleles. Since the kinase
domains have been shown to be essential for mediating tran-
scriptional repression, the intention was to generate mutant
alleles lacking their kinase domains (Fig. 2A and B) (7, 37).
The N-terminal halves of the kinase domains of Hipk1 and
Hipk2 were encoded by exons containing the start codon. For
Hipk1 mutagenesis, a targeting vector was designed to replace
a genomic fragment containing the start codon with a neomy-
cin-resistant (Neor) gene cassette (Fig. 2A). For Hipk2 knock-
out, a targeting vector was generated to replace the BamHI
fragment encoding the C-terminal part of the exon containing
the start codon and the flanking intronic region with the Neor

cassette (Fig. 2B). Both mutations were transmitted into the
germ line, and heterozygotes were crossed to generate the
homozygotes. Both single homozygous mutant mice were
grossly normal and born in a Mendelian ratio as reported for
other alleles (39, 65). RT-PCR revealed that both mutations
impaired the expression of Hipk1 and Hipk2 at least at the
regions encoding the kinase domains (Fig. 2C and D). Immu-
noprecipitation-Western analysis using a monoclonal antibody
against the interacting domain of Hipk2 further supported
depletion of intact Hipk2 protein in the homozygotic mutants
(Fig. 2D). However, we cannot exclude the presence of the
C-terminally truncated proteins in both mutants.

Embryonic lethality and exencephaly in Hipk1 Hipk2 double
homozygotes. To explore the phenotypes of Hipk1�/� Hipk2�/�

mice, double heterozygous mice which were viable and fertile
were crossed, and naturally delivered newborn pups were
genotyped. We found that all of the double homozygotes and
about half of the Hipk1�/� Hipk2�/� embryos were lost during
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gestation against their expected values predicted by Mendelian
fashion (Table 1). We next examined at which stage of gesta-
tion Hipk1�/� Hipk2�/� embryos were affected. Hipk1�/�

Hipk2�/� mice which were grossly normal and fertile were
mated, and the embryos were visually inspected under the
stereomicroscope at 8.5, 9.5, 10.5, and 12.5 dpc (Table 2).
Hipk1�/� Hipk2�/� embryos were indistinguishable from the
single homozygotes at 8.5 dpc. At 9.5 dpc, however, 7 out of

24 were dead and being absorbed, and 14 out of 17 live
embryos were smaller and developmentally delayed compared
to Hipk1�/� Hipk2�/� or Hipk1�/� Hipk2�/� embryos. Most
of the double homozygous mutants were dead before 12.5 dpc.

About half of the surviving Hipk1�/� Hipk2�/� and a small
subset of the Hipk1�/� Hipk2�/� embryos failed to close the
anterior neuropore and exhibited exencephaly at 9.5 and 11.5
dpc (Fig. 3A, B, and C; Table 3). This defect was characterized

FIG. 1. Expression of Hipk2 and Hipk3 in 9.5 dpc embryos, and subnuclear localization of Hipk1 and Hipk2. (A) Lateral view of Hipk2
expression in the cranial region. Note the intense expression in the neural tissue, including optic vesicle, mid- and hindbrains, and otic vesicle,
compared with the weaker expression in the mesodermal tissue. The sections that are shown in panels C, D, E and F are indicated. (B) Dorsal
view of Hipk2 expression in the cranial region. (C) Hipk2 expression at the level of midbrain (mb). Note the intense expression in the migrating
neural crest cells. (D) Hipk2 expression at the level of hindbrain (hb). (E) Hipk2 expression around the oropharynx (or) and first branchial arch
(ba). (F) Hipk2 expression at the level of the otic vesicle (ov). (G) Lateral view of Hipk2 expression in the caudal region. Note the intense
expression in the presomitic mesoderm and first somite. The sections shown in panels H, I, and J are indicated. (H) Hipk2 expression at the level
of the prospective interlimb region. Abbreviations: d, dermatome; da, dorsal aorta; m, myotome; nt, neural tube; sc, sclerotome. (I) Hipk2
expression at the level of de-epithelizing somite. Abbreviations: dm, dermomyotome; hg, hindgut. (J) Hipk2 expression at the level of presomitic
mesoderm (psm). (K) Lower-magnification view of Hipk3 expression. The regions shown in panels L and M are indicated by boxes. (L) Higher-
magnification view of Hipk3 expression. Abbreviations: cac, common atrial chamber of the heart; vc, ventricular chamber of the heart. (M) Higher-
magnification view of Hipk3 expression. (N) Coexpression of Hipk1 and Hipk2 in primary MEFs. (Left) Coexpression of endogenous Hipk1
(green) and Hipk2 (red) in a MEF. (Middle) Higher-magnification views of the framed region in the left panel: endogenous Hipk1 (top),
endogenous Hipk2 (middle), and merged image (bottom). (Right) A minor fraction of endogenous Hipk2 (green) is localized in PML bodies (red).
(O) Subcellular localization of transfected Myc-tagged Hipk1 (left, green) and Hipk2 (middle, red) in U2OS cells. A merged image is shown in
the right panel (yellow). (P) Subcellular localization of transfected Myc-tagged Hipk1 (left, green) and endogenous PML (middle, red) in U2OS
cells. A merged image is shown in the right panel (yellow).
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by an overgrowth of neural tissue, usually confined to the
region of the fore- and midbrain but occasionally affecting the
hindbrain (Fig. 3B and C). Apart from this particular neuro-
logical defect, we observed failure in lens vesicle formation
associated with disorientation of optic cups and fusion of dor-
sal root ganglia (DRG) (Fig. 3D and E). Since embryonic
survival was influenced by the dosage of Hipk mutations, we
addressed whether Hipk dosage affects the incidence of neural
tube closure defect (NTD) as well. Therefore, we crossed Hipk
compound mutants and examined Hipk genotypes at 10.5 and
11.5 dpc, because the anterior neuropore closes during the 15-
to 20-somite stage. In addition, we examined the gender effect,

