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that the anti-TMG precipitates contained almost equal
levels of S£3bl, suggesting that the majority of U2 snRINP
were not significantly altered in Sf8b1*~ embryos. This
finding agrees well with the normal expression of other
genes described above. Therefore, the heterozygous
loss of 5f3b1 gene results in significant reduction of
Sf3bl associated with PeG complexes, strongly suggest-
ing a repressive mechanism of Hox genes via interaction
with PcG complexes.

We finally examined whether $f3bl is closely associ-
ated to Hox genomic regions together with PG proteins
by chromatin immunoprecipitation {ChIP] assay. Vari-
ous Hox cluster genes, including Hoxa5, Hoxb1, Hoxb3,
Hoxbd, Hoxbé, Hoxb8, Hoxb9, and Hoxc6, were de-
pressed in Rnf2~~ ES cells, indicating the involvement of
PcG proteins in regulation of Hox expressions in ES cells
{de Napoles et al. 2004; K. Isono and H. Koseki, unpubl.),
Accordingly, we found obvious immunoprecipitation of
5’ genomic regions {260-480 bp] of Hoxa5, Hoxbi,
Hoxb3, Hoxb4, Hoxbé, Hoxbg, and Hoxc6 in wild-type
ES cells by anti-Rnf2 antibody but not Hprt gene, which
is not derepressed in Rf2~/~ ES cells (Fig. 3D). Likewise,
we found association of Zfpl44 to these Hox genes
(K. Isono and H. Koseki, unpubl.). Anti-Sf3bl antibody
also precipitated a significant amount of 5’ genomic re-
gions of these Hox genes while either anti-Rnf? or anti-
5f3b1 antibody failed to precipitate the second exonic re-
gion of Hoxb8 gene [indicated by Hoxb8* in Fig. 3D). These
findings indicate that the $f3bl and PcG proteins colocal-
ize locally on the 5’ regions of individual Hox genes. It is
also noteworthy that the relative degree of 5£3b1 associa-
tion in comparison with the Rnf2 is greater at the Hoxbé,
Hoxb8, and Hoxc6 genomic regions than the Hoxas,
Hoxb3, and Hoxb4 genes. This is in good agreement with
another observation in $f3b1*/~ embryos that the expres-
sion of Hoxb6, Hoxb8, and Hoxc6 was derepressed but
not the Hoxa5, Hoxb3, or Hoxb4 {summarized in Fig.
2R|. Taken together, these results show that it is likely
that a mechanistic link between $f3b1 and PcG com-
plexes regulates Hox gene expression via direct binding
to Hox genomic regions.

Our results show a significant and novel mechanistic
link between 5f3b1 (together probably with other U2
snRNP components] and PcG repressive complexes on
Hox loci. This idea is strongly supported by our recent
observation that heterozygous mutant mice for $f352,
another U2 snRNP component, exhibited skeletal abnor-
mality similar to Sf3b1 phenotypes: 10 out of 14 target-
ing mice (71%) had L6 to S1 transformation compared
with two out of 18 wild-type mice {11%} |K. Isono and H.
Koseki, unpubl.). However, although with respect to the
PcG-mediated repression in the transcriptional-compe-
tent regions, our findings are in general accord with pre-
vious reports [Breiling et al. 2001; Saurin et al. 2001; King
et al. 2002; Cmarko et al. 2003; de Graaff et al. 2003;
Dellino et al. 2004}, nevertheless they indicate the pres-
ence a different gene silencing mechanism. Evidence
that the level of 53bl in PeG complexes affects the ex-

pressional boundary of Hox genes implies that 5{3b1 sup--

ports the activity of PeG complexes. The simplest expla-
nation is that $f3b1/U2 snRNP might be a P¢G protein
and could form repressive PeG complexes together with
other PcG proteins. A more interesting hypothesis is
that this interaction constitutes part of a mechanism
that is designed to maintain the amount of Hox tran-
scripts required to confer the appropriate positional iden-
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tities. Regulation of Hox expressions in the vicinity of
their boundaries is thought to be locse, because even
wild type occasionally exhibits homeotic transforma-
tions (Fable 1 and Akasaka et al. 1996). RNAs, mistran-
scribed beyond loose repression, may be tethered by
§£3b1/U2 snRNP bound to PcG complex, leading to the
arrest of splicing and a normal Hox boundary as a con-
sequence. However, in 5f3b1/~ cells, because of the de-
crease of PcG complex-bound Sf3bl, such mistran-
scribed RNAs become easily associated with splicing-
active nucleoplasmic $f3b1/U2 snRNP, This association
leads to the achievement of a splicing reaction, which
results in the anterior shift of Hox expression. In support
of this model is the important evidence that the Ml
mutation completely suppressed Sf3b1 phenotypes, in-
dicating that the PcG-like function of $f3bl is very sus-
ceptible to levels of M1}, in other words the acting points
of both proteins are spatially very close. Of further note
is the fact that the human MLL supercomplex includes
the 116-kDa protein specific to the U5 snRNP, which
acts on pre-mRNA following the U2 snRNP {Nakamura
et al. 2002). Finally, it appears that there are multiple
interacting surfaces between PcG complexes and gene
expression machineries. It might be that, through this
interaction, PeG complexes act as a part of the modules
that sense the transcriptional status in transcriptional-
competent regions of the Hox cluster.

Materials and methods

Yeast two-hybrid screening, immunoprecipitation and GST pull-down
assays, ChIP analysis, in vitro splicing assay, and knockout mice are
described in the Supplemental Material,
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The Polycomb group (PcG) gene products form multimeric protein complexes and contribute to anterior-
posterior (A-P) specification via the transcriptional regulation of Hox cluster genes. The Drosophila polyho-
meotic genes and their mammalian orthologues, Phel, Phe2, and Phe3, encode nuclear proteins that are
constituents of evolutionarily conserved protein complexes designated class II PcG complexes. In this study, we
describe the generation and phenotypes of Phc2-deficient mice. We show posterior transformations of the axial
skeleton and premature senescence of mouse embryonic fibroblasts associated with derepression of Hox cluster
genes and Cdinla genes, respectively. Synergistic actions of a Phc2 mutation with Phel and Rnf110 mutations
during A-P specification, coimmunoprecipitation of their products from embryonic extracts, and chromatin
immunoprecipitation by anti-Phe2 monoclonal antibodies suggest that Hox repression by Phe2 is mediated
through the class IT PcG complexes, probably via direct binding to the Hox locus. The genetic interactions
further reveal the functional overlap between Phc2 and Phel and a strict dose-dependent requirement during
A-P specification and embryonic survival. Functienal redundancy between Phe2 and Phel leads us to hypoth-
esize that the overall level of polyhomeotic orthologues in nuclei is a parameter that is critical in enabling the

class Il PeG complexes to exert their molecular functions,

The Polycomb group (PcG) genes were originally identified
through their requirement in the maintenance of the stable
repression of Hox genes during the development of Drosophila
melanagaster (34, 38). The products of these Drosophila PeG
genes form large multimeric protein complexes in the chroma-
tin. It is thonght that they stably repress the target genes by
altering the configuration of the chromatin, as suggested by the
synergistic genetic interactions between mutant alleles of dif-
ferent Diosophila PeG genes (15, 39).

PeG genes that are structurally and functionally related to
those found in Drosophila have also been identified in mam-
mals, where their products form at least two distinct functional
complexes. One complex, designated the class 1 PeG complex,
comprises the products of the embryonic endoderm develop-
ment (Eed) (the orthologue of the Drosophila extra sex combs
gene) and the Enx1 and Enx2 (the orthologues of the Drosoph-
ila enhancer of zeste gene) PeG genes. Since the SET domains
of Enx1 and Enx2 function as histone methyltransferases, and
Eed interacts with histone deacetylases, this complex is be-
lieved to alter chromatin structures by modifying core histone
tails (35, 46). The second complex, designated class II, is
closely related to the Polycomb repressive complex 1 (PRCE)
in Drosophila and includes the products of the paralogues of
another subset of PcG genes in HeLa cell extracts, designated

* Corresponding author. Mailing address: RIKEN Research Center
for Allergy and Immunology, 1-7-22 Suehiro, Tsurumi-ku, Yokohama
230-0045, Japan. Phone: 81-45-503-9689. Fax: 81-45-503-9688. E-mail:
koseki@rcai.riken.jp.

6694

169

hPRC-H (27, 39). This subset contains the following gene
groups: Rufil6 (Mell8) and Bmil; Cox2 (M33), Chx4 (Pc2),
and Chx8 (Pc3); Phcl (rac28, mphl, or edrl), Phc2 {imph2 or
edr2), and Phc3; and RinglA and Rnf2 (RinglB) (27). Apart
from Rrf2 mutants, mice that are deficient in the individual
components of class 11 PeG complexes display anterior shifts in
the expression boundaries of Hox cluster genes in the paraxial
mesoderm and neural tube and, in general, characteristically
show posterior transformation of the axial skeleton. These
mutant mice also invariably display severe combined immuno-
deficiency due to increased apoptosis and a lack of prolifera-
tive responses of hemopoietic cells via regulation of the
Cdkn2a/p53 pathway (1, 2, 11, 13, 19, 21, 40, 41, 45, 47). There
is accumulating biochemical and genetic evidence to indicate
that the class I PcG complexes are compositionally and func-
tionally conserved between flies and mammals. Nevertheless,
many PcG genes have also diverged substantially, and most are
either duplicated or triplicated in mammals (27, 39).

In Drosophila, the polyhomeotic (ph} locus consists of poly-
homeatic-proximal (ph-p) and polyhomeotic-distal (ph-d) se-
quences, which have extensive homology. Three mammalian
genes homologous to ph, Phel, Phe2, and Phc3, have been
identified (14, 16, 27, 32, 44}. Database screening revealed that
all three ph orthologues were evolutionarily conserved and
expressed in various vertebrates, including humans, chickens,
zebra fish, and fugu (Y. Murahashi and H. Koseki, unpublished
data). Comparisons of the ph proteins and their vertebrate
orthologues have shown that each has a single FCS finger [also
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called the (Cys)4-type Zn coordination domain] flanked by two
additional conserved domains, The function of the upstream
motif, described as homology domain I (HDI), is unknown.
However, the downstream homology domain 1T (HDIT), which
is located at the C-terminal end, has been described as a sterile
alpha motif (SAM) domain (also known as SEP or SPM) (4,
16). Recently, the FCS finger domain of Phel has been shown
to encode an RNA binding motif and to regulate subnuclear
localization when tested in Caenorhabditis elegans (50). The
SAM domains are found at the C-terminal ends, not only of ph
proteins and their mammalian orthologues, but also on the
Drosophila Sex comb on the midleg (SCM) gene and its ortho-
logues as a component of PcG proteins (8, 42). It has been
shown that the SAM domains are able to self-associate, bind to
other SAM domains, and form heterotypic interactions with
non-SAM domain domain-containing proteins (23, 32, 38).
Importantly, ph-SAM has been shown to form a helical poly-
mer structure, which provides a possible mechanism for the
extension of PcG complexes (23). This finding is in close agree-
ment with the recent biochemical observation that Phcl plays
a pivotal role in mediating the PcG-dependent bridging of
distant chromatin templates (26). Coimmunoprecipitation of
mammalian ph orthologues from HeLa and U-2 OS cell ex-
tracts suggests that the heterophilic polymerization of the
SAM domains of Phel, Phe2, and Phc3 may be involved in
mediating PcG-dependent regulatory mechanisms via higher-
order chromatin structures (16, 27).

