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Table 2. PCR primers used in this study

Primer

Forward Reverse Positions*
Hoxb8 proximal 1 aacaggagacagagaaactggtac actgtitgettigcigctgtitag 1-516
2 gggtataaatttctgaaggttaag agggatgagaagggccgaggg 446-1006
3 tatgactaccicgttgtitg caaagactgatgtgggggagt 4292-4565
4 ggtgttitteegtgactcceccac tagaacagcgaagectgcaaaagt 4531-5091
5 geegeggetgecatgeaggcttag cacggegeacgggttetgciggta 5045-5568
6 ttctacggctacgacectctgeag cttgagggcgeatccaggg 5593-5764
7 cectggatgegeccteaag tctecacagoccccataaaac 5746-6083
8 actgttttatgggggctgtggaga tctctggtaactagaaccag 6060-6315
9 tggagctggagaaggagticcia cagaagctattacgagatactace 6592-7041
10 ctecticecttetcttgggggtee caatgctcacagegogeatge 7061-7529
11 ttagcatgcgegetgigageattg cactagccaccagectgggta 7560-8032
12 cgetcttgggaagagatctaceca cccaagaggaggegagectgg 7994-8584
13 aggccaggctegectectettggg agtcggggacgttttagtgtc 8561-9085
14  tcacgtggtcagaagagg ctgagcttegeatccaggggta 8978-9505
15 tacccctggatgegaagcicag ctagggcctgagageactgage 9484-9706
16 gctcagtgetcteaggecctag acacccagaactgagetete 9685-9927
17  gagagctcagttctgggtgt accactctitgactctgtgt 9908-10134
18  acacagagtcaaagagtogt gicatctttctggagtgata 10115-10323
19  tatcactccagasagatgac atgagtataggagtctct 10304-10527
20 agagactcctatacteat tctgagaactcccageata 10501-10792
21 tatgctgggagtictcaga . ctgacagaacttggetctgatg 10774-10985
22  catcagagcecaagticigteag ctgtcatcagicactctct 10964-11218
23  agagagtgactgatgacag agccatcctcctgatteag 11220-11408
24  ctgcacctagtagty tgtaggtctggeggectegettt 11581-11787

25  ttgtaagccctetttgaaget

taacataacectcctggeaggeeg

12309-12829

Hoxb8 distal D1 ggtagtagcttictgatggt aggatgcaaactccattata
D2  accatcagaaagctactace aacgaatttattgagaattc
Hoxb3 atgcagaaagecacctacta ttggacgtttgectegacte
Hoxb6 atgagttcciatttegtgaa accagecggeggeggoiacg
Hoxb8 atgagctctiatttegtcaa gcttgoagtetgegtactge
Hoxba atgtccatttctgggacgcet tggtagacagacggcaggct
Hoxa4d agctccagecctggeticge cgtgatggatgcygctagec
Adam34 atgagtgggactaaggcccty gcggttatgatctattactac

*Pasition of 5"-most nucleotide of region 1 was arbitrarily designated as *1°.

RESULTS

Association of mammalian P¢G proteins to the
Hoxb8 genomic region at 12.5 dpc

First, the issue of whether PeG-silencing of Hox genes in developing
embryos involves the direct binding of PcG gene products to Hox
genes was addressed. PcG associations at genomic regions flanking
Hoxb8 were compared between transcriptionally repressed cranial
and active caudal tissues by ChIP using embryonic tissues at 12.5
dpe. As the rostral boundary of Hoxb8 expression is at the level of the
7th prevertebrae in the paraxial mesoderm and at the caudal hindbrain
in the neural tube, embryos were dissected transversely at the levels
of the pinna primordium and posterior edges of the forelimb buds,
after the removal of intenal viscera and hindlimb buds. Only cranial
and caudal tissues were subjected to the analysis (Fig. 1A),
Chromatin fractions of the respective embryonic tissues were purified
and subjected to immunoprecipitation using antibodies against Rnf2,
Phcl, Ringl, Cbx2 and Rnf110 (see Fig. S1 in the supplementary
material) (Suzuki et al., 2002). Quantity of immunoprecipitated
genomic DNA was measured by referring to serially diluted genomic
DNA isolated from the initial lysates (see Fig. S2A in the
supplementary material). Usually, for a given volume of chromatin
fraction, the amount of DNA immunoprecipitated by anti-Rnf2
antibodies was four- to eightfold higher than that brought down in the
absence of primary antibody (see Fig. S2A in the supplementary
material). Amounts of DNA from respective tissues were further
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adjusted by PCR for the 522 gene, which is also bound by Rnf2 in
embryonic tissues (see Fig. $2B in the supplementary material).
Equivalent amounts of DNA immunoprecipitated from the anteror
and posterior tissues were subjected to semi-quantitative PCR using
pairs of primers defining discrete regions in the Hoxb locus (Fig. 1F,
top; see Table 2). Serially diluted genomic DNA isolated from the
initial lysates was also subjected to the PCR to evaluate the
enrichment value for each region of Foxb8 in immunoprecipitated
materials (Fig. 1B-E). The adam34 gene, which is expressed
exclusively in adult testes, is not bound by any of Rnf2, Ring]1, Phcl,
Cbx2 or Rnf1 10 in embryonic tissues and thus turned out to serve as
a negative control (Brachvogel et al., 2002) (Fig. 1B-E).

The association of Rnf2 with regions 1, 2, 3,9, 10, I1, 13, 15, 16
and D1 was more than four times different in cranial and caudal
tissues, whereas this was not the case for regions 4, 5,6, 7, 8, 12, 14,
19,20,21,22,23,24,25 or D2 (Fig. 1B,F, Supplemental Fig. 3). In
region 17 and 18, no significant association of Rnf2 was observed.
Regions [ and 2, and 10 and 11, correspond to the Hoxb8 regulatory
regions BH1100 and KA that have previously been identified by
transgenic approaches; regions 3 and 13 include the promoters of
Hoxb8 and Hoxb7, respectively (Charité et al., 1995; Vogels et al.,
1993}). Therefore, Rnf2 differentially binds to the proximal cis-
regulatory elements of 5° Hoxb genes in cranial and caudal
embryonic tissues. Likewise, a significant differential association of
Rnf2 to the distal element (DE) located between Hoxb4 and Hoxb3
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(Oosterveen et al., 2003) was also seen in cranial and caudal tissues.
Similar to Rnf2, Ring | association was seen in cranial tissues, except
for regions 3 and 7 (Fig. 1D). In contrast to Rnf2 binding, the
association of Phel extended through all regions examined except
for region 8, without any obvious differences between cranial and

Furthermore, there was no significant difference between cranial and
caudal tissues with respect to the chromatin association of Cbx2
(Fig. 1D). Therefore, these resulis indicate that Phcl and Cbx2 are
bound to Hoxb8 genomic region irrespective of the transcriptional
slate of the gene. Rnf110 association to regions 3 and 10 was seen

caudal tissues (Fig. 1C). Nevertheless, in region 3, the association
did appear to be significantly stronger in the caudal tissues.

in the cranial tissues only, but to regions 1, 2, 7 and 14 it was seen in
both cranial and caudal tissues (Fig. 1E). These experiments were
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Fig. 1. Comparison of PcG associations with Hoxb8 genomic surrounding at 12.5 dpc between anterfor and posterior tissues.

(A} Embryonic tissues used in this study. Wild-type embryas at 12,5 dpc were dissected as illustrated and anterior (A) and posterior (P) tissues
(paraxial mesoderm plus neuroectoderm) were subjected to the ChIP analyses. (B) Comparative analysis of Rnf2 association to regions 2, 14 and D1
between anterior and posterior tissues. The chromatin fraction purified from A or P tissue was subjected to the immunoprecipitation with anti-Rnf2
antibody. Amounts of genomic DNA immunoprecipitated by anti-Rnf2 (A+ or P+) were quantified by comparing with serially diluted genomic DNA
isolated from the original chromatin fractions designated as ‘Input’ (see Fig. S2A in the supplementary material) and equivalent amounts of
mmunoprecipitated DNA to that of ‘Input’ DNA loaded into fane 1 were subjected to PCR reactions. Usually 10 to 20 ng of genomic DNA was
used. Immunoprecipitated DNA was also serially difuted. Mock-immunoprecipitated DNA (A- and P=) derived from the same volume of the
chromatin fraction as used for anti-Rnf2 immunoprecipitation were subjected to the PCR. The adam34 locus was used as a negative contral.