FIG. 2. Generation of Hipk1 and Hipk2 mutant alleles. (A and B) Genomic organization of the Hipk1 and Hipk2 loci around the exon
containing the start codon (ATG) and their targeting constructs. Exonic regions are shown by shaded boxes. The position of each external probe
(probe) is indicated. Arrowheads indicate primers used for RT-PCR. Abbreviations: neo, neomycin-resistant gene cassette; tk, herpes simplex virus
thymidine kinase gene; Bm, BamHI; RI, EcoRI; RV, EcoRV; Xb, XbaI; Xh, XhoI. (C) Top: Southern blot analysis of Hipk1 mutant allele.
Genomic DNAs from respective genotypes are digested with EcoRI and probed. Bottom: RT-PCR analysis of Hipk1 mRNA with total RNAs from
12.5 dpc embryos. wt, wild type. (D) Top left: Southern blot analysis of Hipk2 mutant allele. Genomic DNAs from respective genotypes are digested
with EcoRV and XhoI and probed. Bottom left: RT-PCR analysis of Hipk2 mRNA with total RNAs from 12.5 dpc embryos. Right: IP-Western
blot analysis of Hipk2 gene products in the wild-type (wt) and homozygous mutant (�/�) embryos at 11.5 dpc. Precipitates of anti-Hipk2 antibody
were blotted with the Hipk2 antibody.

TABLE 1. Survival of Hipk compound mutant micea

Genotype
No. of mice

Born Expected

Hipk1�/� Hipk2�/� 11 9.5
Hipk1�/� Hipk2�/� 29 19
Hipk1�/� Hipk2�/� 21 19
Hipk1�/� Hipk2�/� 13 9.5
Hipk1�/� Hipk2�/� 9 9.5
Hipk1�/� Hipk2�/� 42 38
Hipk1�/� Hipk2�/� 19 19
Hipk1�/� Hipk2�/� 8 19
Hipk1�/� Hipk2�/� 0 9.5

a Mating type: Hipk1�/� Hipk2�/� � Hipk1�/� Hipk2�/�.
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as the incidence of NTD tends to be higher in females than in
males (3, 35, 59). The incidence of NTD in the various Hipk
mutants had not fully penetrated, even in the Hipk1�/�

Hipk2�/� embryos, although the differences were significant
and its penetrance was clearly affected by Hipk gene dosage
(Table 3). For all genotypes, NTD occurred more frequently
in females than in males. We also found that Hipk2 plays a
more dominant role than Hipk1 in the suppression of NTD
as well as in embryonic survival. Therefore, Hipk1 and Hipk2
mutations synergistically affect embryonic survival and neu-
ral tube closure.

Embryonic lethality in Hipk1 Hipk2 double homozygotes
involves p53. Female-skewed incidence of NTD has also been
reported in p53-deficient mice, in which about 30% and 1% of
homozygous females and males, respectively, exhibit exen-
cephaly (59). Moreover, there is considerable evidence for
functional interactions between HIPKs and p53 in human cells

(12, 13, 14, 30, 39, 46, 57). These findings prompted us to
address whether Hipks act via p53 during mouse development.
Triple compound mutants were crossed to Hipk1 Hipk2 com-
pound mutants, and the morphology and genotype of the em-
bryos were examined at 12.5 dpc. Four exencephalic embryos
turned out to be p53�/� Hipk1�/� Hipk2�/�, whereas none
were p53�/� Hipk1�/� Hipk2�/�; this result was surprising
given the mating conditions, under which 4.5 embryos in the
respective genotypes would have been expected. Although
the number of samples examined was not sufficient to draw
any statistical conclusions, it is possible that p53 is at least in
part involved in the mediation of early embryonic lethality in
Hipk1�/� Hipk2�/� embryos.

To address the molecular basis for this genetic interaction,
we examined whether murine Hipk1 and Hipk2 were capable
of acting together with murine p53 in the regulation of p53-
dependent transcription. H1299 cells (p53�/�) were cotrans-
fected with expression vectors encoding human or murine p53
and murine Hipk1 or Hipk2 together with a reporter vector
carrying the p21WAF1 or Bax promoter (Fig. 4). Both Hipk1 and
Hipk2 increased p53-mediated transactivation of p21WAF1 and
Bax promoters via murine p53 to an extent similar to that of
the human counterpart. In contrast, Hipk1 or Hipk2 alone had
no effect on either promoter. Therefore, Hipk1 and Hipk2
were shown to regulate p53 functions via physical interactions
to mediate embryonic survival despite murine p53 lacking
serine 46, which is conserved in human p53, phosphorylated by
HIPK2, and involved in mediation of apoptosis upon genotoxic
stimuli (14, 30, 47). Importantly, cotransfection of Hipk1 and
Hipk2 did not exhibit any synergistic effects on the transacti-
vation of p53 (Y. Li and A. Nakagawara, unpublished obser-
vations). Synergistic enhancement of respective single-mutant
phenotypes in compound mutants might be due to functional
redundancy or gene dosage effects rather than cooperation
between Hipk1 and Hipk2.