However, the molecular complicity among mammalian ph
orthologues has not yet been addressed due, at least in part, 10
a lack of Phc2 or Phe3 mutant alleles. In this study, we describe
the generation and phenotypes of Phc2-deficient mice. Using
these mutants, we studied the biochemical and genetic evi-
dence that supports the involvement of Phc2 as a functional
component of class IT PcG complexes during embryogenesis.

MATERIALS AND METHODS

Production of anti-Phc2 monoclenal antibody. A partial cDNA frapment that
encodes from N22 to the stop codon of Phe2 was subcloned into the pGEX
vector to express o glutathjore S-transterase-Phe2 fusion protcin. This fusion
protein was purified and injected several times imo female BALB/c mice to
generate a hybridoma, which was screened as described previously (5).

1P and immunobiotting, Monoclonal antibodies to Phc2, Phel, und Raf2 (in
30 wl, 100 pk and 30l of culture supernatant, respectively) and 5 pg of a
polyclonal antibody to Rnfl110 (C-20; Santa Cruz Biotechnology, Sunta Cruz,
CA} were conjugated with 50% (volivol) protein G-Sepharose (25 pl) in 300 pl
of buffer (20 mM HEPES [pH 7.8}, 200 mM NaCl, 0.2 mM EDTA, 1 mM
dithiothreitol, and 0.01% Triton X-100) at 4°C for at [east 2 h (5, 28). A mouse
cmbryo at 11.5 days postcoitus (dpc) was sonicated three times for 10 s in
immunoprecipitation (1) buffer (400 pl), consisting of 20 mM HEPES (pH 7.8),
10% {volivol) plycerol, 150 mM NaCl, 0.2 mM EDTA, | mM dithiothreitol, and
2 mM Pefabloe SC (Roche Molecular, Indianapolis, IN). After centrifugation,
the supernatun was precleared withs 50 ul of 509 (volivol) protein G-Sepharose
for 60 min und then incubasted with each of the three Sepharose-conjugated
antibodies for 90 min at 4°C. The Sepharose-bound proteins were washed five
times with 800 pl of 1P buffer without Pefabloe 8C, boiled in sodium dodecyl
sulfate sample buffer, separated on 954 dewaturing polyacrylamide gels, and
subjected to immunoblot analysis.

Generation of Phe2-deficient mice. To generate Phe2-deficient mice, a target-
ing vector was censtructed (see Fig. 2A). This vector was introduced into R
embryonic stem cells as described previously, and five homologous recombinants
were obtained (31). Phe2*'~ mice were backcrossed six times onto a C37BL/6
background, and homozygotes were generated by mating between heterozygotes.
Phe2¥'™ mice were crossed with Phel ™'~ and Rufi 10%~ mice, after backcross-
ing to C57BL/6 a few times, (o penerate double heterozygotes, These Phe2*/~.
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Phel*" and Phe2*'~-Ruff 16"~ mice were viable and fertite. In order to gen-
erate Phe2-Phel double homozygotes, double beterozygotes were crossed. For
the generation of Phe2-Rafl10 double homozygotes, we first generated Phe2™’
“-Rufl110%" mice, which were again viable and fertile, and crossed them to
cither Phe2*'~-Rf110™'~ or Phc2™'"-Ruf110%" mice. All animal experiments
wete carried out according to the in-house guidelines for the care and use of
tuhoratory animals of the Riken Research Center for Allergy and Immunology,
Yokohama, Japan.

Morphelogical analyses. Skeletal preparations were prepared from either
perinatul or kate-pestational mice as described previously 22), In situ hybridiza-
tion on tissue sections and whole-mount in situ hybridization were performed as
described previously (22, 48).

Cell culture conditivns. Mouse embryonic fibroblasts (MEFs) were prepared
from each genotype using 13.5- 10 14.3-dpe fetuses and maintained according to
a 3T9 protocol (20}, The proliferstion of MEFs was investigated i1 passage 5 by
plating 10" cells per 60-mm-dinmeter dish in repticate cultures and then counting
the cells from duplicate cultures every other day. This experiment was repeated
four times, using MEFs derived [rom cipht homozygous mutants and six wild
types; almost identical results were oblained for euch of the four repeats.

Chrematin immunoprecipitation {ChIP). Using scissors, the embryonic tissues
were minced on ice and then subjected to chemical cross-licking by incubating
them in 1% formaldchyde in phosphate-bultered saline for 10 min a1 room
temperature. After extensive sonication, the chromatin fractions were purified by
CsCE isopyenic centrifugation (33); 10 mM NaCl and 0.15 NP-40 were added Lo
the purified fractions in order to perform optimal immunoprecipitation of the
anti-Phe2 antibody. Precleared protein extracts were then incubated with rock-
ing, with 40 pl of anti-Phe2 culture supernatant per 200 pl lysate, at 4°C from 2 h
Lo overnight. Immune complexes were captured by incubating them for 3 h with
protein A-Sepharose beads,

To isolate genomic DNA from these immune complexes, the beads were
treated with 50 pp/ml of RNase A at 37°C for 39 min, followed by incubation
overnight with 500 pg/ml proteinase K-0.5% sodium dodecyl sulfate at 37°C.
After being heated for several hours at 65°C to achicve reverse cross-linking, the
supernatanls were collected, extracted by phenol-chloroform, and concentrated
by etharol precipitation. Genomic DNA was also isoluted from the original
unfractionated chromatin by the same procedure deseribed above and desig-
nated “input” DNA. To measure the DNA yield, aliquots of immunoprecipitated
DNA were electrophoresed on an agarose gel next to seriully diluted input DNA,

We carried out semiquantitative PCR using serially diluted input DNA and
immunoprecipitated DNA as templates. The enrichment of DNA by immuno-
precipitation was estimated frem the band intensitics of the gel images, This
series of experiments were all performed at least three times and gave similar
results. The following primer pairs were used in this study: p/6 first exonic region,
F-CGAACTCGAGGAGAGCCATC-3 and 5'-ACACTCCTTGCCTACCTGA
A-3'; common second exonic regions of pl16{pJ9ARF, 5'-TCACGTAGCAGCT
CTTCTGC-3 und 5'-CAGCGGAACGCAAATATCGC-3'; Horhd enhancer re-
gion (BH1100), 5"-GGGTATAAATTTCTGAAGGTTAAG-3 and 5'-AGGGA
TGAGAAGGGCCGAGGG-3'; Hoxb8 promoter region, 5°-TATGACTACCT
CGTTGTTTG-3" and 5-CAAAGACTGATGTGGGGGAGT-3'; Hoxb8 intronic
region, §'~-CCCTGGATGCGCCCTCAAG-3' and 5-TCTCCACAGCCCCCAT
AAAAC-3"; Hoxb7 enhancer region (KA), 5-CTCCTTCCCTTCTCTTGGGG
GTCC-3" and 5"-CAATGCTCACAGCGCGCATGC-3'; and Adamid coding
region, 5-ATGAGTGGGACTAAGGCCCTG-3" and 5'-GCGGTTATGATCT
ATTACTAC-3'.

Isolation of lymphocyte subpopulations at distincl stages of development,
Bonc marrow cclls derived from C57BL/6 mice were stained with allophycocya-
nin-labeled B220, phycoerythrin (PE)-lzbeled anti-CD43, and fluorescein iso-
thiocyanate (FITC)-Jabeled anti-immunoglobulin M (fIgM). Populations of
B220* CD43* IgM™ (pro-B), B220* CD43~ IgM~ (pre-B), and B220%"
CD43™ 1gM™* {immature B} cells were isolated with a Vaniage flucrescence-
activated cell sorter (BID Biosciences, Mountain View, CA). Similarly, thymo-
cytes were stained with FITC-lubeled CO4 and PE-labeled CDE untibodies, and
the CD4~ CD8™, CD4* CD8™, CD4* CD8™, and CD4~ CD8* subpopulations
were soried. To isolate immature and mature B cells, splenocytes were stained
with FITC-lubeled B220 and PE-labeled AA4 antibodies, and B220" AA4*
(immature B) and B220* AA4™ (mature B) cells were sorted. To purify the
different mature-B-cell populations, splenocytes were stained with allophycocya-
nin-labeled B220, FITC-labeled CD21, and PE-lubeled CD23 antibodies, and
B220* CD21~ CD23* (follicular B), B220* CD21* CD23** (margiral-zone
B), and B220* CD21~ CD23~ (newly formed B) cells were sorted. To isolate
germ center B cells, mice were immunized with 100 pg of 2,4-dinitrofluoroben-
zene-conjugated ovalbumin in alum. Twelve days after immunization, spleen
cells were stained with PE-labeled B220, and FITC-labeled peanut agglutinin
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FIG. 1. Association of Phe2 with other components of class Tl PeG
complexes during embryogenesis. Antibodies used for IP and immu-
noblatting (IB) are indicated over each lane and beside each blot,
respectively, Phc2 was coimmunoprecipited with Rof110, Rnf2, and
Phel from 11.5-dpe embryonic extracts. Original whaole-cell extract was
loaded on the lanes labeled “Input”; mock immunoprecipitation with-
out primary antibody was performed as a negative control on the lanes
fabeled “None.”

(PNA) and B220" PNA™ cells were sorted using a high-speed cell sorter {Aria;
BD Biosciences). The sorted cells were dissolved in Trizol reagent (lovitrogen,
Carlsbad, CA), and total RNA wus extracted according to Invitrogen's protocol.

RT-PCR analysis. Mouse total-RNA panels were purchased from BD Bio-
sciences. First-strand ¢DNA was synthesized from 2 pg of the total RNA using
SuperScript [11 reverse transcriptase (RT) (lavitrogen) and random primers,
according to the manufacturer's protocol. The forward and reverse primers for
PCR were 5'-CCTACAAGTTCAAGCGTTCC-3' and 5'-GTCCCTCATGTGC
ATGTCAG-3' for mouse Phc2, 5"-GACAGGCTAGCTCCCCAAAC-3 and 5'-
GCTAGGGCCTGGCTAGAAGT-Y for Phel, and 5-ATGGATGACGATAT
CGCT-3" and 5'-ATGAGGTAGTCTGTCAGGT-3' for B-ecrin genes. The
amplification conditions were 95°C for 10 5, 60°C for 20 s, and 72°C for 1 min for
30 cycles for both Plie2 and Phel genes and 95°C for 55, 54°C for [0's, and 72°C
for 1 min for 25 cycles for P-acrin genes.

RESULTS

Association of Phe2 with the hPRC-H-like complex during
embryogenesis. To address whether Phc2 is involved in a mul-
timeric protein complex similar to hPRC-H during mouse em-
bryogenesis (27), we raised a monoclonal antibody against a
glutathione S-transferase-Phc2 (N22 to the stop codon) fusion
protein (K. Isono and H. Koseki, unpublished data). We used
whole-cell extracts from 11.5-dpc embryos for the coimmuno-
precipitation experiments, as mammalian PcG complexes are
considered to be functional at this gestational stage, at least as
demonstrated by the derepression of Hox gene expression (1,
41, 45). The anti-Phc2 monoclonal antibody recognized an
~4(-kDa protein on the immunoblots of these 11.5-dpc em-
bryonic extracts. The anti-Phc2 and goat anti-Rnf110 and anti-
Rnf2 monoclonal antibodies were able to immunoprecipitate
the Phe2 proteins from 11.5-dpc embryonic extracts (Fig. 1).
Phe2 was not detected in the absence of these primary anti-
_ bodies. Inclusion of Raf2 in the Phe2 immunoprecipitates con-
firmed the result described above. The anti-Phc2 and -Phel

171

MoL. CELL. BloL.

monoclonal antibodies were both able to immunoprecipitate
Phel and Phe2 in a reciprocal fashion. These results revealed
the asseciation of Phe2 with Rnf110, Rnf2, and Phcl in 11.5-
dpc embryos; this interaction has been shown previously in
human osteosarcoma U-2 OS cells (16, 29, 49).