{C} Comparative analysis of Phc1 association to regions 2 and 14 between anterior and posterior tissues. (D) Comparative analyses for association
of Cbx2 and Ring to regions 2 and 14. Amounits of genomic DNA (A+ and P+} immunoprecipitatad by anti-Chx2 and anti-Ring1 antibodies
subjected to PCR were equivalent to that of ‘Input’ DNA loaded into lane 1. Mock-immunoprecipitated DNA {A- and P-) derived from the same
volurne of the chromatin fraction as used for anti-Cbx2 and -Ring1 immunoprecipitation were subjected to the PCR. (E) Rnf110 association to
regions 2 and 14, All experiments were conducted as described using anti-Rnf110 antibody. (F) Schematic comparisons of Rnf2, Ring1, Phc1, Cbx2
and Rnf110 assaciation to the Hoxb8 genomic surrounding between anterior and posterior tissues. Genomic organization around Hoxb8 gene is
showa at the top. Exonic regions are indicated by black boxes and the exon numbers are numerically shown in the boxes. Positions of known cis-
acting regulatory elements are represented by overlying bold bars indicated as BH1100, KA and DE (Charité et ai., 1995; Vogels et al., 1993;
Oosterveen et al., 2003). Putative promotor regions are indicated by folded arrows. The genomic regions examined by PCR using specific primer
pairs listed in Table 1 are shown by bars and numerically indicated. The relative quantity of each genomic region in immunoprecipitated genomic
DNA from anterior and posterior tissues was estimated by referring to 'input’ DNA isolated from the initial lysates and enrichment values against
the ‘Input’, and are represented by the black and gray bars, respectively. Genomic regions left unexamined are covered by boxas crossed with a
diagonat line.
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performed three times with similar results (see Fig, $3 in the
supplementary material). In summary, the complete form of the class
2 PcG complexes predominantly associate with Hoxb8 in tissues
where the gene is repressed, whereas form(s) lacking at least the
Rnf2 component also bind in tissues actively expressing the Hox
gene.

Differences between H3-K9 acetylation and H3-
K27 trimethylation at Hoxb?8 in cranial and caudal
embryonic tissues

Following this, the issue of the degree of H3-K9 acetylation and H3-
K4 methylation at Hoxb8 genomic regions in expressing and non-
expressing embryonic tissues, was addressed. These epigenetic
marks have been shown to be one of the prerequisites for the efficient
recruitment of TBP through the interaction of TAF1 with the H3-K9
and K14 acetylated residues (Agalioti et al, 2002). A linear
correlation between histone modifications and the transcriptional
state of Hox genes has been seen in developing embryos at Hoxd4
locus and MEFs that are derived from MII mutants and wild-type
controls (Rastegar et al., 2004; Milne et al., 2002). Therefore, as H3-
K9 acetylation and H3-K4 methylation may be prerequisites for
active transcription of Hox genes, these extents were compared
between anterior and posterior embryonic tissues. H3-K9
acetylation and H3-K4 methylation around the Hoxb8 was more

A

abundant in the transcriptionally active caudal embryonic part than
in the non-expressing anterior part as reported by Rastegar et al,
(Rastegar et al., 2004) (Fig. 2A,B).

The methylation of H3-K9 and H3-K27 constitutes imprints for
transcriptionally silent chromatin and is involved in many functions,
including the formation of centromeric heterochromatin, X
inactivation, PcG-mediated gene silencing and transcriptional
repression at euchromatic positions (Fischle et al., 2003; Lachner et
al,, 2003). In particular, timethylation of H3-K27 has been shown
to be mediated by class 1 PeG complexes (Cao et al., 2002). The
degree of H3-K9 and H3-K27 methylation at regions 2, 3 and 8 was
compared between cranial and caudal embryonic regions. At all the
regions examined, H3-K27 trimethylation was more abundant in the
transcriptionally silent cranial embryonic part than in the Hox-
expressing caudal part (Fig. 2B). No significant levels of di- or
trimethylation of H3-K9 or dimethylation of H3-K27 were scen at
any of the regions examined (Y.F. and H.K., unpublished).

Developmental kinetics of Rnf2-association and of
histone H3 modifications at Hoxb38

Loss of spatial restriction of Hoxb6 expression, between 8.5 and 9.5
dpc, has been reported as resulting from the Rnf!70/Bmil double
mutation (Akasaka et al., 2001). Similarly, M/l deficiency
progressively silences Hox gene expression within this time window
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Fig. 2. Comparison of H3-K9 acetylation, H3-K4 methylation and H3-K27 trimethylation in Hoxb8 genomic surrounding at 12.5 dpc
between anterior and posterior tissues, (A) Comparative analysis of H3-K9 acetylation at regions 2, 7, 8 and 9. (Left) Whole-cell lysates {WCE}
prepared from anterior and posterior parts of 12.5 dpc embryos were subjected to ChiP analyses by using anti-acetylated H3-K9. Amounts of
immunoprecipitated genomic DNA (A+ and P+) by anti-acetylated H3-K9 subjected to PCR were equivalent to that of ‘Input’ DNA loaded in lane 1.
Maock-immunoprecipitated DNA (A~ and P=} derived from the same volume of the chromatin fraction as used for anti-acetylated H3-KS
immunoprecipitation were subjected to the PCR. {Right) Schematic comparison of H3-K9 acetylation betwaen anterior and posterior tissues. The
relative quantity of each genomic region in immunoprecipitated genomic DNA from anterior and posterior tissues was estimated by referring to
‘Input’ DNA isolated from the initial lysates and enrichment values against the initial lysate are represented by the black and gray bars, respectively.
{B) Comparative analysis of di- and trimethylation of H3-K4 at the region 2, 7, 8 and 9. Representative resuits (left) and schematic summary (right)
are shown. (C) Comparative analysis of trimethylation of H3-K27 at the region 2, 3 and 8. Representative results (left) and schematic summary

{right} are shown.

141




2376 RESEARCH ARTICLE

Development 133 {12}

(Yu et al,, 1998). This suggests that this developmental stage might
be the crucial period when PcG association and H3-K9 acetylation
at Hoxb8 play their role in modulating gene expression.

Prior to the ChIP analyses, we re-examined the expression of
Hoxb& gene in the cranial and caudal tissues in quantitative manner
by using real-time PCR (Fig. 3A). As reported previously by
extensive in situ hybridization analyses, caudally restricted
expression of Hoxb8 was already established at 8.0 dpc and its
relative quantity progressively increased until 12.5 dpe (Deschamps
and Wijgerde, 1993). We carried out the kinetic analyses of the Rnf2
association, H3-K9 acetylation and H3-K27 trimethylation in early
to later developmental stages across the Hoxb8 promoter region
(region 3 in Fig. 1F). In 8.0 dpc embryos, no Rnf2 association was
seen at the six-somite stage. It was first seen, exclusively in cranial
tissue, at the eight-somite stage (Fig. 3B). This was also the case at
later stages up to 12.5 dpe (Fig. 3C-E). The relative quantity of Rnf2
association gradually increased and reached a maximal level at 10.5
dpc (Fig. 3E). H3-K9 acetylation was observed in the cranial region
at the six-somite stage and in both cranial and caudal regions at the

eight-somite stage. It was present at higher levels in the caudal
region in 9.5 and 10.5 dpc embryos than in 8.0 dpc. H3-K27
trimethylation at region 3 continued to be seen in the cranial, but not
in the candal, region from 8.5 to 12.5 dpc. In summary, a differential
association of Rnf2 with the Hoxb8 promoter region, region 3, was
established from 8.0 dpc onwards, and reached completion around
10.5 dpe (Fig. 3G) (Deschamps and Wijgerde, 1993). Relative
amounts of acetylated H3-K9 in this region also increased up to 12.5
dpc. Likewise, differential trimethylation of H3-K27 was already
established at 9.5 dpc and maintained to 12.5 dpc. These
observations indicate that the Rnf2 association, H3-K9 acetylation
and H3-K27 wrimethylation may be involved to maintain the
spatially restricted expression of the Hoxb8.