Hipks mediate proliferation during neural and mesodermal
development. In most mouse NTD models, NTDs reflect fail-
ure of neural fold elevation. Some NTD mutants, including
p53, Gadd45a, and Terc, suggest that genes with a basic mitotic
function also have a function specific to neural fold elevation
(29, 34, 59). Indeed, HIPK family proteins have been shown to
play significant roles in the regulation of cell growth and apop-

FIG. 3. Exencephaly and other histological abnormalities in
Hipk1�/� Hipk2�/� embryos. (A) Lateral view of 11.5 dpc Hipk1�/�

Hipk2�/� embryos exhibiting exencephaly. (B) Frontal section of 12.5
dpc Hipk1�/� Hipk2�/� embryos. (C) Frontal section of 9.5 dpc
Hipk1�/� Hipk2�/� embryos. Overgrowth of neural tissue is usually
confined to the region of the fore- and midbrain. (D) Normal forma-
tion of lens vesicle (left) and DRG (right) in Hipk1�/� Hipk2�/�

embryos. (E) Failure of lens vesicle formation associated with disori-
entation of optic cups and fusion of DRGs in Hipk1�/� Hipk2�/�

embryos.

TABLE 2. Survival of Hipk1�/� Hipk2�/� embryos
during gestationa

Genotype

No. of live embryos (no. of embryos being
resorbed) at indicated dpc:

8.5 9.5 10.5 12.5

Hipk1�/� Hipk2�/� 7 (0) 34 (2) 22 (2) 14 (0)
Hipk1�/� Hipk2�/� 12 (0) 43 (3) 30 (4) 23 (0)
Hipk1�/� Hipk2�/� 5 (0) 24 (7) 12 (7) 1 (5)

a Mating type: Hipk1�/� Hipk2�/� � Hipk1�/� Hipk2�/�.

TABLE 3. Incidence of NTD in male and female
Hipk compound mutants

Genotype Gender NTD/totala (%)

Hipk1�/� Hipk2�/� Male 0/37 (0)
Female 1/36 (2.8)

Hipk1�/� Hipk2�/� Male 0/23 (0)
Female 1/21 (4.8)

Hipk1�/� Hipk2�/� Male 0/29 (0)
Female 1/31 (3.2)

Hipk1�/� Hipk2�/� Male 1/62 (1.6)
Female 5/63 (7.9)

Hipk1�/� Hipk2�/� Male 3/39 (7.7)
Female 4/24 (16.7)

Hipk1�/� Hipk2�/� Male 11/28 (39.3)
Female 10/18 (55.6)

a Number of embryos with NTD/total number of embryos with indicated
genotype.
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tosis in cultured cells and in primary sensory neurons (14,
15, 30, 39, 65). Therefore, we hypothesized that NTD in
Hipk1�/� Hipk2�/� embryos may involve changes in cell
growth in developing neural tube and paraxial mesoderm be-
cause the neural tube closure involves not only the neuroecto-
derm but also the underlying paraxial mesoderm. We first
examined cellular proliferation by labeling 9.5 dpc embryos by
BrdU around the level of midbrain/hindbrain boundary and
prospective cervicothoracic boundary. We crossed Hipk1�/�

Hipk2�/� mice and compared Hipk1�/� Hipk2�/� and Hipk1�/�

Hipk2�/� embryos because Hipk1 single mutants were mor-
phologically normal. In the cranial region, the frequency of
mitotic cells in the Hipk1�/� Hipk2�/� neural tube was signif-
icantly reduced to 45% and 29% of that of the Hipk1�/�

embryos in the dorsal and ventral regions, respectively (Fig.
5A, B, E, F, and I). Proliferation of the cephalic mesoderm of
the Hipk1�/� Hipk2�/� embryos was also reduced to 43% of
the Hipk1�/� embryos. In the trunk region, proliferation was
affected in the ventral but not the dorsal region of the neural
tube and in the sclerotomal compartment of the paraxial me-
soderm in the Hipk1�/� Hipk2�/� embryos (Fig. 5C, D, G, H,
and J). We next investigated the frequency of apoptotic cells in
the Hipk1�/� Hipk2�/� and Hipk1�/� Hipk2�/� embryos by

TUNEL staining. Although we did not see a significant differ-
ence within the neural tube in the cranial region, numbers of
apoptotic cells were significantly increased in the condensing
trigeminal and facioacoustic neural crest cells (Fig. 5K). In the
trunk region, we reproducibly observed more apoptotic out-
bursts in the sclerotomal compartment in Hipk1�/� Hipk2�/�

than Hipk1�/� Hipk2�/� embryos but did not see significant
changes in the neural tube. Therefore, Hipks are shown to
promote mitosis and repress apoptotic outbursts in a tissue-
specific manner during embryogenesis, which could partly be
the cause of the defects in neural fold elevation. Interestingly,
the fusion of DRGs is caused by an insufficient proliferation of
sclerotomal cells, which may fail to provide the mesenchymal
cells that separate DRGs, or by defects in craniocaudal spec-
ification of the somitic mesoderm (50, 58, 62). Craniocaudal
specification and subsequent segmentation of the somites oc-
curs normally, as revealed by the expression of Uncx4.1 and
Hes5 in Hipk1�/� Hipk2�/� embryos (K. Isono, unpublished).
Therefore, DRG fusion may also be at least in part due to
impaired proliferation of sclerotomal cells.