Generation of a Phe2 mutant allele. To e¢xamine the physi-
ological roles of Phc2, we inactivated the Phe2 locus by replac-
ing the second and third exons with a neomycin resistance
(Neo") gene cassette (Fig, 2A). This replacement was expected
to delete the polypeptide stretch from the start codon to E95,
which encodes the HDI region from the 36-kDa isoform. Phe2
heterozygotes were backerossed six times 1o C57BL/6 mice (o
eliminate the effects of genetic background, and then homozy-
gotes were generaled. Over 20 litters were genotyped either at
birth or at weaning. Three genotypes were identified, which
segregated into ratios according to the laws of Mendelian in-
heritance (Fig. 2B) (J. Shinga and H. Koseki, unpublished
data). Phc2™'~ mice were viable and fertile. Next, we examined
the expression of Phc2 in the homozygotes (Fig. 2C). Northern
blot analysis, using total cellular RNA {from 11.5-dpc embryos,
revealed three aberrant transcripts in the homozygotes, with
only a 2.5-kb band present in the wild type. At least two
differently spliced transcripts appeared 1o be generated from
the Phc2 locus in the wild type, represented by & 2.5-kb and a
very faint 3.8-kb transcript. Exons 2 to 7 were common to both,
while exons 1 and 0 were unique to the 2.5- and 3.8-kb tran-
scripts, respectively (49) (Fig. 2D, top). RT-PCR analysis iden-
tified the prospective 2.5- and 3.8-kb transcripts, which were
missing the second and third exonic regions, as being expressed
in the homozygous mutants (Fig. 2D, bottom). Since in these
homozygotes, the putative start codon had been removed from
the 2.5-kb transcript while the deletion of the second exonic
region from the 3.8-kb transcripis resulted in the frameshift
leading to premature termination, it is likely that Phe2 proteins
were not produced or that a truncated protein starting from
M128 of the 36-kDa isoform and lacking the HD1 and FCS
finger might be expressed. Indeed, no signals were detected at
around 40 kDa, or in the range of smaller molecular mass
below, by immunoblot analysis, which used materials immuno-
precipitated by the anti-Phe2 monoclonal antibody from 11.5-
dpc embryos (Fig. 2E}. Therefore, this Phe2 mutant allele may
be null or encode a truncated C-terminal polypeptide that
could not be detected by the anti-Phc2 monoclonal antibody,

Homeotic transformations of the axial skeleton concomitant
with derepression of Hox genes in Phe2 mutants. Common
features shared by mammalian class II PcG mutants are ho-
meotic transformations of the axial structures associated with
derepression of Hox cluster genes and premature senescence
of embryonic fibroblasts associated with the overexpression of
Cdkn2a transcripts (19). Eighteen pups, obtained by mating
homozygous males and heterozygous females, were analyzed.
All homozygotes exhibited at least a few alterations to the axial
skeleton that were characteristic of posterior transformations
(Fig. 3A and C), whereas heterozygotes showed much lower
penetrance (Shinga and Koseki, unpublished). These alter-
ations were as follows: an ectopic bone floating between the
occipital bones and the first cervical vertebra {C1); in the
cervical region, an odontoid process (a characteristic feature of
C2) was fused to C1, sugpgesting intermediate morphological
features between C1 and C2 (Fig. 3A); and the dorsal part of
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FIG. 2. Disruption of the Phe2 gene in mice. (A) Diagram of the Pic2 locus, the targeting vector, and the targeted allele. The PGKneo and
pMCI-tk expression cassettes were used for positive and negative selection, respectively. The relevant positions of the restriction sites (EcoRI, E;
Xhol, X), locations of the external probe and PCR primers, and sizes of diagnostic fragments are indicated. {B) Southern (top) and PCR (bottom)
analyses for genotyping. For Southern blotting, genomic DNA was digested by EcoRI and probed with the 3" probe, as indicated in panel A, For
PCR, a mixture of three primers (p1, p2, and p3 in panel A) was used. Lane M, molecular size markers. (C) Northern analysis of Phic2 expression
in 11.5-dpc wild-type and homozygous embryos (top). Ethidium bromide staining of the same gel is shown below, (D) RT-PCR analysis of Phe?
expression. The locations of the PCR primers are indicated on both the 2.5- and 3.8-kb transeripts (top). The asterisks indicate specific PCR
products. Note the presence of truncated Phe2 transeripts facking exons 2 and 3. (E) Immunoprecipitation and immunoblot analyses of Phc2

expression in 11.5-dpe embryos.

C1 or C2 was often bifurcated in Phc2 homozygotes (Fig. 3A).
The lateral view of mutant C2 was similar to that of wild-type
C3. In all homozygotes, cciopic ribs were associated with C7
(Fig. 3A). In 67% of cases, the ectopic ribs were imperfect and
fused to the middle part of the first ribs, while in the remain-
der, perfect ribs were formed that were directly associated with
the cranially shifted sternum. The prominent spinous process
characteristic of the second thoracic vertebra (T2) in the wild

type was associated with T1 in all homozygotes. In the rib cage,
the 7th ribs were detached from the sternum and the 13th ribs
were missing or floating (Fig. 3A). Similarly, the thoracolum-
bar and lumbosacral boundaries were shifted anteriorly in the
homozygotes. No significant changes were seen in the skull.
Next, we examined the phenolypic expression of Hoxb3, -b4,
-b6, -¢b, -d4, and -a5 (Fig. 4). The anterior boundary of Hoxh3
expression at the first prevertebra in the wild type was shifted
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FIG. 3. Skeletal alterations in Pc2™'~ mice and gene dose-dependent skeletal alterations in Phe2-Phel compound mutants. (A) Lateral views
of the occipitocervical region; overviews of individual C1, C2, C3, CS, C6, and C7 vertebrae; ventral views of rib cages; and overviews of scapulas,
In the lateral views of the occipitacervieal region, C1 and C2 are indicated numerically, and asterisks indicate the ectopic arch or piece. In
Phe2*'=-Phiec]™'~ mice, a bracket indicates the segmentation of the exoccipital bone and an arrow indicates the anterior tuberculus of C1. In Cl
and C2 vertebrae, closed and open arrows, respectively, indicate the anterior tuberculus and odontoid processes. In C5, C6, and C7, closed and
open arrowheads, respectively, indicate the anterior tuberculus for vertebra) arteries and ectopic ribs, In ventral views of the rib cages, the numbers
of vertebrae to which ribs are attached are indicated. {B) Ventral views of skulls and tympanic bones. In the skuf, a cleft in the secondary palate
is emphasized by the use of yellow lines indicating the medial edges of the palatine. Note the absence of cartilaginous condensation at the center
of the sphenoid in Phe2*/~-Phci ™" mice. (C) Summary of posterior transformations. Each arrow represents the homeotic transformation of
vertebrae. (a) Supraoccipital bone~>Cl, appearance of the ectopic arch or bone; (b) C1—C3, fusion of the odontoid process to the C1 vertebra;
(c) C2—C3; (d) C5—C6, association of the anterior tuberculus with the €5 vertebra; (e) C6—T1, association of the cervical rib with the C&; ()
C7—T1, association of the cervical rib with C7; (g) C7—T2, prominent spinous process on C7; (h) T1-+T2, prominent spinous process on Ti; {i)
T2—T3, lack of prominent spinous process in T2; (j) T6—TB8, dissociation of the sixth rib from the sternum; (k) T7->T8, dissociation of the seventh
rib from the sternum; (1) T13—L1, loss of the rib from the 20th vertebra; (m) L4—81, formation of a sacroiliac joint in the 25th vertebra; ()
L6—S1, formation of a sucroiliac joint in the 26th vertebra; {0) S3—Cal, appearance of the first caudal vertebra in the 29th vertebra; (p) $4—Cal,
appearance of the first caudal vertebra in the 30th vertebra,

cranially to reach the caudal part of the basioccipital bone passage 15, respectively). The proliferation of Phe2™'~ MEFs
anlage in Phc2™/~ embryos. Similarly, the anterior boundaries  was clearly affected at passage 5 (Fig. 5B). These observations
of Hoxb4, -b6, 6, and -d4 were shifted cranially in Phc2~/~ indicated that Phc2~/~ MEFs senesced more quickly than the
embryos, while Hoxa5 was not. Therefore, this showed that wild-type MEFs. This prompted us to examine the expression
Phe2 was involved in the anterior-posterior (A-P) specification  of the two Cdkn2a genes, pl6 and pI9'**, and we found that
of the vertebral column through the regulation of Hox gene their expression was clearly derepressed in Phe2™'~ MEFs,

expression, as well as other PcG proteins. even as early as passage 3 (Fig. 5C). Therefore, premature
Premature senescence of MEFs in Phc2 mutants, Phe2 ™' senescence induced by the Phe2 mutation was shown to involve
MEFs exhibit defects in proliferation and premature senes- the activation of CdknZ2a gene products, as has been found for

cence, as well as MEFs derived from M33, Binil, and RnfI10  other PeG mutants (19). It is also known that some immuno-
mutants (11, 19) (H. Koseki, unpublished data). Growth curves logical defects seen in Bmil mutants are mediated by the
of MEFs from wild-type and Phc2™/~ genotypes were com- overexpression of Cdkn2a products (19). We did not see sig-
pared, using a strict 3T9 protocol (20) (Fig. 5A). Phc2™/~ nificant changes in lymphocyte development in Phe2™ mice.
MEFs grew more slowly than wild-type MEFs, even in carly We then addressed whether the Phc2 mutation had an im-
passages; they also stopped dividing earlier (passage 7 versus  pact on Cdkn2a expression by using ChIP to look at the phys-
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FIG. 4, Changes in Hox gene expression in Phe2™'~ mice, Expression of Hox genes in 11.5-dpc Phe2™" (A, C, E, G, I, and K) and wild-type
(B, D, F, I1, J, and L} embryos. The expressions of Hoxb3 (A and B), Hoxb4 (C and D), Hoxb6 (E and F), Hexe6 (G and H), Hoxd4 (I and J), and
Hoxa5 (K and L) are shown. Several prevertebrae are numbered in each panel, and dotted lines indicate the segment boundaries. The arrows

indicate anterior boundaries of Hox gene expression,

ical association of Phe2 proteins with the gene (Fig. 5D). We
compared the Phe2 association with the first and the second
exonic regions of the pl6 gene between the wild-type and
Phc2-null MEFs (20). Anti-Phc2 immunoprecipitated a signif-
icanl quantity of these genomic regions from the wild-type
MEFs, but not from Phe2~'~ MEFs. Therefore, it is likely that
Phc2 regulates the transcription of Cdkn2g through a direct
associalion with the chromatin.