Evidence for the role of Rnf2 in transcriptional
repression of Hox genes

Differential association of Rnf2 to Hoxb8 genomic surrounding in
tissues not expressing Hoxb8 suggests its repressive role in Hoxb8
transcription. This hypothesis is supported by our previous

Fig. 3. Temporal changes in Rnf2 A Hoxbé/ gapdh (arbitrary uhits) F Fold enrichment
association, H3-K9 acetylation and 0 20 &0 BO N

H3-K27 trimethylation at the Hoxb8 | ° Rnf2 AcH3.Kg  trimH3-K27
putative promotor region. (A) The 80d Li i BO dpc (6 som) | !

expression of Hoxb8& in the cranial and S i 80 doc (8 E- ;

caudal tissues at various developmental B5dpc % j D dpc (8 som) |

stages, as quantified by using real-time 95dpc M _ 85dpc e IS‘ —

PCR against the expression of Gapdh. ) 95 dpc e —— —
Relative guantity was compared 105dpc M i ' — )

between anterior and posterior tissues, 105dpc  mmemssan S‘ e

The Hoxb8/Gapdh ratio in the anterior 125 dpe @—‘ 1 125dpe o m— Se—
tissue of 8.0 dpc embryo was arbitrarily 155 dpe caniage iwwewewss ) ‘
1. Embryas were bisected into the Anterior HEEUSS: = !
anterior and posterior tissues as ’ Phetala TTETate THATIT,
described below. (B) Six- and eight- Posterior tissues; === & % & 2 s X
somite embryos were bisected at the .

level of the newly generated somite B 8.0 dpc (8, 8 somites)

boundary and separated into anterior |nput 8 somites 6 somites

segmented (A) and posterior x4 2 1 42 A+ A-P+ P-A+ A-P+ P-

unsegmented (P) regions, and WCE Rnf2 Lo TR T

prepared fram respective tissues were
subjected to ChiP analyses. (C) Embryos
at the ~13-somite stage were dissected
into three pieces at the boundary
between somites 9 and 10, and at the
newly generated somite boundary.
WCE prepared from cranial region up to
somite @ {A} and posterior
unsegmented region (P) were subjected
to ChiP analyses. (D) Embryos at 9.5
dpc (about 25 somites) were bisected
into anterior (A) and posterior (P) pieces
at the level of somite 9/10 boundary
and respective WCE were subjected to
ChlP analyses. (E) Embryos at 10.5 dpc
(~35 somites) were dissected at the
level of the posterior end of the
hindbrain and caudally to the forelimb
bud after removing the viscera. For ChiP
using anti-Rnf2, chromatin fractions

E

Rnf2 [ e

tAimH3-K27 R
9.5 dpc (~25 somites)
x16 B

10.5 dpe (~35 somites)
16

x32
Rnf2

timH3-K27

RNy — -
8.5 dpc (~13 somites)

Input
8 4 2

x16

1 #2 A+ AP+ P-

Inpud
8 4

1 1/2 A+ AP+ P-

prepared from the anterior (A) and posterior (P) tissues were used, whereas WCE were used for anti-acetylated HM3-K9 and -trimethylated H3-K27
antibodies. (F) Schematic comparisons of 8nf2 assaciation, H3-K9 acetylation and H3-K27 trimethylation at the region 3 between anterior and
posterior tissues. The refative guantity of each genomic region in immuncprecipitated genomic DNA from anterior and posterior tissues was
estimated by referring to those of *Input” DNA isolated from the initial lysates and enrichment values against the ‘lnput’ are represented by the
black and gray bars, respectively. Stages left unexamined are indicated by boxas crossed with a diagonal line.
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experiments that used an hypomorphic allele of Rrf2, in which the
de-repression of several Hox genes was seen at 11.5 dpc (Suzuki et
al., 2002). However, it was not determined whether Rnf2 association
was functionally involved in the maintenance rather than early
establishment of this repressed status. To address this question, we
conditionally depleted functional Rnf2 after the expression domain
of Hoxb& was established. Because of early embryonic lethality of
Raf2-null mice, we generated a conditional allele designated as
Raf2" in which exon 2, containing the ATG initiation codon, was
flanked with loxP sites (Vencken et al., 2003; de Napoles et al,,
2004). Primary MEFs were derived from the cranial part of Rnf2™
9.5 dpc embryos in which Hoxb8 expression was repressed.
Subsequent deletion of Rnf2 was achieved by infection of MEF
cultures with adenovirus expressing the CRE recombinase (Ad-Cre)
as described (de Napoles et al., 2004). Rnf2 depletion was evident
in western analysis of infected cell culture (Fig. 4A) and took 2 days
for completion. The analysis of Hoxb8 expression continued for 4
days after Ad-Cre infection. Two independent experiments
demonstrated more than a 16-fold increase of Hoxh8 expression in
infected MEFs compared with the uninfected control. Therefore
Rnf2 association is essential for the maintenance of the
transcriptional repression of Hoxb8,
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After this, the repressive role of Rnf2 in undifferentiated
embryonic stem (ES) cells was investigated because Hox repression
was accompanied by both chromatin condensation of the Hox
cluster and the location of the Hox genes within the chromosome
territory, whereas decondensation and reorganization accompanied
Hox gene expression both in ES cells and the developing neural tube
(Chambeyron and Bickmore, 2004; Chambeyron et al., 2005).

Seven Rnf2"" ES cells have been derived (de Napoles et al., 2004).
Rnf27~ ES cell derivatives of one of these lines, the male ES cell line,
13-3, were generated by CRE-mediated excision of exon 2 (Fig. 4B),
Loss of functional Rnf2 resulted in de-repression of Hoxal, Hoxa7,
Hoxb3, Hoxb8, Hoxb13, Hoxc9, Hoxd8 and Hoxd 10 but not of Hoxc8
(Fig. 4C). To test if de-repression of Hox genes is a direct
consequence of mutating Rnf2, complementation experiments were
carried out, transfecting mutant ES cells with a construct expressing
Myc-tagged Rnf2. As shown in Fig, 4B, transfected mutant ES cells
expressed transgene-encoded Rnf2 at a level equivalent to half that
of endogenous Rnf2. RT-PCR analysis revealed that the expression
of Hoxal, Hoxb3, Hoxb& and Hoxd8 was repressed albeit not to the
same degree as in the parental Rnf2" ES cells (Fig. 4C). These
results confimm that Rnf2 association is required to mediate the
transcriptional repression of Hox genes in ES cells.
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Fig. 4. De-repression of Hox genes in Rnf2"~ MEFs and ES cells. (A) Conditional depletion of Rnf2 lead to de-repression of Hoxb& in MEFs
derived from the cranial part of Anf2"! 9.5 dpc embryos. (Top) Infection of Cre-expressing adenovirus vector to MEFs derived from Rnf2ffi embryos
(fifil) depleted the Rnf2 gene products, whereas the wild-type (+/+) MEFs were unafectad. Lamin B was used as a control. {Bottom) The expression
of Hoxb8 was induced by infection of Cre-expressing adenovirus vector in Rnf2%® MEFs (54, but not in the wild type (+/+). (B) Rnf2™~ (/=) £S cells
were derived from Rnf2" (fl/fl) ES cells by transient overexpression of Cre-recombinase. Rnf2 was re-expressed by transfecting Rrf27 ES calls with
a construct expressing Myc-tagged Rni2 (tr). The expressien of endogenous and transfected Rnf2 was examined by using anti-Rnf2 (left) and -Myc
{middle) antibodies. CBB staining was used as a loading control (right). (C) The expression of Hox cluster genes in Anf2YW (1)), Rnf2- (~/=) and
Rnf2 transfected () ES cells was compared by RT-PCR. The quantity of synthesized cDNA from respective cells was equalized by comparing the
relative amounts of B-actin transcripts. (D) The expression of Phct and Chx2 gene products was reduced in Rnf2- ES cells (~~) in comparison with
the wild type (f¥fl), whereas the expression of RYBP (another Rnf2-binding protein that is not found in h#RC-H complex or class 1 PcG proteins) was
not altered. (E) Rnf2 association and MH3-K27 trimethylation at Hox promoter regions were compared between Rnf2"® and Rnf2" ES cells. For the
‘Input’, genomic DNA extracted from the original whale cell lysate equivalent to the 1/40 volume of that used for the ChiP analysis was subjected