Defective Pax1 induction by Shh in Hipk double mutants.
We next examined the expression of genes involved in the
incidence of NTD in Hipk1�/� Hipk2�/� embryos. It is partic-
ularly interesting to investigate the expression of Twist, Shh,
and Shh-dependent genes like Pax1 and Pax3 (5, 6, 22). Cranial
NTD in Twist homozygotes was associated with the reduction
of proliferation and expansion of the cranial mesenchyme. Shh
is a predominant signaling molecule involved in neural fold
elevation, which mediates the proliferation and differentiation
of the neural tube and paraxial mesoderm by inducing a series
of transcriptional regulators in the ventral regions of the re-
spective tissues (22, 56). We further examined the expression
of Pax1, which is expressed in the sclerotome in a Shh-depen-
dent manner and is involved in the mediation of the prolifer-
ation of sclerotomal cells (22, 62). NTD in the Pax3 mutant was
shown to involve p53, and Pax3 expression is repressed in the
ventral region of the neural tube and paraxial mesoderm by
Shh (20, 49).

In the wild-type and Hipk1�/� embryos at 9.5 dpc, Twist is
expressed in the branchial arches and paraxial and lateral plate
mesoderm (Fig. 6A, left). In Hipk1�/� Hipk2�/� embryos, the
expression was significantly reduced in the paraxial and lateral
plate mesoderms but not in the branchial arches (Fig. 6A,
right). Shh expression was not significantly changed in the
notochord of Hipk1�/� Hipk2�/� embryos but was reduced in
the floor plate (Fig. 6B, bottom). Sclerotomal expression of the
Pax1 gene was decreased in Hipk1�/� Hipk2�/� embryos while
the expression in the pharyngeal pouches was not significantly
changed (Fig. 6B, top). The expression of Pax3 in the dorsal
regions of fore-, mid-, and hindbrain was not grossly changed
in Hipk1�/� Hipk2�/� embryos irrespective of exencephaly (K.
Isono, unpublished). However, we observed that in the neural
tube in Hipk1�/� Hipk2�/� embryos, the Pax3 expression do-
main was ventrally expanded (Fig. 6C). Since the expression of
Pax1 and Pax3 in the paraxial mesoderm and/or neural tube
are regulated by Shh, it is likely that Shh signaling is affected in
Hipk1�/� Hipk2�/� embryos. To exclude the possibility that
the expression of Shh gene products is reduced in double
homozygotes, we monitored the expression of Foxa2 in the
floor plate, which is also Shh dependent (56) (Fig. 6D). Foxa2

FIG. 4. Hipk1 and Hipk2 enhance p53-dependent transactivation
of p21WAF1 and Bax promoters via murine p53. p53-deficient H1299
cells were transiently cotransfected with the expression plasmid for
human p53 (hp53) or murine p53 (mp53) along with luciferase re-
porter constructs containing p21WAF1 (top) or Bax (bottom) promoter
in the absence or presence of increasing amounts of transfected Hipk1
or Hipk2. Transfection efficiency was standardized against Renilla lu-
ciferase. The average relative luciferase activities in triplicate experi-
ments are represented by bars. Means � standard deviations of results
are shown as fold induction of luciferase activity compared with num-
ber of cells transfected with vacant pcDNA3. Data shown are repre-
sentative of three independent experiments with similar results. The
significance of the differences were evaluated by the Student’s t test.
The bars marked with asterisks indicate significant difference (P 	
0.05) from the bars indicated by open circles.
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expression was not changed in the floor plate or the midgut
endoderm. Therefore, it is likely that the notochordal expres-
sion of Shh protein is unaffected in Hipk1�/� Hipk2�/� em-
bryos. To examine whether cellular responses might be primar-
ily impaired upon Shh signaling, we cultured explants of
unsegmented paraxial mesoderm, as described previously, in
the presence of Shh and investigated the Pax1 expression in
Hipk1�/� Hipk2�/� embryos (20, 21). Shh clearly induced Pax1
expression in the micromass culture of wild-type presomitic
mesoderm (Fig. 6E, left). In contrast, Shh-dependent expres-
sion of Pax1 was totally abolished in the paraxial mesoderm
derived from Hipk1�/� Hipk2�/� embryos (Fig. 6E, right),
suggesting that Shh signaling to the Pax1 induction was im-

paired. The expression of Twist was also reduced to about half
that of the wild type. We did not see a significant reduction of
Pax1 expression in either single mutant (H. Koseki, unpub-
lished). Therefore, it is likely that Hipk1 and Hipk2 are in-
volved in the mediation of Shh-dependent proliferation of the
paraxial mesoderm at least in part via transcriptional regula-
tion of Pax1 (6, 22).