Synergistic action of Phe2 with Phel and Rnf110 mutations.
Genelic interactions of mammalian PeG mutations have been
reported previously using mice that were doubly deficient for
either homologous (Rif110-Bmil) or nonhomologous (Bmil-
M33 and Rafi10-Rnf2) PcG genes (3, 6, 40). The expression of
Hox genes was synergistically affected in Rnf710-Bmil and
Bmil-M33 double homozygotes, with the Rnfl110-Brmil inter-
action much stronger in terms of Hox derepression. Together
with the biochemical evidence, these observations were inter-
preted as follows. First, the Rnf110, Bmil, M33, and Rnf2
proteins act in synergy to repress Hox genes by forming mul-
timeric protein complexes. Second, homologous PcG pene
products have overlapping [functions and, 1o a certain extent,
act in a mutually compensatory fashion, as expected from the
Rnf110-Bmil double-mutant phenotypes. However, the mu-
tant interactions of a mammalian p4 homologue with either

homolegous or nonhomologous PeG genes have not been ad-
dressed. Therefore, in this study we generated Phe2-Phel and
Phc2-Rnf110 double homozygotes in order to investigate their
axial phenotypes. In particular, it was of interest to compare
the impact of Phe2-Phel double deficiency on axial develop-
ment with that of Raff10-Bmi], because Phe3, a product of the
evolutionarily conserved third ph homologue involved in
hPRC-H, is still present in the Phc2-Phcl double mutants,
while the inclusion of an additional Psc homologue has not
been reported (27, 44). A comparison of the Phc2-Phel and
Phe2-Rnf110 doubly deficient phenotypes might also allow us
to evaluate the functional differences between homologous
and nonhomologous interactions among the complexes.
Phe2-Phel compound heterozygotes, which were viable, fer-
tile, and externally normal but which exhibited posterior trans-
formations with full penetrance, were intercrossed to produce
various compound mutants (Fig. 3C). As expected from the
gestalional and perinatal lethality of Phel homozygotes, no
living Phel ™'~ pups were found, irrespective of Phc2 genotypes
al birth (41). Importantly, Phc2~/~-PhcI ™'~ fetuses were alive
at 17.5 dpc but did not survive birth, while Phe2™'~ single
mutants were viable (Table 1). Therefore, the heterozygous
loss of the Phel gene was shown to affect the survival of Phc2
homozygotes during the perinatal period. Phe2™~-Phcl™"
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FiG. 5. Defects in the proliferation of Phe2™'~ MEFs. (A) Cell
proliferation using a 3T9 protocol. At 3-day intervals, the total num-
bers of wild-type and Phic2™'~ MEFs per culture were determined. The
error bars indicate standard errors of the mean. (B) Proliferation of
MEFs from respective genotypes at passage 5. (C) Northern analysis of
p16 and p1&*¥ transcripts in wild-type and Phe2 ™"~ MEFs at passages
3, 4, and 5 (P3, P4, and P5). The same gel was stained with ethidium
bromide to verify the loaded amounts. (D) Distribution of Phc2 pro-
teins in the Cdkn2a genomic region in MEFs. Representative results
show the association of the Phc2 protein with the second exonic region
of CdknZa, using the adam34 coding region as a necgative control,
Immunoprecipitation of the chromatin was performed using the anti-
Phe2 antibody (+); mock immunoprecipitation (—) was used as a
negative control. Equivalent amounts of genomic DNA from different
sources were adjusted and designated X1,

embryos were lost in a progressive fashion, at an earlier ges-
tational stage than Phe2*™*-Phel='=, Phc2*~-Phel™", or
Phc2™/=-Phcl™*'~ fetuses, which survived at least until 17.5 dpc
(Table 1). These results suggested that Phc? and Phe2 muta-
tions were synergistically affecting the survival of embryos in a
gene dosage-dependent manner.

Next, we compared the axial skeletal development of single
and compound mutants. Axial skeletal alterations in Phc2 mu-
tants were similar to but slightly milder than those seen in Phel
mutants (Fig. 3A, B, and C); the most prominent differences
were seen in the skull. The formation of an ectopic arch asso-

TABLE 1. Offspring generated by crossing between Phe2-Phel
compound heterozygotes

No. (%5) of offspring

Phe2-Phei
genolype 9.5 dpe 10.5 dpe 11.5 dpe 17.5 dpe
(m = 283) (n = 89) (n =63) {1 = 63}
+/+ +/+ 19{6.7) 5(5.6) 6(9.5) 2(3.2)
4 = 38(13.4) 11{12.4) 7{1L1) 10(15.9)
++ ~/- 27{9.5) 3(34) 2{(3.2) 2(3.2)
+/= +i+ 38(13.4) 11{(12.4) 11{17.5) 14 (22.2)
+/- +/- 31{(1L0) 8(9.0) 7(11.1) 4 (6.4)
+f— —/- 36{Q12.7) 10(11.2) 8127 8(12.7)
—i— +i+ 12 (42) 6(6.7) 2(3.2) 4(6.4)
== +/- 65 (23.0) 24 (27.0) 18 (23.6) 19 (30.2)
== =/- 13 {4.6) 7(71.9) 23.2)° 0(0.0)
ND* 4{1.4) 4(4.5) 0(0.0) 0 (0.6}

“ Two out of seven had no heartbeat,
% One out of two was absorbad,
“ND, not determined,
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ciated with the occipital bones, a cleft in the secondary palate,
lack of ossification at the center of the presphenoid, and a
partial split of the sphenoid bone were seen exclusively in
Phicl-deficient mice, while changes to the vertebral column
were similar in both mutant types. Importantly, skeletal defects
due to the respeclive mutations were exaggerated by the het-
erozygous mutual loss of another gene. In Phe2™/~-Phel™/~
mice, we observed floating of the dorsal part of the occipital
bones, a cleft in the secondary palate, association of anterior
processes with C5, detachment of the sixth ribs from the ster-
num, and a hele in the scapula. These changes were never seen
in either Phcl single heterozygotes or Phe2 single homozygotes
(Fig. 3A, B, and C). The same was true for Phe2¥~-Phel ™/~
mice. Skeletal defects in the vertebral column and scapula
were very similar to those seen in Phe2™/~-Phel ™'~ mice, in-
cluding an association of anterior processes with C5, associa-
tion of imperfect ribs with C6, detachment of the sixth ribs
from the sternum, and a hole in the scapula. Defects in the
skull were also exaggerated compared to the Phel single mu-
tant, as demonstrated by the obvious segmentation of the ex-
occipital bone and complete lack of the presphenoid and of the
candal half of the tympanic bone (Fig. 3A, B, and C). There-
fore, it appears that homeotic transformations in the axial
skeleton and defects in the skull and scapula were synergisti-
cally enhanced by Phcl and Phc? mutations,

Most of the Phe2™/~-Phcl ™~ embryos were lost before the
mid-gestational stage (Table 1), Phc2™/~-Phel ~'~ embryos de-
veloped normally up to 85 dpe, but severe growth retardation
and external abnormalities became progressively evident, and
the embryos died from 9.5 dpc onwards. At 9.5 dpc, double-
homozygous embryos could be distingnished from their litter-
mates with other genotypes based solely on their size and
external morphological features. Internally, further phenotypic
distinctions could be made. In the cranial region, the first and
second branchial arches were poorly developed. In the trunk
and caudal regions, the somitic mesoderm was irregularly seg-
mented; on average, approximately 20 somites were formed in
double homozygotes while there were 25 in littermales with
other genotypes, and the tail bud was shrunken. Therefore,
axial elongation was progressively affected in Phc2 ™'~ -Phel '~
embryos. These phenotypes were very similar 10 those seen in
Rnf110-Bmil doubly homozygous mice (3),

Because of the early lethality of Phc2™/~-Phcl ™~ embryos,
we examined the expression of Hox cluster genes at 9.5 dpc
instead of skeletal development. The anterior boundaries of
Hoxb4 and -b& in single mutants were not shifted to any great
extent in either of the single mutants compared with the wild
type (Fig. 6A). In double homozygotes, Hoxb4 expression was
slightly but significantly derepressed in the cranial region,
while the transcription level in the expression domain was not
changed (Fig. 6A, a to d). Hoxb8 expression was not only
derepressed in the cranial region but also decreased in its
expression domain (Fig. 64, a to h and hf), Therefore, Phc2
gene products were shown (o act in synergy 1o repress the
expression of Hoxb4 and -b8 rostral to the expression domain
and also to maintain Hoxb8 expression within its expression
domain. Very similar changes have been reported in the
Rnf110-Bmil double mutant (12), In addition, since the dere-
pression of Hoxb6 in Rnfl10-Bmil double homozygotes has
been shown to occur progressively between 8.5 and 9.5 dpe (3),
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FIG. 6. Expression of fHoxb4 and Hoxb8. (A) Hoxb4 (frames a to d) and Hoxb8 (frames e to h) expression in 9.5-dpc wild-type and Phe2 and
Phel single homozygotes and double homozygotes; the genotypes are indicated across the top. Each specimen was subjected to chromogenic
reaction for the same length of {ime. The specimen shown in frame h was subjected to a longer chromogenic reaction (frame hi). Dotted lines
indicate the otic vesicles in this series of figures. The prospective anterior boundary of the expression is indicated by a yellow arrow in doubie
homozygotes. All pictures for both Hoxb4 and Hoxb8 expressions were taken under the same magnification. (B) Hoxb8 expression in §.5-dpc
wild-type and double-homozygous embryos; the pictures were taken under the same magnification.

we also looked at Hoxb8 expression at the earlier gestational
time point of 8.5 dpe. In our study, Hoxb8 expression was not
significantly allered in the 8.5-dpc embryos (Fig. 6B). There-
fore, based on these results, it appears that Phel and Phe? are
involved in maintaining the transcriptional status of Hoxb8
rather than in its early induction, as observed in Rufi10-Bmil
double homozygotes (3, 12).

Following this, we looked at the genelic interactions be-
tween the Phc2 and Raf710 mutations. Since Phe2™ /-
Rnf110%"~ mice were viable and fertile, they were intercrossed
to generate double homozygotes. Phc2™/"-Rufl1]0~'~ mice
died during late gestation, around 18.3 dpc, while most Phc2
and Rnfil0 single mutants were shown to grow 10 adulthood
(1). Furthermore, skeletal defects in double homozygotes were
stronger than in either of the respective single mutants and
resembled those in Phe2*/"-Phcl™" and Phe2™/=-Phel™*™
mice (Fig. 7). Several defects were observed: the occipital
bones were clearly segmented to form an ectopic arch, while
the basioccipital bone was not completely segmented; the mid-
dle parts of the skull base and scapula failed to undergo car-
Litaginous condensation; the upper horn of the hyoid bone was
fused to the styloid process; and the entire rib cage was shifted
anteriorly more perfectly than in either respective single mu-
tant, Unlike the Phc2-Phel interactions, the skeletal pheno-
types of the respective single homozygotes were not exagger-
ated by the heterozygous mutual loss of another gene (Shinga
and Koseki, unpublished). Taken together, these results

showed that the Phc2 mutation affected the survival and A-P
patterning of the axial skeleton in synergy with the Rnf110
mutation, but to a lesser degree than was observed with the
Phel mutation.