to the PCR. Hprt was used as a negative conirol,
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Next, the method by which Rnf2 deficiency impacts on the
funetions of class 2 PcG complexes was investigated. As it has been
suggested that Ring1 is an important component in the stabilization
of the Polycomb core complex in $f9 cells (Francis et al., 2001}, the
expression levels of other components of class 2 PcG complexes in
Rnf27~ ES cells was examined. The expression of both Phel and
Cbx2 gene products was obviously reduced in Rnf2"~ ES cells (Fig.
4D; M.E. and H.K., unpublished). By contrast, the expression of
RYBP, another Rnf2-binding protein, which is not found in hPRC-
H complex, was not altered (Garcia et al., 1999) (Fig. 4D). As the
transcription of Phcl and Chx2 was not altered in Ruf2~~ ES cells,
Rnf2 loss specifically affects the expression of Phcl and Cbx2. It is
thus likely that Rnf2 impacts the Hox expression by regulating the
stability of the class 2 PeG complexes.

The coincidence of Rnf2 association and H3-K27 trimethylation
in transcriptionally repressed region further prompted us to ask
whether de-repression of Hox genes in Raf27~ ES cells involves a
change of H3-K27 trimethylation across the Hex genomic regions.
The expression of Suz12 and Ezh2 were not significantly changed
in Rnf27" ES cells (Fig. 4D). Concordant with this result, ChIP
analyses revealed that local level of H3-K27 trimethylation at Hox
promoter regions were almost unchanged (Fig. 4E). Therefore, Rnf2
deficiency alfects Hox gene expressions without changing local H3-
K27 trimethylation.

Functional involvement of trimethylated H3-K27
on Rnf2 association at Hox loci and on Hox gene
expression

In Drosophila, trimethylation on H3-K27 has been shown to
facilitate the recruitment of class 2 PcG complexes via direct
interaction between trimethylated H3-K27 and the chromodomain
of Pc (Cao et al., 2002; Czermin et al., 2002; Muller et al., 2002).
Therefore, Hox gene expression and Rnf2 association at the Hoxh
locus, in the absence of trimethylated H3-K27, was examined using
Suzi2~- ES cells. We have independently gencrated a loss-of-
function altele of Suz/2 and the homozygous mutants exhibited a
phenotype almost identical to that reported by Pasini et al. (Pasini et
al., 2004) (K. and H.K., unpublished). Suz/27" ES cells were
derived from crosses of heterozygous mutants. The absence of
Suz12 reduced the levels of H3-K27 tri- and dimethylation to less
than 10% of the wild type but did not significantly change H3-K9
methylation (Pasini et al., 2004). First, the association of class | PcG
and H3-K27 trimethylation at the Hox promotor regions was
investigated. Anti-Suzi2, -Bed and -trimethylated H3-K27
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e o

A Suzi2 End
He A ety o

thH3-KZT  Bni2
+Ht+ -

¥ -l

antibodies specifically immunoprecipitated significant amounts of
Hox promoter fragments from the wild-type ES cells (Fig. 5A). In
Suzi27 ES cells, no Hox DNA could be detected at all upon anti-
Suz12 immunoprecipitation. The loss of Suz12 significantly reduced
Eed association and H3-K27 trimethylation at Hox genes, Therefore,
class 1 PeG complexes associate locally to Hox genes and mediate
local H3-K27 trimethylation in undifferentiated ES cells. Second,
the expression of Hoxal, Hoxa4, Hoxbl, Hoxb3, Hoxbd, Hoxb6,
Hoxb8, Hoxb? and Hoxc6 was compared between wild-type and
Suzi2™ ES cells by RT-PCR. Suz/27~ ES cells were shown to
express more Hox gene transcripts than the wild type (Fig. 5B).
Therefore, local H3-K27 trimethylation mediated by class 1 PcG
complexes, or association of the complexes, are likely to be required
inorder to mediate repression of Hox genes. We went on to examine
Rnf2 association in Suz/ 27 ES cells. Rnf2 association to the Hox
promoters was significantly reduced in Suz/27 ES cells (Fig. 5A).
Therefore H3-K27 trimethylation may be a prerequisite for the
association of Rnf2 with Hox regulatory regions, as already
demonstrated in Drosophila. The role of class 1 PcG complexes in
the recruitment of the class 2 complexes via prolein-protein
interactions is not necessarily excluded,

The positive role of PcG complexes on
transcription is coupled to increased H3-K9
acetylation

Results from this study also show that PcG gene products associate
to Hoxb8 genomic regions in the transcriptionally active caudal
embryonic tissues. This is in line with the recently uncovered
positive function of class 2 PeG complexes {de Graaff et al., 2003).
Null mutations in the Rif7/0 and Phcl loci have been shown to
decrease the transcription level of endogenous Hoxb/, and to
severely impair the transcription from Hox/lacZ reporters and
knock-in loci {(de Graaff et al., 2003). In addition, a positive action
of PcG complexes explains the drop in gene expression levels within
the Hoxb8 expression domains known to oceur around 9.5 dpc in
Bmil/Rafl 10 and Phci/Phc2 double mutants (Akasaka et al., 2001;
de Graaff et al., 2003; Isono et al., 2005b). As the leve] of histone H3
acetylation correlates with Hox gene expression in M/ mutants and
controis, and Mll and Bmil proteins display discrete subnuclear
colocalization, we investigated whether the drop in Hoxb8
expression level in Rrfl 10/Bmil and Phcl/Phe2 double mutants
involved a change in H3-K9 acetylation {(Hanson et al., 1999; Milne
etal., 2002; de Graaff et al., 2003}. The degree of H3-K9 acetylation
in the caudal region of Rafl J07-Bmil~~ embryos was much lower

Fig. 5. De-repression of Hox genes in
Suz12~- ES cells correlates with reduction of
Rnf2 association to Hox genomic regions.
{A) The association of Suz12, Eed, Rnf2 and H3-
K27 trimethylation at the Hox promoter regions
in the wild-type and suz? 2" ES cells. Whole-celt
lysates prepared from approximately the same
number of wild type (+/4) and suz12™ (-/-) ES
ceils were subjected to ChiP analyses using anti-
Suzi2, -Eed, -trimethylated H3-K27 and -Rnf2
antibodies. For the input’, genomic DNA
extracted from the originaf whole cell lysate
equivalent to the 1/40 volume of that used for
the ChlP analysis was subjected to the PCR. Hprt
was used as a control. (B} The expression of Hox
cluster genes in the wild type (+/+) and suz727-
(/-3 ES cells was compared by RT-PCR,
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Fig. 6. Decreased H3-K9 acetylation at the first exonic
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region of Hoxb8 in the posterior tissues of Rnf1 16--Bmi1~
and PhcT"Phcz- embryos at 9.5 dpc. (A} Degree of H3-K9
acetylation in the anterior (A) and posterior (P) regions were
compared in Rnf1 10%-Bmi1*~ and Rnf1107Bmi1~- embryos. The
[B-actin promaoter was used as a positive control. (B) Degree of H3-
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than in Rufi 107 Bmi*~, whereas the H3-K9 acetylation at the 3-
actin promoter was almost equivalent (Fig. 6A). Similarly, H3.K9
acetylation level in the caudal part of PhcI7~Phc2™~ was equivalent
to the cranial part whereas craniocaudally graded acetylation was
seen in Phcl ™ Phe2*~ embryos (Fig. 6B). Therefore association of
class 2 PcG gene products to Hoxb8 is required for the maintenance
of H3-K9 acetylation in transcriptionally active regions,

DISCUSSION

The main outcome of this study was to show that binding of a
specific, Rnf2-containing form of the class 2 PeG complex, as well
as H3-K27 trimethylation marking inactive chromatin, correlates
with the maintenance of transcriptional silencing of a Hox gene in
developing embryos. Moreover, the results demoenstrated that
genetic impairment of both PcG binding, and H3-K27 timethylation
leads to Hox gene derepression, and that H3-K27 trimethylation
is required for PcG binding. In addition, we showed that the
establishment of differential PeG binding and histone marks in
expressing and non-expressing embryonic tissues occur in the same
developmental time window as when Hox genes are deregulated in
PcG mutants.