Regulation of Hox gene expression by Hipks. HIPK1 and
HIPK2 are capable of binding to the homeodomains of not
only NK classes but also Hox cluster genes (37). Evidence for
autoregulation of Hoxa4 and Drosophila Deformed (4, 48) sug-
gested the involvement of Hipks in the expression of Hox
genes. This possibility was further supported by the following

FIG. 5. Reduced mitotic cells and increased apoptotic cells in Hipk1�/� Hipk2�/� embryos. (A) Distribution of BrdU-positive cells in the
cranial region of Hipk1�/� Hipk2�/� embryos at 9.5 dpc. Frequencies of BrdU-labeled cells were counted in the boxes in the dorsal region of the
neural tube (DNT in panels I and J), ventral region of the neural tube (VNT in panels I and J, with a higher magnification shown in panel B) and
cephalic mesoderm (CM in panels I and J). (B) Higher magnification of the area indicated by box B in panel A. (C) Distribution of BrdU-positive
cells in the prospective trunk regions of Hipk1�/� Hipk2�/� embryos at 9.5 dpc. Frequencies of BrdU-labeled cells were counted in the boxes in
the dorsal region of the neural tube (DNT in panels I and J), ventral region of the neural tube (VNT in panels I and J, with a higher magnification
shown in panel D) and sclerotome (Scl in panels I and J). (D) Higher magnification of the area indicated by box D in panel C. (E) Distribution
of BrdU-positive cells in the cranial regions of Hipk1�/� Hipk2�/� embryos at 9.5 dpc. The frequency of BrdU-labeled cells was counted in the
areas demarcated by the boxes. (F) Higher magnification of the area indicated by box F in panel E. (G) Distribution of BrdU-positive cells in the
prospective interlimb regions of Hipk1�/� Hipk2�/� embryos at 9.5 dpc. (H) Higher magnification of the area indicated by box H in panel G.
(I) Frequency of BrdU-labeled cells in the regions indicated by boxes in the cranial region. DNT, dorsal region of the neural tube; VNT, ventral
region of the neural tube; CM, cephalic mesoderm. Means are shown by black (Hipk1�/� Hipk2�/�) and gray (Hipk1�/� Hipk2�/�) bars.
(J) Frequency of BrdU-labeled cells in the regions indicated by boxes in the prospective trunk region. Scl, sclerotome. (K) Distribution of apoptotic
cells revealed by TUNEL staining in the cranial (top) and prospective trunk (bottom) regions. In the cranial region, sections through the trigeminal
(V) and facioacoustic (VII-VIII) neural crest tissues are shown although the section of Hipk1�/� Hipk2�/� embryo (top left) is oblique. Note the
significant apoptotic outbursts in the trigeminal and facioacoustic neural crest tissues of the Hipk1�/� Hipk2�/� embryo (top right). In the
prospective trunk region, apoptotic outbursts are more pronounced in the sclerotomal compartments in the Hipk1�/� Hipk2�/� embryo (bottom
right) than the Hipk1�/� Hipk2�/� embryo (bottom left).
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observations. CRE-binding protein, which interacts with Hipk2,
was shown to be involved in the regulation of Hox gene ex-
pression via binding to the Hox gene promoters (54). Further-
more, Hipk2 was demonstrated to be activated by Wnt signal-
ing, which was also shown to impact Hox gene expression, in
cultured cells (36, 41). Therefore, we examined the expression
of Hox genes and the anterior-posterior specification of the
axial skeleton in Hipk mutants. Sixty-nine and 20% of
Hipk1�/� Hipk2�/� and Hipk1�/� Hipk2�/� mice, respectively,
possessed ectopic ribs associated with the seventh cervical ver-
tebra (C7) and missed the prominent spinous process from the
second thoracic vertebra (T2), which may represent posterior
transformations around the cervicothoracic boundary (Fig. 7A
and B). The ectopic ribs were present in the single homozy-
gotes with lower penetrance, whereas there were no changes in
single heterozygotes (Fig. 7C). Therefore, Hipk1 and Hipk2
synergistically regulate the segmental identity. Next, we exam-
ined the Hox gene expression in the paraxial mesoderm and
neural tube. In the paraxial mesoderm, no obvious changes
were observed in Hoxb6 or Hoxb8 expression, which demar-
cates the prospective cervicothoracic boundary, in 11.5 dpc
Hipk1�/� Hipk2�/� embryos (H. Koseki, unpublished). We
went on to analyze the expression of Hox genes at 9.5 dpc,
particularly in the neural tube. Hoxb1 is predominantly ex-
pressed in rhombomere 4 (r4) and in the prospective spinal
cord in the wild type (Fig. 7D). We found groups of Hoxb1-
expressing cells in the r6 region in Hipk1�/� Hipk2�/� and
Hipk1�/� Hipk2�/� embryos (Fig. 7E and F). The Hoxb6 ex-
pression in the dorsal neural tube was seen up to the level of
the fourth myotome in the wild type (Fig. 7G). This expression
was extended to the level of the third myotome in Hipk1�/�

Hipk2�/� embryos (Fig. 7H). In contrast, the expression of
Hoxa1, Hoxa2, or Hoxb3 was not changed in Hipk1�/�

Hipk2�/� embryos (K. Isono, unpublished). Therefore, this
suggests that Hipk1 and Hipk2 regulate the expression of a
subset of Hox cluster genes during embryogenesis. It is possible
that derepression of Hox expression in Hipk compound mu-
tants may involve an interaction between Hox proteins and
Hipk gene products. Otherwise, considering that Hipks act as
repressors with histone deacetylase complexes (7, 37), Hipk1
and Hipk2 might regulate Hox expression at the transcription
level. Whatever the intrinsic mechanisms that operate to main-
tain Hox gene expressions, Hox gene expressions are known to
be regulated by various morphogenetic signals that include
Wnts, retinoic acids, Notch signals, fibroblast growth factors,
and maybe others (10, 41, 67). Derepression of Hox cluster
genes in Hipk mutants might be another indication for the role
of Hipks to integrate various signals and mediate appropriate
cell growth to accomplish normal organ development.