Direct association of Phc2 with the Hoxb8 locus. The signif-
icant impacts of the Phe2 mutation on the transcriptional reg-
ulation of Hox genes prompted us to investigate the physical
association of Phc2 proteins with the Hoxb§ locus using ChIP
(Fig. 8A). We dissected 11.5-dpc embryos into cranial and
caudal parts, in which the transcription of Hoxb8 transcription
is silent and active, respectively. Phe2 association was exam-
ined at the upstream enhancer (BH1100 region), putative pro-
moler region, and first exon of Hoxb8 and the upstream en-
hancer region of Hoxb7 (KA region) (9). Phe2 was associated
with these genomic regions irrespective of transcriptional sta-
tus, as was the case with Phel (Fig. 8B). Therefore, it is likely
that Phc2 and Phcl regulate the (ranscription of Hoxb8
through a direct association with the chromatin,

Analysis of the comparative expression of Phe2 and Phel in
various tissues. Although genetic evidence suggests that Phe2
and Phcl gene products act in a redundant manner, it is also
true that the single deficient phenotypes for Phc2 and Phel are
not identical. In particular, overt defects in the hematopoietic
lineage or cranial neural crest derivatives are seen exclusively
in Phel mutants (41, 43). Importantly, Phc2 and Rafl10 mu-
tations synergistically affect the proliferation of interleukin 7
receplor a-positive lymphoid precursor cells residing in the
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FIG. 7. Gene dose-dependent skeletal alterations in wild-type and Phc2 and Ruf710 single homozygotes and double homozygotes. (A) The
genaotypes of the specimens are shown along the top of the frames. (Frames a to d) Lateral views of the occipitocervical region. The arrowheads
indicate the ribs associated with the eighth vertebrae. C1 and C2 are indicated numerically, and asterisks indicate the ectopic arch or piece. (Frames
d and h) An asterisk indicates an ectopic arch that represents perfect segmentation of the exoccipital bone. Red arrows indicate ectapic
cartilaginous condensation bridging the hyoid bone and styloid process, while the dotted line indicates the lack of cartilaginous condensation
between the occipital and sphenoid bones. (Frames e to k) Ventral views of the skull. (Frames i to 1) Ventral views of rib cages. The numbers of
vertebrae to which ribs are attached are indicated numerically. Asterisks indicate the sternums that are shifted anteriorly in Phe2 single (frame j)
and double {frame 1) homozygotes. (Frames m to p) Overviews of the scapula. (B) Summary of posterior transformations: (a} supraoccipital
bone—C1, appearance of the ectopic arch or bone; (b) C1—C2, fusion of the odontoid process to the C1 veriebra; (c) C7—T1, association of the
cervical rib with C7; (d) T7—T8, dissociation of the seventh rib from the sternum; (e) T13—L1, loss of the eib from the 20th vertebra; (f) L6—81,
formation of a sacroiliac joint in the 26th vertebra; (g) S4—Cal, appearance of the first caudal vertebra in the 30th vertebra; (h) more perfect
supraoccipital bone—C1 transformation, perfect segmentation of supra- and exoccipital bones; (i) C1-+C3, overall structure similar to C3 rather
than C2; (j) C5—Cb, association of the anterior tuberculus with the C5 vertebra; (k) C6—T1, association of the cervical rib with C6; M Ti2—L1,

loss of the rib from the 19th vertebra; (m) L4—S1, formation of a sacroiliac joint in the 25th vertebra; (n) S3—Cal, appearance of the first caudal
vertebra in the 29th vertebra.

fetal gut, while single mutants are unaffected (T. Sato and H. of expression was noticeably more prominent in Phel than
Koseki, submitted for publication). This implies that the in-  Phe2,
volvement of Phe2 during the proliferation of lymphoid pre- We extended our analysis to lymphocyte subpopulations in

cursors is dispensable and that latent defects in hematopoietic  bone marrow, thymus, naive and immunized spleen, and B
lineage development might presumably be fully compensated lymphocytes activated by varjous signals, since the role of Phe2
for by Phel and/or Phe3 in Phe2-deficient mice. It has there- was shown lo be dispensable (Fig. 9B). Developing B and T
fore been suggested that the phenotypical differences between lymphocytes in the bone marrow and thymus, respectively, and
Phe2 and Phel single mutants might be attributable to tissue- B-cell subpopulations in naive and immunized spleens, were
and/or stage-specific variations in their expression or require-  fractionated according to their developmental stages. Plic2 and
ment (17). To address this issue, we compared the expression Phcl cxpression was seen in all fractions, and while Phel ex-
of Phe2 and Phel in various tissues by RT-PCR (Fig. 9A). Phc2 pression was variable, that of Phe2 was not. This developmen-
transcripts were detected as 383-bp PCR produects and Phel as tal-stage-specific variation in Phel expression prompted us to
at least 346 and 502 bp due to the differential usage of exons. examine whether the expression of Pac2 and Phel in resting B
The expression of Phc2 and Phci was seen in alf the tissues lymphocytes was regulated by various inductive signals medi-
examined, although the levels varied. Tissue-specific variation ated by B-cell receptor cross-linking, B-cell activation factor
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FIG. 8. Distribution of Phc2 proteins in the Hoxb8 genomic region
at 11.5 dpe. (A) Representative results showing the association of the
Phe2 protein with the Hoxb8 enhancer and promoter and intronic and
Hoxb7 enhancer regions, with the adan34 coding region as a negative
control. The positions of PCR fragments are shown in panel B. Tissues
of 12,5-dpe embryos were dissected, and chromatin fractions were
purified from transcriptionally silent anterior (A) and active posterior
(P) tissues (mesoderm plus neurectoderm). Immunoprecipitation of
the chromatin was performed by the anti-Phc2 antibody (+); mock
immunoprecipitation (—) was used as a negative control, Equivalent
amounts of genomic DNAs from different sources were adjusted and
designated 1', (B) The distribution of Phe2 in the Hoxb8 penomic
region is schematically represented. The black and gray squares rep-
resent the degree of errichment of immunoprecipitated genomic DNA
in posterior and anterior tissues, respectively: each square represents a
twofold enrichment in comparison with the unfractionated “input”
DNA. The distribution of Phel is shown as a reference,

from the TNF family (BAFF) stimulation, CD40 ligation, or
lipopolysaccharide (LPS) stimulation (Fig. 9C). The engage-
ment of B-cell receptor by anti-IgM antibodies induces the
survival and cell cycle entry of resting B cells (24); BAFF
functions 10 maintain B-cell viability but does not induce S-
phase entry of the cell cycle (28); CD40 ligation by anti-CD40
induces the survival, cell cycle progression, and up-regulation
of a variety of adhesion molecules for cell-cell interaction (7);
and LPS represents a T-independent antigen that has potent
mitogenic activity on B cells (30). Interestingly, these signals
sipnificantly increased Phel expression within 1 hour, whereas
they had no effect on Phe2. Up-regulation of Phcl expression
induced by BAFF persisted for at least 7 h, while induction by
other signals was transient. Therefore, Phcl expression ap-
pears 10 be regulated by various inductive stimuli, whereas
Phe2 is expressed in a constitutive manner,

DISCUSSION

In this study, we have provided biochemical and genetic
evidence to indicate that Phc2 is a functional component of
class IT PcG complexes during embryogenesis. Phe2 is consti-
tutively involved in an hPRC-H-like complex with other con-
stituents of class II PcG complexes and associates with the
Hoxbd genomic regions at 11.5 dpc. We have shown that the
Phe2 mutant allele is involved in the mediation of the tran-
scriptional repression of the Hox cluster genes in mid-gesta-
tional embryos and the Cdkn2a genes in MEFs; similar findings
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have been reported for other mammalian PeG mutants. The
synergistic actions of the Phe2 mutation with the Phcl and
Rnfl10 mutations during A-P specification demonstrate that
Hox repression by Phe2 is mediated through the class 11 PcG
complexes. Phe2-Phel double deficiency reveals that Phe2 and
Phcl act synergistically to maintain the repression of Hox
genes but are not involved in early induction.

The genetic evidence provided by this study allows us to
evaluate further the functional complicity of Phe2 with Phel in
vivo. Although both Phel and Rnf110 associate and form com-
plexes with Phc2, the Phel mutation exacerbated the Phc2
mutan! phenotypes to a much greater extent than the Rufif10
mutation in terms of Hox derepression and embryonic survival.
These different modes of genetic interaction are at leasi partly
due to functional overlap and the mutually compensatory
properties of Phe2 with Phel, but not with Rnf110. Indeed, in
vitro pull-down and yeast two-hybrid assays have shown that
Phc2 and Phel interact with almost the same set of PcG pro-
tcins and that the primary structures of their functional do-
mains are highly conserved (16, 18, 25, 36). This is also con-
sistent with in vitro evidence that the inhibition of remodeling
and transcription, and the recruitment of a free polynucleoso-
mal array mediated by hPRC-H and PRC1 in the solution, is
mostly substituted by mouse PRC core complexes (mPCCs)
comprised exclusively of Phel, M33, Rnf2, and either Rnf110
or Bmil, although the original hPRC-H harbors Phel, Phe2,
and Phe3 (26, 27). Neveriheless, it is also true that the single
deficient phenotypes for Phc2 and Phel are not identical.
These phenotypical differences between Phe2 and Phel single
mutants might be at least partly attributed to tissue- and/for
stage-specific variations in their expression or requirement
(17), a concept that is supported by the results of the compar-
ative expression analyses of Phc2 and Phel in this study. Al-
though Phc2 and Phel act in a highly compensatory manner,
both mutants still exhibit very similar derepression of Hox
cluster genes. This leads us to hypothesize that the overall
quantity of ph orthologues in the nuclei may also be an impor-
tant parameter for class II PcG complexes, allowing them to
exert their molecular functions, at least at the Hox loci, as well
as Psc orthologues (3). We were able to show by using ChIP
that PhcZ and Phcl consistently associale together with several
Hoxb8 genomic regions. Furthermore, a strict dose-dependent
requirement for Phc2 and Phel is seen during A-P specifica-
tion of the axis.

Biochemical analyses suggest that the ability of mPCC to
inhibit remodeling and transcription, as well as {o bridge chro-
matin templates, might represent substantially separate func-
tions requiring different subunits (26). While Phel plays a key
role in bridging chromatin templates in vitro, it is dispensable
for binding to a chromatin template and inhibiting its remod-
eling. Phc2-Phcl double homozygotes reveal that the molecu-
lar processes mediated by Phe2 and Phel are essential for the
maintenance of Hox repression by class I PeG complexes, The
recruilment activity is expected to represent a long-range in-
teraction or spreading of class II PcG complexes on the ge-
nome, which is likely to be mediated through interactions
among PcG proteins. Therefore, class II PcG complexes that
lack both Phe2 and Phcl may fail to mediate PeG repression
because of defects in long-range effects. The oligomerization of
PcG complexes, mediated by heterotypic andfor homotypic
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FIG. 9. The expression of Phc2 and Phel in various tissues, lymphocyte subpopulations, and B iymphocytes induced by various extracellular
stimuli, (A) The expression of Phe2 and Phel was examined by reverse transcriptase-PCR in various adult tissues and whole embryos at 7, 11, 15,
and 17 duys posteoitus. Distilled water (¢H,0) and mouse genomic DNA (gDNA) were used as negative controls; B-actin was used to normalize
the amounts of cDNA. (B} The expression of Phc? and Phel was examined in developing B and T lymphocytes in the bone marrow and thymus,
respectively, and B-cell subpopulations in naive and immunized spleens. Mature splenic B cells were fractionated into germ center B (GCB),
follicular B (FOB), marginal zone B (MZB), and newly formed B (NFB) subpopulations. Phc? did not exhibit any variation in expression levels,
in contrast to Phcl, where the level of expression was variable. (C) Expression of Phc2 and Phel in resting B lymphocytes upon activation by B-cell
receptor engagement by o-IgM, BAFF stimulation, CD40 ligation by «-CI40, and LPS stimulation.

interactions of the SAM domains of Phc2 and Phel, plays a key
role because the self-association activity of the SAM domain of
SCM has been shown to be closely correlated with PeG repres-
sion in Drosephila (37). Given that mPCC-like complexes act
as a fundamental unit of class II PcG complexes in vivo, oli-
gomerization of mPCC-like complexes via the SAM domains
of ph orthologues may be an essential process in the formation
of functional class II PeG complexes on the chromatin (26, 36,
43). Consistent with this is the close association of Phc2 with
Phcl, as demonstrated by both co-IP and ChIP analyses in our
study and clsewhere (16). Tnterestingly, Phe3 remains present
in Phc2-Phel double mutants, while the inclusion of an addi-
tional Psc homologue has not been reported in class II PcG
complexes, although the double-mutant phenotypes for Phc2-
Phel and Rufi70-Bmil are almost identical (3, 27, 44). This
implies that Phc3 alaone may not be quantitatively sufficient to
allow the oligomerization of PcG complexes, or possibly excess
amount of mPCCAPhe2- or mPCCAPhel-like complexes may
affect the oligomerization of mPCC-like complexes conlaining
Phe3.