Rnf2 association to known regulatory elements of the Hoxb8
gene is seen predominantly in transcriptionally silent anterior
embryonic tissues, whereas the binding of other PcG class 2
members, Phcl and Cbx2, is observed at all AP levels, irrespective
of transeriptional status. This implies that different forms of class 2
PcG complexes bind to the Hoxb genomic region in embryonic
domains where the gene is transcriptionally active and repressed.
This is reminiscent of previous findings in the Engrafled/Inv/
GeneVI complex in Drosophila SL-2 cells, where the Pc protein is
exclusively associated with transcriptionally silent genes, while Ph
and Psc are present irrespective of the transcriptional status (Strutt
and Paro, 1997). Therefore the complete, ‘perfect” form of the class
2 PeG core complex may mediate transcriptional repression more
efficiently than form(s) lacking the Rnf2 component. If this is the
case, incorporation of the Raf2 component into the complex might
be a limiting process to mediate transcriptional repression and
regulate its stability (Francis et al., 2001). It is also possible that the
role of Rnf2 is mediated through its E3 ubiquitin ligase activity
directed to histone H2A (Wang et al., 2004a; de Napoles et al.,
2004). '

Transcriptional repression of Hox genes in the developing embryo
has been shown to correlate with the association of Rnf2-containing
class 2 PcG complexes and H3-K27 trimethylation. De-repression
of Hox genes in Rnf2 and Suz/ 2 mutant cells reveal the requirement
of both Rnf2 association and H3-K27 trimethylation in the
mediation of this transcriptional repression. As Rnf2 association to
Hox genes is reduced in Swzl2 mutant ES cells and Rnf2 mutation
alters Hox expression without changing local levels of H3-K27
trimethylation, H3-K27 trimethylation mediated by class 1 PcG
complexes at Hox genes may facilitate subsequent binding of Rnf2-
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K@ acetylation in the anterior (A) and posterior (P} regions were
compared in PhcPhc2*, Phci*Phc2”~ and Phci™-Phe2-
embryos. The B-actin promoter was used as a positive contral. In
this study, the negative contro! ChiPs {A- and P-) were performed
with rabbit lgG.

containing PcG complexes. Recruitment of Rnf2-containing PcG
complexes may in turn prevent the access of nucleosome remodeling
factors, such as SWI/SNF complex, leading to the formation of a
repressed chromatin status (Shao et al., 1999; Levine et al., 2002).
Therefore, molecular circuitry underlying PcG silencing of Hox
genes seems to have been evolutionarily conserved between
Drosophila and mammals. It is also notable that Cbx2, a homologue
of Drosophila Pc, binds to Hoxb8 in transcriptionally active
embryonic tissues, despite the lack of histone H3 trimethylated at
K27. This is consistent with previous biochemical data that have
shown the association of purified or reconstituted PcG complexes
with the nucleosomal templates lacking histone tails (Shao et al.,
1999). The implication of these findings is that there are at least two
different means by which class 2 PcG complexes bind to the
chromatin, and that the association, which involves trimethylated
H3-K27, mediates the repression at the Hox genes in vivo (Cao et
al., 2002; Czermin et al., 2002; Muller et al., 2002).

The maintenance of regionally restricted expression of Hox genes
is likely to involve H3-K9 acetylation and H3-K4 methylation
(Milne et al., 2002; Rastegar et al., 2004), We have shown that these
modifications of the histone tail increases craniocaudally along the
axis. Although the transcriptionally active posterior tissues of 9.5
dpc and older embryos are more heavily acetylated at H3-K9 than
the anterior, non-Hox expressing tissues, some acetylation of H3-K9
at Hoxb8 is seen in anterior regions where Hoxb8 expression is
repressed at early and later developmental stages. De-repression of
Hoxb8 expression upon depletion of Rnf2 in MEFs derived from the
cranial part of 9.5 dpc embryos suggests the involvement of Rnf2-
containing class 2 PeG complexes to mediate this transeriptional
repression. Therefore, our data suggest that the associations of Rnf2-
containing PeG complexes and acetylated H3-K9 may counteract
each other and cooperate to maintain the anterior boundaries of
HoxDb8 expression at mid-gestational stages and later. This is
consistent with the antagonistic properties of MI! and Bmil
muiations (Hanson et al., 1999). Moreover, the establishment of the
differential binding of the Rnf2 and H3-K9 acetylation at Hoxb8
during embryogenesis temporally coincides with de-repression of
that Hox gene in Bmil/Rnfl 10 and Phc I/Phc2 double homozygotes,
and loss of its transcription in Ml homozygotes (Akasaka et al.,
2001; Yu et al., 1998; Isono et al., 2005b). Intriguingly, class 2 PcG
complexes, which lack the Rnf2 component, are aiso involved in the
maintenance of H3-K9 acetylation in embryonic tissues where Hox
genes are expressed. This is consistent with predominant subnuclear
localization of several PcG proteins in the perichromatin
compartment where most pre-mRNA synihesis takes place (Cmarco
et al., 2003). The molecular mechanisms underlying this positive
action remain unaddressed.

In conclusion, class 2 PeG gene products play distinct roles in
embryonic territories, which are silent or active for Hoxb8
transcription, by forming complexes of different composition.
Interaction between class 1 and class 2 PeG complexes mediated by




2380 RESEARCH ARTICLE

Development 133 {12}

trimethylated H3-K27 play decisive roles in Hox gene repression
outside their expression domains, as seen in Drosoplile. In addition,
within the Hox expression domain, class 2 PeG complexes are
involved in maintaining a transcriptionally active status, independent
of H3-K27 trimethylation.

Supplementary material
Supplementary material for this article &5 available at
http://dev.biologists.orgicgi/content/full/133/12/2371/DC 1
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Roles of HIPK1 and HIPK2 in AML1- and p300-
dependent transcription, hematopoiesis and blood

vessel formation
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Histone acetyltransferases (HATs} p300 and CREB-binding
protein (CBP) function as co-activators for a variety of
sequence-specific transcription factors, including AMLIL.
Here, we report that homecdomain-interacting protein
kinase-2 (HIPK2) forms a complex with AML1 and p300,
and phosphorylates both AML1 and p300 to stimulate
transcription activation as well as HAT activities.
Phosphorylation of p300 is triggered by phosphorylated
AML1 as well as by PU.1, ¢-MYB, ¢-JUN and c-FOS, and is
inhibited by dominant-negative HIPK2. Phosphorylation
of p300 and AML1 is impaired in Hipkl/2 double-deficient
mouse embryos. Double-deficient mice exhibit defects in
primitive/definitive hematopoiesis, vasculogenesis, angio-
genesis and neural tube closure. These phenotypes are in
part similar to those observed in p300- and CBP-deficient
mice. HIPKZ also phosphorylates another co-activator,
MOZ, in an AML1-dependent manner. We discuss a possi-
ble mechanism by which transcription factors could
regulate local histone acetylation and transcription of
their target genes.