The role of Hipks for activation of cell cycle checkpoints in
embryonic cells. Previous studies using human tumor cell lines

FIG. 6. Changes in Shh-dependent gene expression in the paraxial
mesoderm and neural tube of Hipk1�/� Hipk2�/� embryos. (A) Ex-
pression of Twist in Hipk1�/� Hipk2�/� (left) and Hipk1�/� Hipk2�/�

(right) embryos at 9.5 dpc. (B) Expression of Pax1 and Shh in Hipk1�/�

Hipk2�/� (left) and Hipk1�/� Hipk2�/� (right) embryos at 9.5 dpc.
Whole-mount in situ hybridization (top) revealed significant reduction
of Pax1 expression in Hipk1�/� Hipk2�/� (top right). Sections of the
prospective cervical regions are shown (bottom). (C) Expression of
Pax3 in the prospective cervical regions of Hipk1�/� Hipk2�/� (left)
and Hipk1�/� Hipk2�/� (right) embryos at 9.5 dpc. (D) Expression of
Foxa2 at the midgut level of Hipk1�/� Hipk2�/� (left) and Hipk1�/�

Hipk2�/� (right) embryos at 9.5 dpc. (E) Impaired Pax1 induction by
Shh in explant culture of presomitic mesoderm from 9.5 dpc Hipk1�/�

Hipk2�/� embryos. Total RNA extracted from the explant culture of
presomitic mesoderm from wild-type (left) and Hipk1�/� Hipk2�/�

(right) embryos were reverse transcribed and subjected to PCR for
Pax1 and Twist, with hprt used as a control.
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have shown that HIPK1 and HIPK2 were involved in mediat-
ing DNA damage-induced apoptosis or cell cycle arrest by
regulating the p53 and/or CtBP (14, 30, 38, 68, 69). If this is
also the case in primary embryonic cells, it is hypothesized that
Hipk1 and Hipk2 are involved in eliminating proliferating pro-
genitors with genetic instability, which may in turn guarantee
normal organ development and homeostasis. We therefore

examined cellular growth upon genotoxic insult by using pro-
liferating primary MEFs generated from 12.5 dpc fetuses,
apart from the double homozygotes, which die at an earlier
stage. We tested the UV response of MEFs with mutations in
Hipk and p53�/�, as a reference. The numbers of dead and
living cells were counted 6, 11, and 24 h after UV (50 J/m2)
exposure. Hipk1 and Hipk2 single-mutant MEFs were slightly

FIG. 7. Homoeotic transformations of the axial skeleton and ectopic expressions of Hoxb1 and Hoxb6 in the neural tubes of Hipk1�/� Hipk2�/�

embryos. (A) Lateral view of the cervicothoracic region of a newborn Hipk1�/� Hipk2�/� mouse. Abbreviations: C1, first cervical vertebra; C2,
second cervical vertebra; C7, seventh cervical vertebra; T1, first thoracic vertebra. (B) Lateral view of the cervicothoracic region of a newborn
Hipk1�/� Hipk2�/� mouse. An ectopic rib associated with C7 is indicated by the blue arrowhead. (C) Summary of homoeotic transformations of
axial skeleton. The numbers of affected individuals are shown in parentheses. T13C7 transformation is characterized by the ectopic rib associated
with C7. T23T1 transformation is characterized by the shift of the prominent spinous process from T2 to T1. C73C6 transformation is
characterized by the lack of anterior processes from C6 and the concomitant appearance of the anterior process on C5. S13L6 transformation
is characterized by the sacroiliac joint in L6. (D) Expression of Hoxb1 in Hipk1�/� Hipk2�/� embryos at 9.5 dpc. Note that the expression is
localized to rhombomere 4 (r4) and the prospective spinal cord. ov, otic vesicle. (E) Expression of Hoxb1 in Hipk1�/� Hipk2�/� embryos at 9.5
dpc. Note the subtle derepression in rhombomere 6 (r6), which is indicated by an arrowhead. (F) Expression of Hoxb1 in Hipk1�/� Hipk2�/�

embryos at 9.5 dpc. Note the derepression in rhombomere 3 (r3) and r6, which are indicated by arrowheads. (G) Expression of Hoxb6 in Hipk1�/�

Hipk2�/� embryos at 9.5 dpc. Positions of somites are visualized by myogenin expression, and each segment is numerically indicated. The anterior
boundary of Hoxb6 expression in the neural tube is indicated by an arrowhead. (H) Expression of Hoxb6 in Hipk1�/� Hipk2�/� embryos at 9.5 dpc.
Note that the anterior boundary is shifted to the level of the third somite.
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resistant to UV exposure compared to the wild type (Fig. 8A).
Hipk1�/� Hipk2�/� MEFs were more resistant than single
mutants, and the frequency of dead cells was equivalent to that
for p53�/� cells. This result was further confirmed by TUNEL

assay and Western blotting for cleaved caspase-3, which rep-
resents apoptotic outbursts. Frequency of TUNEL-positive
cells induced by UV irradiation was significantly reduced in
p53�/�, Hipk2�/�, and Hipk1�/� Hipk2�/� MEFs compared to