In 1his study, we also showed that both Phe2 and Phel gene
products associate with the Hoxb8 genomic region within the
transcriptionally active domain, as well as within the repressed
loci. This finding is consistent with previous reports that the
predominant subnuclear localization of several PeG proteins is
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in the perichromatin compartment, where most pre-mRNA
synthesis takes place (10). It is possible that these results tie in
with the recent discovery that class II PcG complexes are
associated with a positive function. Null mutations in the
Rnf110 and Phcl loci have been shown to decrease the tran-
scription level of endogenous Hoxb! and to severely impair the
transcription from Hox-LacZ reporters and knockin loci (12),
In addition, a positive action of PcG complexes could explain
the fall in gene expression levels within Hoxb8 expression do-
mains, which has been reported to be around 9.5 dpc in Phe2-
Phel and Bmil-Rafl10 and double mutants (3, 12). Impor-
tantly, the transcriptional silencing of Hox-reporter loci in
Rnf110) and Phcl mutants is accompanied by DNA methylation
of the promoter region (12). Therefore, the positive role of
class II PcG gene products, mediated by their physical associ-
ation with Hoxb8 genomic regions, may involve local suppres-
sion of the pathway leading to local DNA methylation. How-
ever, it is still conceivable that the PcG gene products act by
repressing the expression of Hox transcription repressors. This
possibilily needs to be addressed in the future.

ACKNOWLEDGMENTS

This project was supported by Special Coordination Funds for the
Promotion of Science and Technology from the Ministry of Education,



Vou. 23, 2005 SYNERGISTIC ACTIONS OF MOUSE POLYHOMEOTIC HOMOLOGUES 6705

Culture, Sports, Science and Technology of the Japanese Government
(H.K.).

This paper is dedicated to the memory of Shozo Sugimori, who was
responsible for the care of the mutant animals used in this study. We
are also grateful to T. Hasegawa and to M. Iida, M. Uchida, and R
Moriizumi for their help.

REFERENCES

. Akasaka, T,, M. Kanno, R. Balling, M. A. Micza, M. Taniguchi, and H.
Koscki. 1996. A role for mel-18, a Polycomb group-refuted vertebrate gene,
during the anteroposterior specification of the axial skeleton. Development
122:1513-1522,

2. Akasaka, T., K. Tsuji, I, Kawahira, M. Kanno, K. Harigays, L. Hu, ¥,
Ebihara, T. Nakahata, O. Teisu, M. Taniguchi, and I1. Koscki. 1997, The
role of mel-18, a mammalian Polycomb group gene, during 11-7-dependent
proliferstion of lymphocyte precursors, Immunity 7:135-146.

3. Akasaka, T., M. van Lohuizen, N. van der Lugt, Y. Mizutani-Koseki, M.
Kunao, M, Tanigechi, M. Vidal, M. Alkema, A. Berns, and I1. Kosehi, 2001,
Mice doubly deficient for the Polycom® Group genes Mel18 and Bmil reveal
synergy and requirement for maintenance but sot initiation of Hox gene
expression. Development 128:1587-1597.

4. Alkema, M. J., M. Bronk, E, Verhoeven, A, Otte, L. J. van 'L Yeer, A. Berns,
and M. van Lohuizen. 1997, Identification of Bmil-interacting proleins as
constituents of 4 multimeric mammalian polycomb complex. Genes Dev.
11:226-240

5. Atsula, T., Y. Fujimura, H. Moriya, M. Vidal, T. Akasaka, and H, Koseki.
2001. Producsion of moroclonal antibodics apainst mammalian Ringl B pro-
teins. Hybridoma 20:43-46,

6. Bel, 8., N. Core, M. Djubali, K. Kichoom, N, van der Lugt, M. J. Alkema, and
M. van Lohuizen. 1898, Genetic interactions and dosage effects of Polycomb
group genes in mice. Development 125:3543-3551.

7. Bishop, G. A, and B. S, Hostager. 2003, The CD40-CD154 interaction in B
cell-T cell lizisons, Cylokine Growth Factor Rev. 14:297-309.

8. Bornemann, D., E. Miller, and 1. Simon. 1996. The Drosophila Polycomb
group pene Sex comb on midleg (Sem) encodes a zinc finger protein with
simifarity 10 pelyhomeotic protein. Development 122:1621-1631),

9. Charite, J., W. de Graaf, R, Vogcls, F. Meijlink, and J. Deschamps. 1995,
Regulition of the Hoxb-8 pene: synergism between multimerized cis-acting
elements increases responsiveness to positional information. Dev. Biol. 171:
294-305.

1. Cmarke, In., P, 1. Verschure, A. P, Otte, R, van Dricl, and 8, Fakan. 2003.
Palycomb group gene silencing proteins are concentrated in 1he perichro-
matin compartment of the mammalian nucleus. J. Cell Sci. 116:335-343.

11. Core, N., 5. Bel, 8. J. Gaunt, M. Aurrand-Lions, I. Pearce, A. Fisher, and M,
Dijabali. 1997. Altered celiular proliferation and mesoderm patterning in
Polycomb-M33-deficient mice. Development 124:721-729,

12. de Graaff, W,, D, Tomotsune, T. Oosterveen, Y. Takihara, H, Koscki, and J.
Deschamps. 2003, Randomly inseried and targeted Hoxfreporter fusons
transeriptionally silenced in Polycomb mutants. Proc. Natl, Acad. Sci. USA
100:13362-13367.

13. del Mar Lorente, M., C. Marcos-Gulicerrez, C. Perez, J, Schoorlemmer, A.
Ramirez, T, Magin, and M. Vidal. 2000. Loss- and gain-of-function muta-
tions show a polycomb group function for RingltA in mice. Development
1271:5093-5100.

14. Durs, J. M., N. B. Randsholt, J. Deatrick, 1. Erk, P, Santamariz, J. D.
Freeman, S. J. Freeman, D, Weddell, and H, W, Brock. 1967. A complex
genetic locus, polyhomeotic, is required for segmental specification and
epidermal development in D. melanogaster. Cell 51:829-839,

15. Franke, A., M. DeCamillis. D. Zink, N. Cheng, H. W. Brock, and R. Paro,
1992. Polycomb and poiyhomeotic are constituents of a multimeric protein
complex in chromatin of Drosophila melanogaster. EMBO . 11:2941-2950.

16. Gunster, M. J., I P, Satijn, K. M. Hamer, J. L. den Blacuwen, D. de Bruijn,
M. J. Alkema, M. van Lohuizen, R, van Dricl, and A, P. Otte, 1997, Identi-
fication and characterization of interactions between the veriebrate poly-
comb-group protein BMI1 and human homelogs of polyhameotic. Mol. Cell.
Biol. 17:2326-2335,

17. Gunster, M. J., F. M. Raaphorst, K. M. Hamer, J. L. den Blaauwen, E.
Fieret, C. J. Meijer, and A. P, Otle. 2001, Differential expression of human
Palycomb group proteins in various tissues and celt types. J. Cell Biochem.
81:129-143.

18. Hemenway, C. 5., B. W, Halligan, and L. 8, Levy. 1998. The Bmi-1 oncop-
rolein interacts with dinG and MPh2: the role of RING finger domains.
Oncogene 16:2541-2547.

19. Jacobs, J. J., K. Kieboom, S. Marine, R. A. DcePinho, and M. van Lohaizen.
1993, The oncogene and Polycomb-group gene bmi-1 regulates cell prolif-
eration and senescence through the inkda locus. Nature 397:164-168.

20. Kamijo, T., F, Zindy, M. F. Roussel, D. E. Quelfe, J. R. Downing, R, A.
Ashmun, G. Grosveld, and C. J. Sherr. 1997. Tumor suppression at the
mouse 1NK4a locus mediated by the alternative reading frame product
pIYARF. Cell 91:649-659.

21. Katoh-Fukui, Y., R. Tsuchiyn, T, Shiroishi, Y. Nakaharg, N. Hashimoto, K.

22,

23,

26

27.

28.

29.

30.

3t

33
34,

35,

36.

37

41,

42,

43,

180

Noguchi, and T. Higashinakagawn, 1998, Male-to-female sex reversal in M33
mutant mice, Nature 393:688-692.

Kessel, M, and P. Gruss, 1991, Homeotic transformations of murine verte-
brae and concomitant alteration of Hox codes induced by retinoic acid. Cell
67:89-104.

Kim, C. A, M. Gingery, R. M. Pilpa, and J. U. Bowic. 2002. The SAM
domain of polyhomeotic forms a helical polymer. Nat. Struct. Biol. 9:453—
457,

. Kraus, M., M. B, Alimzhanov, N. Rajewsky, and K. Rajewsky. 2004. Survival

of resting mature B lymphocytes depends on BCR signaling via the Igo B
heterodimer. Cell 117:787-804).

. Kyba, M., and H. W. Brock 1998. The SAM domain of polyhomeotic,

RAE28, and scm mediates specific interactions through conserved residues.
Dev. Genet, 22:74-84,

Lavigne, M., N. 1. Francis, I. F. King, and R. E. Kingston, 2004. Propagation
of sHencing; recruitment and repression of naive chromatin in trans by
polycomi repressed chromatin, Mol. Cell, 13:415-425.,

Levine, 8. 5., A. Weiss, H. Erdjument-Bromage, Z, Shao, P. Tempst, and
R. E. Kingston, 2102, The core of the polycomb repressive complex is
compositionally and functionally copserved in flies and humans. Mol. Cell.
Biol. 22:6070-6078.

Mackay, F,, and J. L. Browning, 2002, BAFF: i fundamental survival factor
for B cells. Nat, Rev, Immunol, 2:465-475,

Miyagishima, H., K. Isono, Y. Fujimura, M. Iyo, Y. Takihara, I, Masumolo,
M. Vidal, and H. Koseki. 2003, Dissociation of mammalian Polycomb-group
proteins, Ring1B and Rae28/Phi, from the chromatin correlates with con-
figuraticn changes of the chromatin in mitotic and meiotic prophase. Histo-
chem, Celf Biol. 120:111-119,

Miyake, K. 2004. Innate recognition of lipopolysaccharide by Toll-like re-
ceptor 4-MD-2. Trends Microbiol, 12:186-192,

Nagy, A, ]. Rossant, R. Nagy, W. Abcamow-Newerly, andé J. C. Roder. 1993,
Derivation of completely cell eulture-derived mice from early-passage em-
bryonic stem cells. Proc. Natl. Acad. Sei. USA 90:8424-8428,

. Nomurg, M,, Y. Takihara, and K. Shimada. 1994, {solation ard character-

ization of retinoic acid-inducible cDNA clones in F9 cells: one of the carly
inducible clores encodus a novel protein sharing several highly komologous
regions with o Drosophila polyhomeotic protein. Differentiation 57:39-50,
Orlande, V., H. Strutl, and R. Pare. E997. Analysis of cliromatin stracture hy
in vivo formaldehyde cross-linking. Methods £1:205-214.

Parg, B, 1995, Propagating memory of transcriptional stutes. Trends Genet.
13:295.297,

Peters, A. H., 8. Kubicek, K. Mechtler, R, J, O'Sullivan, A. A. Derijek, L.
Perez-Burgos, A, Koehimpier, 8. Opravil, M, Tachibana, Y. Shinkai, J. H.
Martens, and T, Jenuwein, 2003, Partitioning and plasticity of repressive
histone methylation states in mammalian chromatin. Mel. Celf 12:1577-
1589,

Peterson, A. J., M. Kyba, D. Bornemann, K. Morgan, H. W, Brock, and J.
Simon. 1997, A domain shared by the Polycomb group proteins Scm and ph
mediates heterotypic and hometypic interactions. Mol. Cell. Biol. 17:6683~
6692.