The EMBO Journal (2006) 25, 3955-3965. doi:10.1038/
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Introduction

Covalent modification of histones (acetylation, phosphoryla-
tion, methylation, ubiquitination and sumeoylation) is essen-
tial for regulating gene expression. These modifications
appear to be inter-dependent and represent an evolutionarily
conserved ‘histone code’ that alters the interactions between
histones and DNA, as well as marks binding sites on histones
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for effector proteins that regulate gene expression (Jenuwein
and Allis, 2001). Histone acetylation is regulated by histone
acetyltransferases (HATs) and histone deacetylases (HDACs).
HATs and HDACs, directly or through binding to transcription
cofactors, interact with transcription factors, which recognize
specific DNA sequences in their target genes, to regulate the
acetylation of local histones {Marmorstein and Rath, 2001;
Thiagalingam et af, 2003). The HAT p300 and the closely
related CREB-binding protein (CBP) have been shown to
function as co-activators for a wide variety of transcription
factors and to play central roles in transcriptional control in
response to a diverse range of physiological stimuli {Legube
and Trouche, 2003).

The AMLI (RUNXI) gene is the most frequent target of
leukemia-associated chromosome translocations, which are
frequently detected in human leukemia (Look, 1997). AMLI
protein forms a heterodimer with CBFp and binds te a specific
DNA sequence to regulate the expression of a number of
hematopoietic genes (Meyers et al, 1993; Ogawa et al, 1993).
Both AML1 and CBFp are essential for the development of all
definitive hematopoiesis lineages (Okuda et al, 1996; Sasaki
et al, 1996; Wang et al, 1996a, b; Niki et af, 1997; Okada et al,
1998). AML1 forms complexes with PML and HATs, such as
p300/CBP and MOZ, to activate transcription {Kitabayashi
et al, 1998b, 2001; Nguyen et al, 2005). AML]l can act
synergistically with other transcription factors, such as AP-1
(Cockerill et al, 1996), C/EBPa {Zhang et al, 1996}, c-Myb
(Britos-Bray and Friedman, 1997), PU.1 (Petrovick et al,
1998) and Ets-1 (Kim et al, 1999}, Inducible phosphorylation
of AML1 is correlated with increased amounts of MOZ in the
AML1 complex during differentiation of M1 myeloid cells
(Kitabayashi et al, 2001), suggesting that phosphorylation
of AML1 is important for regulation of AMLl complex
formation and transcriptional activation.

Homeodomain-interacting protein kinases (HIPKs) are
nuclear serine/threoning Kinases, and three members of the
HIPK family (HIPK1, HIPK2 and HIPK3) have been reported
(Kim et al, 1998}. The functional importance of HIPKs has
chiefly been studied using HIPK2 and estimated by means of
their interacting proteins and phosphorylation targets, includ-
ing homeoproteins, p53, CtBP1 and Myb (Kim et al, 1998;
Choi et al, 1999; D'Orazi et af, 2002; Hofmann et af, 2002;
Zhang et al, 2003; Kanei-Ishii et al, 2004). All of these factors
represent critical reguiators of transcription, suggesting that
HIPKs play critical roles in transcriptional regulation.

The activity of CBP or p300 HAT has been shown to be
stimulated by a variety of seguence-specific transcription
factors, such as HNFl«, HNF4, Spl, Zta, NF-E2, C/EEPs
and phosphorylated Elkl (Chen et al, 2001; Soutoglou et al,
2001; Kovacs et al, 2003; Li et al, 2003; Schwartz et al, 2003).
Through this stimulation, these sequence-specific transcrip-
tion factors are thought to increase the acetylation of
histones at their target promoters, However, the mechanisms
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regulating the activity of the transcription factor/HAT com-
plexes on their target genes remain unclear. Here, we report
that phosphorylation of p300 is induced by phosphorylated
{active) AMLI1 but not by dephosphorylated (inactive) AMLI1.
AMLI interacts with HIPK2 and mediates phosphorylation
of p300 1o stimulate HAT activity and induction of transcription.
HIPK2-dependent phosphorylation of p300 is also induced by
other transcription factors, such as PU.1, ¢-MYE, c-JUN and
c-FOS5, suggesting that the present novel mechanism of
transcriptional regulation is of general relevance. The impor-
tance of HIPK1 and HIPK2 for inducible phosphorylation of
p300 was revealed in double-deficient mice, which have
defective p300 phosphorylation and show in part a similar
phenotype to p300- and CBP-deficient mice.

Results

AML1 is phosphorylated at Ser249 and Ser276

Phosphorylation of AML1 is suggested to be important for
its function in transcription and cell differentiation. To deter-
mine the phosphorylation sites of AMLI, a full-length AML1
protein, AML1b, was purified from L-G myeloid cells, in
which AML1 is highly phosphorylated. AML1b was then
digested with trypsin and subjected to LC/MS/MS analysis.
The predicted phosphorylation sites were Ser249 and Ser276.
Comparison of these sites and their surrounding sequences
among the different species indicated that the phosphoryla-
tion sites of AML1 have been evolutionarily conserved
(Figure 1A). Mutants in which Ser249 and/or Ser276 were
substituted by alanine, migrated faster than wild type {WT}
when expressed in L-G cells (Figure 1B). Phosphatase-treated
WT AML1b migrated to a similar position as the 5249/276A
muiant (Figure 1C). These results suggest that Ser249 and
Ser276 of AMLI are phosphaorylated in L-G cells. Alteration of
Ser266, which is specifically phosphorylated by Erk (Tanaka
et al, 1996}, to alanine did not affect migration (Figure 1B).

HIPK2 phosphorylates AML1T at Ser249 and Ser276

It has been reported that AML1b can be phosphorylated by
Erk in 3T3 fibroblasts (Tanaka et af, 1996). However, treat-
ment of L-G cells with inhibitors of Erk pathways did not
affect the phosphorylation of AML1b (Supplementary Figure
§1}, suggesting the involvement of other kinases in this
phosphorylation. We previously purified the AML1b complex
from L-G cells (Kitabayashi et al, 2001) and identified the
serine/threonine kinase HIPK2 as a component of the AML1
complexes (Supplementary Figure 52). Immunoblot analysis
confirmed that HIPK2 is present in the purified complex
(Figure 1D}. To confirm this interaction, 293T cells were
transfected with HA-tagged AMLIb together with WT or
kinase-dead (KD) point mutant FLAG-tagged HIPK2. HIPK2
proteins were immunoprecipitated with anti-FLAG anti-
bodies. On immunoblot analysis, HA-AML1b was co-precipi-
1ated with the WT and mutant HIPK2 (Figure 1E).

To determine whether HIPK2 phosphorylates AML1, we
tested the phosphorylation of AML1 by HIPK2 in wivo and
in vitro. 293T cells were transfected with WT and mutant
AMLI] together with HIPK2. Immunoblot analysis demon-
strated that co-transfection of HIPK2 leads to retardation
of the protein band for WT AML1b (Figure 1F). Note that
AMLI1b phosphorylation levels are low (i.e., its migration is
fast) when AMLL1 is transiently transfected into 293T cells.
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Substitution of either Ser249 or Ser276 by alanine diminished
the changes in band migration caused by HIPKZ. In in vitro
kinase assays, HIPK2 strongly phosphorylated WT AML1 as
well as itself (Figure 1G). Mutations in Ser249 and Ser276
strongly inhibited HIPK2-mediated phosphorylation of
AMLI1. These results indicate that HIPK2 is able to phosphor-
yiate AMLI at 3er249 and Ser276.

HIPKZ stimulates cooperation between AML1T, MOZ
and p300 in transeription activation

In order to clarify the roles of phosphorylation in the function
of AML1, we tested the effects of HIPK2 on AML1-mediated
transcription. WT/mutant AML]1 was co-transfected with
p300/MOZ HAT, HIPK2 and MPO-luc or CCPl-luc reporier
genes containing AML1-binding sites. As shown in Figure 1H,
MOZ and p300 stimulated AML1-dependent transcription, as
reported previously (Kitabayashi et al, 2001}. MOZ-mediated
and p300-mediated transcription activation was strongly
enhanced by WT HIPK2 and was completely abolished by
KD HIPK2, which functions in a dominant-negative manner.
These results suggest that HIPK2 plays an imporiant role in
AML1-mediated transcription, particularly in its cooperation
with MOZ and p300. HIPK2-, MOZ- and p300-induced tran-
scription activation was almost completely abolished by
substitution of Ser249 and Ser276 by alanine (5249/276A).
In contrast, this activation activity was strongly enhanced
when Ser249 and Ser276 were changed to aspartic acid,
which mimics phosphorylated amino acids (5249/276D).
These results suggest that phosphorylation of Ser249 and
Ser276 on AML1 is essential for transcription activation.