FIG. 8. Hipks mediate UV-induced apoptosis in primary MEFs. (A) Frequency of dead cells 6, 11, and 24 h after UV irradiation as revealed
by trypan blue exclusion. Means � standard deviations are shown by bars for the respective genotypes. (B) Frequency of apoptotic cells 12 h after
UV irradiation (15 or 50 J/m2) as revealed by TUNEL assay. (Top) Microscopic views of TUNEL-positive cells induced by UV (15 J/m2) in
wild-type (wt; left), p53�/� (middle), and Hipk1�/� Hipk2�/� (right) MEFs. (Bottom) Frequency of apoptotic cells 12 h after UV irradiation (15
or 50 J/m2) are summarized. Means � standard deviations are shown by bars for the respective genotypes. (C) Western blot analyses for the cleaved
form of caspase-3 in MEFs with respective genotypes. Nonirradiated MEFs were used as the 0 J control. (D) Expression of p53, Bax, and p21WAF1

in Hipk mutant MEFs 6, 11, and 24 h after UV irradiation. Nonirradiated MEFs were used as the 0 h control. After immunodetection, membranes
were stained with Coomassie brilliant blue (CBB) to quantify the amounts of blotted proteins. (E) Expression of CtBP1 in Hipk mutant MEFs 12 h
after UV irradiation (15 or 50 J/m2).
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the wild type (Fig. 8B). Concordantly, accumulation of cleaved
caspase-3 upon UV irradiation was affected in p53�/�,
Hipk2�/�, and Hipk1�/� Hipk2�/� MEFs (Fig. 8C). In conclu-
sion, Hipk1 and Hipk2 were required to mediate apoptosis
upon UV stress in murine proliferating MEFs as well as human
tumor cell lines. Therefore, Hipks were suggested to activate
cell cycle checkpoints in embryonic primary cells.

We next addressed whether the p53 or CtBP pathway was
activated by Hipk1 and Hipk2 upon UV irradiation in MEFs.
In UV-irradiated human tumor cells, HIPK2 activates human
p53 at least via phosphorylation of serine 46, which in turn
induces the apoptosis-inducible factor gene p53AIP1 (14, 30,
47). Hipks were shown to activate murine p53-mediated tran-
scription of p21WAF1 and Bax promoters, and p53 was sug-
gested to mediate embryonic lethality in Hipk1 Hipk2 double
homozygotes (Fig. 4). However, murine p53 does not possess a
serine residue equivalent to the serine 46 of human p53, and
neither has a p53AIP1 locus been found in the mouse genome
(see Fig. S1 and S2 in the supplemental material). We thus
examined the involvement of p53 by analyzing the expression
of p53 and the two p53 targets, p21WAF1 and Bax, in Hipk
mutants upon UV irradiation (18, 43). Interestingly, we did not
see a significant difference in the expression of p53, p21WAF1,
or Bax between Hipk mutants and the wild type (Fig. 8D). We
then examined the cellular senescence in Hipk-mutated MEFs
since this is accompanied by accumulation of p53 gene prod-
ucts and cancelled by p53 mutation (27). Hipk1�/� Hipk2�/�

and Hipk1�/� Hipk2�/� MEFs senesced like the wild type in a
strict 3T9 protocol while p53�/� MEFs kept on growing (K.
Isono, unpublished) (27). Therefore, Hipk1 and/or Hipk2 may
not mediate apoptosis or cellular senescence upon UV or
mitotic stress, respectively, by stabilizing p53. However, we
could not exclude other possibilities that Hipk1 and Hipk2
might activate p53 through phosphorylation of other common
residues or other modifications.

We went on to analyze the expression of CtBP in Hipk
mutant MEFs, since UV-inducible phosphorylation of human
CtBP at serine 422 by HIPK2 destabilizes CtBP and the re-
duction of CtBP promotes apoptosis irrespective of p53 acti-
vation (68, 69). In the wild-type MEFs, UV irradiation induced
a reduction of CtBP1 expression in a UV dose-dependent
manner (Fig. 8E). In contrast, CtBP1 expression was not sig-
nificantly decreased after UV exposure in Hipk1�/� Hipk2�/�,
Hipk1�/�, or Hipk2�/� MEFs. Therefore, it is likely that Hipk1
and Hipk2 are involved in mediating UV-induced apoptosis
by decreasing CtBP expression in MEFs, although it might
be of note that the stabilized CtBP level alone cannot ex-
plain the difference of apoptotic resistance between each
Hipk single mutant and Hipk1�/� Hipk2�/�. Taken together,
Hipk1 and Hipk2 are required for not only proliferation of
embryonic cells upon morphogenetic signals but also acti-
vation of cell cycle checkpoints upon genotoxic stimulus
during embryogenesis.