Peterson, A, J., D. R. Mallin, N. J. Francis, C. 8. Ketel, J. Stamn, R, K,
Voeller, R. E. Kingston, and J. A. Simon. 204, Requirement for sex comb on
midleg protein interactions in Drosephile polycomb group repression. Ge-
netics 167:1223-1239,

. Pirrolta, V. 1997. PcG complexes and chromatin silencing. Curr, Opin,

Genet. Dev. 7:240-258.

. Shao, Z., F. Raible, R. Mollaaghababa, J. R. Guyon, C. T. Wu, W. Bender,

and R. E. Kingston. 1999. Stabilization of chiromatin structure by PRC1, a
Polycomb complex. Cell 98:37-46.

. Suzuki, M., Y. Mizutani-Koscki, ¥. Fujimura, H. Miyagiskima, T. Kancko,

Y. Takada, T. Akasaka, H. Tanzawa, Y. Takihara, M. Nakane, H. Masumoto,
M. Vidal, K. Isuno, and H. Koseki. 2002, Involvement of the Polycomb-group
gene RinglB in the specification of (he anterior-posterier axis in mice.
Development 129:4171-4183,

Takibhaea, Y., D. Tomotsune, M. Shirai, Y. Katch-Fukui, K, Nishii, M. A.
Motaleb, M, Nomura, R, Tsuchiya, Y, Fujita, Y. Shibata, T. Higashinaka-
gawa, and K, Shimada, 1997, Targeted disruption of the mouse homologuc
of the Drosophila polyhemcotic gene leads to altered anteroposterior pat-
terning and neural crest defects. Development 124:3673-3682.

Tomotsune, D, Y. Takihara, J. Berger, D. Duhl, 5. Jeo, M. Kyba, M. Shirai,
H. Ohta, Y. Matsuda, B. M. Honda, J. Simon, K. Shimada, I, W. Brock, and
F. Randazzo. 1999. A novel member of murine Polycomb-group proteins,
Sex comb on midleg homolog protein, is highly conserved, and interacts with
RAEZ28/mphl in vitro. Differentiation 65:229-239.

Tomaotsune, D., M. Shirai, ¥. Takihara, and K. $himada, 2000. Regulation
of Hoxb3 expression in the hindbrain and pharyngeal arches by rae28, a
member of the mammalian Polycomb group of genes. Mech. Dev. 98:165~
169,

. Tonkin, E,, D. M. Hagan, W. Li, and T. Strachan. 2002. Identification and



6706

45,

46,

47.

ISONO ET AL.

characterisation of novel mammalian bomologues of Drosophile polyho-
meotic permits rew insights into relationships between members of the
polyhomeotic fumily. Hum, Genel. 111:435-442.

van der Lugt, N. M., J. Bomen, K. Linders, M. van Roon, E. Robanus-
Maandag, H. te Ricte, M. van der Valk, J. Deschamps, M. Sofroniew, M. van
Lohuizen, and A. Berns. 1994, Posterior transformation, neurological abnor-
muadities, and severe hematopoietic defects in mice with a targeted deletion
of the bmi-] proto-oncogene. Genes Dev, 8:757-769.

van der Vlag, J., and A. P. Oute, 1999, Trunscriptional repression mediated
by the humun polycomb-group protein EED involves histone deacetylation.
Nat, Genet, 23:474-478.

Yoncken, J. W., B. A. Roelen, M. Roefs, 8. de Vries, E. Verhoeven, S, Marino,

181

48,

49,

S0.

Mot. CELL. BIoL.

J. Deschamps, and M. van Lehuizen. 2003. Rnf2 (Ringlb) deficiency causes
gastrulation arrest and cefl cycle inhibition. Proc. Natl, Acad. Sci. USA
100:2468-2473.

Wilkinson, D. G., and M, A, Niete. 1993. Detection of messenger RNA by in
situ hybridization 1o Lissue sections and whafe mounts. Methods Enzymol.
225:361-373.

Yamaki, M., K. Isone, Y. Takada, K. Abe, T. Akasaka, H. Tanzawa, and H.
Koseki, 2002. The mouse Edr2 (Mph2) genc hus two forms of mRNA
encoding 90- and 36-kDa polypeptides. Gene 288:103-110.

Zhang, 1., A. Christoforou, L. Aravind, S, W. Emmons, S. Van Den Heuvel,
and D. A, Haber. 2004. The C. elegans Polycomb gene sop-2 encodes an RNA
binding protein. Mol. Ceil 14:841-847.



MOoLECULAR aND CELLULAR BIOLOGY, Apr. 2006, p. 2758-2771
0270-7306/06/508.00+0 doi:10.1128/MCB.26.7.2758-2771.2006

Vol 26, No. 7

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Overlapping Roles for Homeodomain—lnteracﬁng' Protein Kinases

Hipk1 and Hipk2 in the Mediation of Cell Growth in Response
to Morphogenetic and Genotoxic Signalst

Kyoichi Tsono,! Kazumi Nemoto,! Yuanyuan 1i? Yuki Takada,! Rie Suzuki,!
Motoya Katsuki,> Akira Nakagawara,” and Haruhiko Koseki'*

RIKEN Research Center for Allergy and Immunology, 1-7-22 Suehiro, Tsurumi-ku, Yokohama 230-0045, Japan®;
Chiba Cancer Center Research Institute, 666-2 Nitona, Chuoh-lu, Chiba 260-8717, Japan®;
National Institute for Basic Biology, Okazaki National Research Institute, Okazald, Japar

Received 5 September 2005/Returned for modification’ 3 October 2005/Accepted 3 January 2006

Homeodomain-interacting protein kinase 1 (HipkI), 2, and 3 genes encode evolntionarily conserved nuclear
serine/threonine kinases, which were originally identified as interacting with homeodomzain-containing pro-
teins. Hipks have been repeatedly identified as interactors for a vast range of functional proteins, inclnding not
only transeriptional regulators and chromatin modifiers but also cytoplasmic signal transducers, hransmem-
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, Hipkl
and Hipk2 singly deficient mice were grossly normal, and this is expectéd to be due to a functional redundancy
between Hipkl and Hipk2. Therefore, we addressed the physiological roles of Hipk family proteins by using
Hipkl Hipk2 double mutants. Hipkl Hipk2 double homozygotes are progressively lost between 9.5 and 12.5 days
postceitus and frequently fail to close the anterior neuropore and exhibit exencephaly. This is most likely due
to defective proliferation in the nenral fold and woderlying paraxial mesoderm, particolarly in the ventral
region, which may be attributed to decreased responsiveness to Senic hedgehog signals. The present study
indicated the overlapping roles for Hipkl and Hipk?2 in mediating cell proliferation and apoptosis in response

to morphegenetic and genotoxic signals duving 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
Telated homologous genes encoding Hipks are conserved in
vertebrates, including liumans, mice, dogs, cows, and frogs (H.
Koseki, unpublished). Mammalian FIPK1, HIPK2, and HIPK3
proteins were originally identified as nuclear protein kinases
that fonction as corepressors for various homecdomain-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 HIPX proteins are mainly found in the naclens with a
novel dot-like subnuclear distribution, which partally 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,
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for Allergy and Immunology, 1-7-22 Suehiro, Tsurumi-ku, Yokohama
230-0045, Yapan. Phone: 81-45-503-9689. Fax: 81-45-503-9688. E-mail:
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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 pS3 pathway, HIPK2
also appeats 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 i
tumor necrosis factor alpha-induced apoptosis signaling, act-
vating the apoptosis signal regulating kinase. 1/c-Yun N-terml-
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 afld an
increase in the trigeminal ganglion, whereas overexpression of
HIPK2 induces apoptosis in cultured sensory meurons. It 15
however, intriguing that the results from a study which used
Hipki™"~ mouse embryonic fibroblasts (MEFs) tranSf?rm‘sd
by EIA and H-Ras oncogenes suggested antiapoptotic and
oncogenic roles for HIPK1 (39). Therefore, taken togf"ther’
these findings suggest that HIPK proteins are involved I Fhe
control of cell growth in response to various extracellular S
uli and that their functions are also affected by intrinsic cell#'**
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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 Tesponse not only to genotoxic stress and tumor
necrosis factor alpha signaling but also to Wnt and transform-
ing growth factor B (TGF-B) signals. HIPK2 is involved in
Wnt-1-dependent phosphorylation and subsequent degrada-
tion of ¢-Myb, which may in turn regulate both the protifera-
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 B-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-

SYNERGISTIC ACTIONS OF Hipk FAMILY PROTEINS

plex with ¢-Ski and Smad1/4 and regulates TGF-p-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 Wt and TGF-B 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 Hipkl and Hipk2
genes. Unexpectedly, however, Hipk! and Hipk2 singly defi-
clent mice were grossly normal and fertile (39, 65). Because
of structural and functional similacity between HIPK1 and
HIPK2, we hypothesized that single-mutant phenotypes for
Hipk! and Hipk? deficiencies may represent some of the func-
tions of HIPK family proteins based on mutually compensative
properties. To address this possibility, we have generated
HipklI Hipk2 double mutants by crossing newly generated mu-
tant alleles for both genes and have examined doubly deficient
phenotypes. Hipkl ™'~ 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 Hipk?Z act in synergy to mediate
growth regulation upon genotoxic and morphogenetic signals.
Hipks may be involved in the integration of various extracel-
lufar stimnli 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)
¥ith an in situ cell death detection kit {AP; Roche), bromodeoxyuridine (BrdU)
Wcorporation analysis, and skeleta] preparations were all performed as described
Previously (23).

Antibodies to mouse Hipkl and Hipk2. To generate mouse Hipkl-and Hipk2-
Specific monoclonal antibodies, glutathione S-transferase (GST)-Hipkl (amino
3cids 702 to 925) and GST-HHpKZ (amino acids 898 to 1051) fusions wese purified
and injected inte BALB/c mice. Consequently, three and five independent hy-
bridoma clones, Hi-1, 3HS, and 3G6 against Hipkl and 1F11, 2D1, 3F7, 3C5,
20d 3E9 apainst Hipk2, respectively, were obtained, The H1-1 clone was used for
Mmmunostaining while the 2D1 and 3E9 clones were used for immunostaining,
Uimimoblotting, and immunoprecipitation (IP). In addition to the monoclonal
“tibodies, a rabbit polyclonal antibody against the GST-Hipk2 fusion (T. K.
Caat, Japan) was produced.
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Immunostaining. Mouse Hipkl and Hipk2 full-length cDNAs were isolated by
reverse transcriptase (RT)-PCR with mouse embryonic RNA. Myc-tagged Hipki
and Hipk2 were subcloned into the expression vector pCXN2 (a gift from H
Niwa) at the EcoRJ site. These constructs were used for transfection into U2-08
cells with Lipofectamine 2000 (Invitrogen). After 24 h, celis 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-HipkZ or PML (H-238; Santa Cruz Biotechnology) rabbit polycional anti-
body and then visualized by L.SM510 confocal micrescope (Carl Zeiss). To
address subcellular localization of endogenous Hipkl and Hipk2, MEFs were
double-stained with 11-1 and the HipkZ2 polyclonal anfibody or 2D1 and the
anti-PML antibody. The visualization was camied out with an imaging system
consisting of an inverted IX7! microscope with UPlanSApo {magnification,
100; numerical aperture, 1.40; oil; Olympus), a high-speed spinning disk con-
focal unit equipped with an ArKr faser system {(CSUL0; Yokogawa Electric
Cotp., Japan), and a charge-coupled-device carera (ORCA-AG; Hamamatsu
Photonics).