Phosphorylation of p300 by activated AMLT and HIPK2Z
Because the above results suggest that HIPK2 stimulates
AML1 cooperation with p300 and MOZ in transcription, we
inferred that HIPK2-mediated AML] phosphorylation stimu-
lates interaction with p300 and/or MOZ. We then tested the
effects of HIPK2 on these interactions. Co-immunoprecipita-
tion analysis indicated that co-transfection with WT or KD
HIPK2 had no effect on the interaction between AML] and
p300 (Figure 2A). Unexpectedly, however, we observed
differences in mobility of the p300 band after transfection
with AML1 and HIPK2. As shown in the upper panel of
Figure 2A, co-transfection with AML1 resulted in mobility
retardation of p300 (lane 2). This shift in mobility was due to
phosphorylation, as treatment with phosphatase restored
mobility (Figure 2B). A similar shift in mobility was also
induced by co-transfection with WT HIPK2 (Figure 2A, lane
3). More importantly, the AML1-induced mobility shift of
p300 was completely inhibited by co-transfection with KD
HIPK2 (Figure 24, lane 6). In vitro kinase assays revealed
direct phosphorylation of p300 by BIPK2 {Figure 2C). These
results suggest that AML1 is able to induce HIPK2-mediated
phosphorylation of p300.

The mobility shift of p300 was not induced when
co-transfection was performed with an alanine mutant
(2A=5249/276A), which lacks phosphorylation sites
{upper panel in Figure 2D). In contrast, an aspartic acid
mutant (2D =95249/276D), which mimics phosphorylated
AMLI, induced a greater mobility shift than WT AMLI.
These results suggest that activation of AML1 by phosphor-
ylation is required for AMLl-induced phosphorylation of
p300. Co-immunoprecipitation experiments indicated that
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Figure 1 AMLI is phosphorylated at Ser249 and Ser276 by HIPK2. (A) Phosphorylation sites are evolutionarily conserved. (B) Migration of
WT and mutant AMLI in L-G celis, (C) Phosphatase treatment of AML]. Purified WT and $249/276A mutant AML1b were treated with (+) or
without (-} calf intestine alkaline phosphatase (CIAP) and analyzed by immunobloting with anti-AML] antibody. {D) AMLI complex contains
HIPK2. Purified AML] complexes were analyzed by immunobloting with anti-HIPK2 antibody. (E) Tnteraction of AML1 with HIPK2. 293T cells
were transfected with HA-AML1b together with either FLAG-tagged WT or KD HIPK2. Immunoprecipitates with anti-FLAG were analyzed by
immunobletting with anti-HA antibody. (F) Phosphorylation of AML1 by HIPK2. Cell extracts fram 293T cells expressing WT or mutants of HA-
tagged AML1 and HIPK2 were subjected to immunchblot analysis with anti-HA antibody. (G) Phosphorylation of AML1 in vitro. Purified WT or
mutant AML1h proteins were tested for in vitro kinase activity. {H) HIPK2 activates AML1-mediated transcription. 52052 cells were transfected
with 50 ng of MPO-lue, 200 ng of LNCX-AMLIb, 250 ng of MOZ or p300, 250 ng of WT or KD mutant of HIPK2 and 2 ng of phRL-cmv. Cell lysates

were analyzed for luciferase activity at 24 h after transfection.

neither the alanine nor aspartic acid mutation affected the
interaction between AML1 and p300 (Figure 2D, lower
panel). In addition, neither of these mutations affected
the interaction between AMLI and HIPK2 (Supplementary
Figure S3).

HIPKZ activates p300
In order to investigate the role of phosphorylation by HIPK2
on p300 function, we tested the effects of HIPK2 on p300 HAT
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and transcription activation activities, To test HAT activity,
FLAG-tagged p300 was co-transfected with WT HIPK2 and
KD mutant, purified using anti-FLAG antibodies and tested
for HAT activity. Intrinsic RAT activity of p300 was activated
by WT HIPK2 and AML1b, and was inhibited by KD HIPK2
(Figure 2E). Reporter analysis indicated that WT HIPK2 and
AML1 stimulated transcription activation by Gald-p300
(Figure 2F). These results suggest that HIPK2 stimulates
HAT activity and p300-mediated transcription activation.
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Figure 2 HIPK2 mediates AML]-dependent phosphorylation of
p300. (A) AML1 induces phosphorylation of p300. 293T cells were
transfected with FLAG-AML1b, HA-p300 and HIPK2. Cell lysates
were immunoprecipitated with anti-FLAG antibodies. Cell lysates
(1%]) and immunoprecipitates were then analyzed by immunoblot-
ting with anti-HA antibody. (B) CEAP-treatment of AMLI1-p300
complex. 293T cells were transfecled with HA-p300 and FLAG-
AMLI1D. After immunoprecipitation with anti-HA antibodies, immu-
noprecipitates were treated with CIAP and analyzed by immunablot-
ting with anti-HA antibody. (C) Phosphorylation of p300 in vitro.
Purified WT p300 protem was incubated with or without HIPK2 in
the presence of [y**PJATP and was separated by 7% SDS-PAGE. Gels
were dried and subjected to autoradiogeaphy. {D} Phosphorylation of
AMLI is required for AMLI-induced phosphosylation of p300. 293T
cells were transfected with HA-p300 and FLAG-tagged WT, $249/
276A (2A) or 5249/276A (2D) mutant AMLIb, After immunopreci-
pitation with anti-FLAG antibodies, cell lysates (1%) and immuno-
precipitates were analyzed by immunoblotting with anti-HA
antibedy. (E) HIPK2 and AML1 stimulates HAT activity of p300.
293T cells were transfected with FLAG-p300 together with either WT
or KD HIPK2, or AMLID. After immunoprecipitation with anti-FLAG
antibodies, immunoprecipitates were analyzed for HAT activity,
(F) HIPK2 and AMLI stimulate transcription activation by a Gal4-
p300 (usion protein. 293T cells were transfected with 500 ng of pFR-
luc(Gal4-luc), 100ng of Gal4-p300, 400ng of WT or KD HIPK2, or
AML1b and 2ng of phRL-cmv. Cell lysates were analyzed for
luciferase activity at 24 h after transfection.

cBB

The p300 sites phosphorylated by HIPK2 were investigated
using various mutants of Gal4-p300, in which the putative
phosphorylation sites (SP and TP) were substituted with AP,
and these mutants were tested for both transcription activa-
tion and phosphorylation by HIPK2. Transctiption activation
and phosphorylation of p300 were markedly reduced by
substitution of the 23 SP/TP sites (Figure 3).

Interaction between HIPKZ and p300
Overexpressed HIPK2 was able to phosphorylate p300, even
in the absence of AMLI1, thus suggesting a physical interac-
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Figure 3 Phosphorylation sites of p300 by HIPKZ. (A) Schematic
representation of p300 mutants used for determining HIPK2-
induced phosphorylation sites. (B} Amino-acid sequence of putative
HIPK2 phosphorylation sites of p300. Serines or threonines shown
in red were substituted with alanines. (C} HIPK2-induced activation
of transcription by Gal4-p300 mutants. 293T cells were transfected
with 500ng of pFR-luc{Gaid-luc), 100 ng of WT or mutant Gald-
p300, 400ng of HIPK2 and 2ng of phRL-cmv. Cell lysates were
prepared at 24 h after transfection and were analyzed for luciferase
activity. (D) Phosphorylation of p300 mutants by HIPK2. 293T cells
were iransfected with WT or mutants of Gal4-p300 together with
HIPK2. Cell lysates were subjected to immunoblot analysis with
anti-Gal4 antibody.

tion between HIPK2 and p300. To test this interaction, FLAG-
tagged HIPK2 or AML1 were co-transfected with HA-p300
or truncated versions thereof as schematically shown in
Figure 4A. On [P-Western analysis, p300 was co-precipitated
with WT and KD HIPK2 in addition to AML1 (Figure 4B).
Reciprocal co-immunoprecipitation experiments also indi-
cated that WT and KD HIPK2 were co-precipitated with
p300 (Figure 4C). Deletion analysis of p300 allowed mapping
of the HIPK2-binding domain (1304-1571) and AML1-binding
domain {142-597) (Figure 4D). Interactions between AML1
and p300 were markedly reduced by deletion of the 142-957
region of p300, but the interaction could be still detected
weakly after overexposure (Figure 4D), suggesting an indirect
interaction through other factars or another AML1-interacting
domain. GST pull-down analysis indicated that HIPK2, which
was translated in vitrg, bound to bacterially produced GST-
AMLI1Y and GST-p300(HAT} proteins (Figure 4E}, suggesting
that HIPK2 directly interacts with AMLI and p300.