DISCUSSION

In this study, by using Hipk1 Hipk2 compound mutants, we
have shown that Hipk1 and Hipk2 act in synergy to mediate
growth regulation upon morphogenetic and genotoxic signals.
Since both Hipk1 and Hipk2 are expressed almost ubiquitously

around 9.5 dpc and their products are coexpressed in the nuclei
of MEFs and colocalized to subnuclear domains following
overexpression, the molecular basis for this synergy is most
likely due to the functional overlap between Hipk1 and Hipk2
and mutually compensative properties, although Hipk2 may
exert a slightly dominant role. It is also noteworthy that em-
bryonic survival and neural tube closure are affected in com-
pound mutants in a gene dosage-dependent manner. This ge-
netic interaction could imply that the total amount of Hipk
protein is an important parameter in mediating the appropri-
ate cellular responses required for normal development. In-
deed, the expression level of HIPK2, which correlates in a
linear fashion with the degree of DNA damage, differentially
impacts the posttranslational modifications of human p53 and
subsequent cellular responses (12, 13). It has also been shown
that the phosphorylation and sumoylation statuses of HIPK2
are altered by various cellular inputs, which in turn affect the
HIPK2 functions (32, 60). It is therefore likely that several
distinct mechanisms operate to maintain the functional quan-
tity of Hipks. In vertebrates, the presence of three structurally
and functionally homologous Hipk proteins might be involved
in guaranteeing that the appropriate amounts of functional
Hipks are available throughout embryogenesis and in allowing
postnatal survival.

Regulation of cell growth by Hipk1 and Hipk2 during em-
bryogenesis is shown to involve not only induction of transcrip-
tion factors required for morphogenetic proliferation but also
activation of cell cycle checkpoints upon genotoxic stimulation.
It is thus possible that activation of Hipks by various morpho-
genetic signals may sensitize proliferating progenitor cells for
apoptotic outbursts, which may facilitate elimination of cells
with genetic instability. Notably, loss of Hipks also activates
checkpoints since embryonic lethality in Hipk1�/� Hipk2�/�

embryos is at least partly alleviated by p53 mutation. Therefore
Hipks are tightly linked to cell cycle checkpoint mechanisms in
embryonic cells and may either activate or repress their func-
tions to mediate the appropriate cellular responses by sensing
various extracellular stimuli.

It has been suggested that, by regulating the transcription of
target genes such as Pax1 and Pax3, Hipks mediate Shh sig-
naling, which results in the proliferation in developing paraxial
mesoderm and neural tube. This is in agreement with previous
observations that HIPKs bind and activate CRE-binding pro-
tein, which is a functional component of Shh signaling (2, 9,
22). Intriguingly, HIPK2 has also been shown to negatively
regulate BMP-induced transcription by inhibiting Smads (26).
Since opposing long-range signals mediated by Shh and BMP4
are essential for dorsoventral specification of the neural tube
and paraxial mesoderm (22, 42), Hipks may be involved in the
integration of two antagonizing signals and thereby facilitate
cell growth and differentiation in the ventral regions. Different
cellular inputs appear to induce different modifications or alter
the subcellular localization of Hipks and subsequently drive
transcription of different target genes by means of differential
interactions with its binding partners (60). This previous con-
clusion is supported by our findings that Hipk1 and Hipk2
promote UV-induced apoptosis in MEFs but repress apoptotic
outbursts in some differentiating tissues. The most attractive
scenario for this integrating role of Hipks during the dorso-
ventral specification is that a certain alteration of Hipks in-
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duced by Shh signaling may facilitate the formation of a re-
pressive complex with Ski and Smads, which may in turn inhibit
the BMP4 signaling cascade. Previous studies have demon-
strated that HIPKs were capable of responding to a vast range
of extracellular signals (60). It is possible that Hipks may play
this integrating role during the induction and/or maintenance
of Hox gene expressions, which are mediated by a combination
of various signaling molecules including at least Wnts, retinoic
acid, Notch, and fibroblast growth factors (10, 41, 67). Taken
together, Hipks integrate these signals in order to mediate
between the appropriate growth responses during develop-
ment and cellular homeostasis. It is notable that functional
coupling has recently been found between the differentiation
checkpoint mechanism and genotoxic signaling cascade during
myogenesis and that this contributes to differentiation of mus-
cle precursors (53). Hipks could be involved in the qualifica-
tion of stressed cells by various extracellular inputs, which
would secure the cells’ further development and survival.

NTDs, particularly exencephaly and spina bifida, are com-
mon human birth defects, and their genetics are very complex.
Accordingly, in mice, mutations at many loci have been shown
to cause NTDs (35). The present study clearly indicated the
protective roles of Hipks against NTD, particularly exen-
cephaly. In nearly all known NTD mutants examined, NTD
arises from a failure to complete the process of elevation of the
neural folds to become vertical. Neural fold elevation has been
shown to be dependent on the proliferation of the neural fold
and/or the underlying mesoderm because reduced mitosis in
these tissues is associated with NTDs in Twist, Pax1/PDGFR
,
Pax1/foxc2, Shh, and Opb mutants (5, 6, 17, 23, 28). It is there-
fore likely that Hipks mediate neural fold elevation by regu-
lating mitosis in the neural folds and/or underlying mesoderm,
which may involve the Shh signaling cascade (66). It is also
noteworthy that mutations in genes encoding interacting part-
ners for Hipks, including p53, Cbp, Axin, and Ski, have been
shown to cause exencephaly (35). Importantly, these have also
been shown to be involved in the signaling cascades of Shh,
Wnt, or BMPs (2, 8, 9, 26, 57, 61). Therefore, in conclusion, it
is hypothesized that coordination of the proliferation in the
subdomains of neural tube and paraxial mesoderm is required
for correct neural fold elevation and that Hipks could be in-
volved in the coordination of the mitotic responses to various
morphogenetic signals (66).
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