Generation of Hipkl™'~ Hipk2™'~ mice. Approximately 16.5-kb and 17.5-kb
genomic clones for Hipkl and Hipk2, respectively, were obtained from a AFTX
phage library of 1298VI mice. Each genomic structure was determined by re-
striction, mapping, Southemn blotting, and sequencing. The HipkI-targeting vec-
tor had the 5* arm of the Xhol-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 ffom pHRES (a gift from T. Kondo) and the tk cassette
fanked by the 5° arm. The Hipk2-tazgeting vector bad the 5 arm of the Bam I
fragment {3 kb) and the 3" arm of the BamHI-BeoRI fragment (2.2 kb) from the
genomic clone inserted by the neo cassette from pMCil-neo poly(A) and the tk
cassette. Germ line chimeras were made with these vectors as deseribed previ-
ously (1). Targeted heterozygous mice were backcrossed onto C57BL/6 mice
more than three times and intercrossed to obtain homozygous mice. In addition,
Hipkl! Hipk2 double mutants were geserated by crossing between Hipk! and
Hipk2 single mutants, and Hipkl™~ Hipk2™/~ males and females were mainly
maintained for embryological -analyses. HipkI Hipk2 double mutants were
crossed with p53 mutant mice (24) to generate p53 Hipkl Hipk2 tiple mutants.

Immunoprecipitation. Whole-cell extracis were prepared by sonicating an 11.5
dpc embryo in 400 ! of TP buffer (20 mM HEPES [pH 7.8), 10% [volivol}
glycerol, 150 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol) containing 4 mM
Pefabloc SC (Roche). Lysates were precleared with 50 ul of 50% (volivol)
protein G-Sepharose at 4°C for 60 min and then incubated for $0 min with Hipk2
antibody (2Di)-bound protein G, which had already been prepared by mixing
100 pl of the 2D culture supematant with 20 pl of 50% (volvol) protein
G-Sepharose and 300 pl IP buffer for 90 min. After this 90-min incubation
period, protein-bound protein G was washed five times with 800 pi TP buffer,
boiled in sodium dodecy! sulfate-sample buffer, separated on 6.5% depaturing
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 DMNAs and then stored at —80°C. The MEFs were
grown in Dulbecco’s minimal éssential medium supplemented with 10% fetal calf
serum and 1% (wt/vol) penicillin/streptomycin on 6-cm dishes at 37°C under 7%
CQO,. At passage 4, the culture medium was removed and cells were imadiated
with UV (15 or 50 Hm?) with UV eross-tinker (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 celis were sonicated, and
cach lysate {30 ug) 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-CiBP-1 from Upstate. Al-

‘ternatively, cells on coverslips 12 h after UV (15 and 50 J/m®) cxposure were
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subjected to a TUNEL assay with the kit described above and then counter-
stained with zosin.

Luciferase reperter 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 (Tovitro-
gen, Grand Island, NY) according to the manufacturer’s protocol. Briefiy, 1299
cells were seeded at a density of 5 X 10* cellsfwell in a 12-well tissue culture dish
and then cotransfected with 100 ng of p53-responsive luciferase reporter con-
structs carrying Bax and p2I*¥* 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-Hipk] or -Hipk2 construct as
described previously (64). The total amounts of DINA, 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 X/m®) at 24 h posttransfection or treated with cisplatin (Sigma Chemical Co.,
St. Louis, MO) at a final concentration of 20 uM for 24 b.

Explant culture of presomitic mesoderm and RT-PCR. Strips of the anterior
haif of the unssgmented paraxial mesoderm were isolated from 9.5 dpe mouse
embiyos by a combination of dispass treatment and subsequent surgical dissec-
tion wsing 2 tungsten needle, essentially following a previously described method
{21). Mouse tissues were embedded in collagen pels 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 pl. The product of this reaction was serfally diluted in a ratio of 3:1, and
eventually amounts equivalent to 3, 1, 033, 011, 0.037, 0.012, 0.0041, and
0.00147 pl 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
sipnal intensities.

RESULTS

The expression of Hipk genes during embryogenesis. A pre-
requisite of the hypothesis that Hipkl 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 Hipkl is seenm
ubiquitously through 8.5 to 10.5 dpc but is slightly enhanced in
thie neural tube at 10.5 dpec (16; K. Isono, unpublished). Hipk2
was mtenscly expressed in the nenil tissues, including optic
and otic vesicles and newly gencratcd 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 midbiain 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. 11
and J). Therefore, Hipk? 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 Hipkl and Hipk2

_in various embryonic tissues.

Coexpression and colocalization of Hipkl and Hipk2 gene
products. We went on to examine whether endogenocus Hipkl
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

MoL. CeLL Brow,

magnification views revealed that Hipkl and Hipk2 were
condensed to numerous speckles, which were surrounded by -
less-condensed foggy domains (Fig. 1N, middle). Condensed

speckles for Hipkl and Hipk2 were mostly separated, and

overlapping regions were consequently limited. We alo ob-

served their punctate distributions in cytoplasm. Minor frac-

tions of Hipkl and Hipk? were contained in PML nuclear

bodies as obscrved in various cell lines (Fig. IN, right) (K.

Isono, unpublished). Therefore, Hipkl and HipkZ were co-

expressed in primary MEFs. Inclusion to similar extents of

both Hipkl and Hipk2 in PML nuclear bodies may partly

indicate their functional similarity.

We next examined the colocalization of Hipkl and Hipk?
following overexpressmn, since transiently expressed Hipkl
and Hipk2 in cultured cells were known to localize to sub-
nuclear speckies, which were much larger in size than those
seen in MEFs (14, 16, 30, 37, 44). We examined the subnuclear
localization of Hipkl and Hipk2 in U2-OS celis that had been
transfected by expression vectors for Myc-tagged Hipk) and
wild-type Hipk2, and these proteins were detected by immu-
nofluorescence with anti-Myc and -Hipk2 antibodies. Under
this condition, Hipkl and Hipk2 strongly colocalized to sub-
nuclear speckles (Fig. 10). Hipkl also exhibited 2 partial co-
localization with PMLI. nuclear bodies as well as Hipk2 (Fig.
1P) (14, 16, 30). This may imply that Hipkl and Hipk?2 are
potentially capable to colocalize to subnuclear domains in cer-
tain cellular contexts, which again indicates their functional
similarity.

‘Generation of Hipkl Hipk2 doubly deficient mice. To gen-
erate Hipkl Hipk2 doubly deficient mice, we independently
gederated Hipk] and Hipk2 mutant alleles, Since the kinase

. domaifis have been shown to be essential for mediating trag-

scnptxonal rcpreSsmn, 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 Hipk! and
Hlka were encoded by exons contaiiing the start codon. For
HipkI mutagenesis, a targeting vector was designed to replace
a genomic fragment containing the start codon with a neomy-
cin-tesistant {Neo™) 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 Neo®
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 Hipkl and Hipk2 at least at the

*-regions encoding the kinase domains (Fig. 2C and ID). braumy-
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noprecipitation-Western analysis using 2 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 Hipkl Hipk2 doub“’
homozygotes. To explore the phenotypes of Hipkl ™~ Hiph?™
mice, double heterozygous mice which were viable and fertile
were crossed, and paturally delivered newborn pups Wer®
genotyped, We found that all of the double homozygotes a6
about half of the Hipkl '~ Hipk2™'~ embryos were lost durioB
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FIG. 1. Expression .of Hipk2 and Hipk3 in 9.5 dpc embryos, and subnuclear localization of Hipkl and Hipk?. (A) Eateral 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 tissne. 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 expiession 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 intetlimb 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. () 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; ve, ventricular chamber of the heart. (M) Higher-
magnification view of Hipk3 expression. () Coexpression of Hipkl and Hipk?2 in primary MFEFs. (Left) Coexpression of endogenous Hipkl
(sween) and Hipk2 (red) in a MEF. (Middle) Higher-magnification views of the framed region in the left panel: endogenous Hipkl (top),
endogenous Hipk? (middie), and merged image (bottom). (Right) A minor fraction of endogenous Hipk2 (green) is localized in PML bodies (red).
{0) Subcellular localization of transfected Myc-tagged Hipkl (left, green) and Hipk2 (middle, red) in U208 cells. A merged image is shown in
the tipht panel (yellow). (P) Subcellular localization of transfected Myc-tagged Hipk1 (feft, green) and endogenous PML (middle, red) in U208
cells. A merged image is shown in the right panel (yellow).

Bestation against their expected values predicted by Mendelian 24 were dead and being absorbed, and 14 out of 17 live
ffls}ﬁon (Table 1). We next examined at which stage of gesta- embryos were smaller and developmentally deiayed compared
Uon Hipk7—/~ Hipk2~'~ embryos were affected. Hipkl™~  to HipkI™'~ Hipk2*'* or Hipkl™'~ Hipk2*'~ embryos. Most
Hipk2*/~ mice which were grossly normal and fertile were  of the double homozygous mutants were dead before 12.5 dpc.
Mated, and the embryos were visually inspected under the ‘About half of the surviving Hipkl ™'~ Hipk2~'~ and a small
su?l't’-omicrt:)scopz: at 8.5, 9.5, 10.5, and 12.5 dpc (Table 2). . subset of the Hipkl ™~ Hipk2*'~ embryos failed to close the
UpkI™~ Hipk2~'~ embryos were indistinguishable from the  anterior neuropore and exhibited exencephaly at 9.5 and 11.5
Sngle homozygotes at 8.5 dpc. At 9.5 dpc, however, 7outof  dpc (Fig. 3A, B, and C; Table 3). This defect was characterized

186



2762 ISONO ET AL.

MotL. CELL Biow,

probe
[ 1}
RV Bm RIBm
Hipi2 —f—— ——
» ]
1-kb
|_ 1
~11-kb
'_ i

~20-kb

FIG. 2. Generation of Hipk! and Hipk2 mutant alleles. (A and B) Genomic organization of the Hipkl 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. Abbreviatioris: neo, neomycin-resistant gene cassette; tk, herpes simplex virus
thymidine kinase gene; Bm, BamHI; RI, EcoRI; RV, EcoRV; Xb, Xbak; Xh, Xhol. (C} Top: Southern blot analysis of Hipk! mutant allele.
Genomic DNAs from respective genotypes are digested with EcoRI and probed. Bottom: RT-PCR analysis of Hipk! 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 Xhol and probed. Bottom left: RT-PCR analysis of Hipk2 mRINA with total RNAs from 12.5 dpc embryos. Right: IP-Wester
blot analysis of Hipk2 gene products in the wild-type (wt) and homozygous inutant (—/—) embryos at 11.5 dpe. Precipitates of anti-Hipk2 antibody

were blotted with the Hipk2 antibody.

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 toot 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;
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TABLE 1. Survival of Hipk compound mutant mice®

G No. of mice
SN0

P Bom E"P"c‘ed
HiPkI+I+ H-l-pkz-r-/+ 11 9.5
HipkI*!~ Hipk2** 29 19
Hipkl*"* Hipka*'- 21 19
Hipkl '~ Hipkot'+ 13 953
Hipk*'* Hipio—i- 9 83
HipkI™*"~ Hiplez*'- 42 38
HipkI~"~ Hipk2*'- 19 19
Hipk1*'~ Hipk2—- 8 19
HipkI™"~ Hipk2~'- 0 o3

* Mating type: FiipkI "~ Hipk2™'~ X HipkI*'~ Hipk2*~.