Phosphorylation of p300 by various transcription factors
Various transcription factors are known to utilize p300 as a

co-activator. It was recently reported that the C/EBP family of
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transcription factors induce phosphorylation of p300 and CBP
(Kovacs et al, 2003; Schwartz et al, 2003). To test whether
phosphorylation of p300 is induced by other transcription
factors that bind to p300, several transcription factors were
co-transfected with p300. Mobility shifts of p300 were in-
duced by AML/runx family members, PU.1, C/EBPa, C/EBPs,
¢-MYB, ¢-JUN and ¢-FOS, but were not induced by IRF3, p53,
RARa or ATF2 (Figures SA and C). To determine whether
these shifts were mediated by HIPK2, the dominant-negative
HIPK2 was co-transfected with these factors. As shown in
Figure 5B, the dominani-negative HIPK2 completely inhibited
the phosphorylation of p300 induced by AML1/2/3, PU.I,
c-MYB, c-JUN and c-FOS, which suggests that HIPK2 mediates
p300 phosphorylation by these factors. On the other hand,
phosphorylation induced by C/EBPw and C/EBPs was only
partially inhibited by the dominant-negative HIPK2, which
suggests that other kinase(s) are involved (Figure 5C).
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Roles of HIPK family members in phosphorylation

and transcription

We generated Hipkl- and Hipk2-deficient mice by targeted
disruption of the corresponding genes (Isono et al, 2006).
Hipkl and Hipk2 single-deficient mice are grossly normal
(Kondo et al, 2003; Wiggins et al, 2004), but Hipkl/Hipk2
double homozygotes die between E9.5 and E12.5 (Isong et al,
2006). These findings suggest functional redundancy
between HIPK] and HIPK2. We thus addressed the physiolo-
gical roles of HIPK family proteins by using Hipk!/Hipk2
double mutants. To investigate the phosphorylation of p300,
proteins were extracted from whole embryos at E10.0 and
were analyzed by immunobloitng with anti-p300 antibodies,
Although significant amounts of highly phosphorylated
forms of p300 were observed in HipklI-deficient, Hipk2-
deficient and WT embryoes, highly phosphorylated forms
were severely reduced in Hipkl/Hipk2 double-deficient
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Figure 5 HIPK2 mediates phosphorylation of p300 induced by a set
of transcription factors. (A) Phosphorylation of p300 by various
transcription factors. 293T cells were transfected with HA-p300
together with various transcription factors, Cell lysates were sub-
jected to immunoblot analysis with anti-HA antibody. (B} Effects of
WT and KD HIPK2 on transcription factor-induced phosphorylation
of p300. 293T cells were transfected with HA-p300 and the tran-
scription faciors indicated together with WT and KD HIPK2.
(€} Effects of KD HIPK2 on phosphorylation of p300, 2937 cells
were (ransfected with HA-p300 (0.2 pg) and either C/EBPe, C/EBPx
or AML1b (0.4ug) together with increasing amounts (0.2 and
0.4 ug) of KD HIPK2.

embryos {Figure GA}. Tt has been reported that phosphoryla-
tion of p300 is stimulated during retincic acid-induced differ-
entiation of embryonic stem (ES) cells {Kitabayashi et al,
1995}, To test whether HIPK1 and HIPK2 are reguired for
p300 phosphorylation, we investigated changes in phosphor-
ylation of p300 after retinoic acid-induced differentiation
of WT and HIPK1/HIPK2 double knockout ES cells.
Phosphorylation of p300 was stimulated and was associated
with expression of HIPK2 during differentiation of WT ES
cells but not in double knockout ES cells {Figure 6B).
Induction of p300 phosphorylation and HIPK2 expression
was also observed in G-CSF-induced differentiation of
32Dcl3 cells (Figure 6C).

To confirm the phosphorylation of AML1, which is pre-
dominantly expressed in hematopoietic cells, nonadherent
cells were prepared from the yolk sac of mutant embryos and
were expanded by culture in wvitro for 5 days. Immuncblot
analysis using anti-AML1 antibody indicated that hypophos-
phorylated forms of AMLY were increased in Hipkl/Hipk2
double-deficient cells when compared with those in single-
deficient cells or WT cells. Immunoblot analysis using
phospho-specific antibody (Supplementary Figure $4),
which detects AML1 phosphorylated at Ser249, indicated
that phosphorylated AML1 was markedly decreased in
Hipk1/Hipk2 double-deficient cells (Figure 6D).

In oxder to test whether HIPK1 can induce phosphorylation
of p300 and AML1, 293T cells were transfected with p300 and
AMLI1 together with HIPKi. Phosphorylation of p300 and
AML1 was strongly induced by HIPKI1 as well as by HIPK2
(Figure 6E). These phosphorylations were largely inhibited
by substitution with alanine at the phosphorylation sites

VOL 25 | NQ 17 | 2006

154

Hipk1-/~
A B Hipk2 /- WT
H+ - -~ ++ HIPKI 02 40 2 4 (days)
+HE o=+t of- HIPK2 = —
= pp300
p300
o | pp3o0
1 2 3 4 l::f“*s_ﬁgﬂ
C 0 2 4 & (days) 9] He [ —}- Hy HIPK1
; s Hr -} v - HIPK2
i = HIPK2 - 4
: a-AML1 DAMLY
5 s b= PP30O
1 Gl =R . pAMLA
p3 a-pS249 - BML1
1t 2 3 4
E F wT 23A  p300
PK w“w 4 w = o+ o HIPK1
HIPKE - = * - - * HPK2
i MR W WS g R 1 PP300 %QQ
o g pa00
WT  S249/276A AML1
-+ - - + - HIPFK1
-~ -~ + - - %+ HPKz

“g-'-“‘

Figure 6 HIPK]1 and HIPK2 are essentiai {or phosphorylation of
p300 and AML1. (A) Phosphorylation of p300 in HIPKI- and/or
HIPK2.deficient embryos. Proteins were extracted from WT and
mutant E10.0 embryos and were subjected 1o immunoblot analysis
with anti-p300 antibody. (B) Expression of HIPK2 and phosphoryla-
tion of p300 during differentiation of ES cells. WT and Hipkl,/2
double-deficient ES cells were exposed to 1uM retinoic acid for 2
and 4 days. The cell lysates were subjected to immunoblot analysis
with anti-HIPK2 and anti-p300 antibodies. (C} Expression of HIPK2
and phosphorylation of p300 during differentiation of myeloid cells.
32Dcl3 cells were exposed to 10 ng G-CSF for indicated number of
days. (D) Phosphorylation of AML1 in HIPKI1- and/or HIPK2-
deficient yolk sac. Yolk sac cells from E10.0 embryos were cultured
on OP9 cells for 5§ days. Cell lysates were subjected te immunablot
analysis with anti-AMLI and phospho-5249-specific AML1 antibo-
dies. (E) Phosphorylation of p300 and AML1 by HIPK]1 and HIPK2.
293T cells were transfected with HA-p300 or AML1 (0.2 pg) together
with increasing amounts (0.05, 0.1, 0.2 pg} of HIPK1 or HIPK2. Cell
lysates were subjected to immunoblot analysis with anti-HA anti-
body. (F) 2937 cells were transfected with WT or mutant Gald-p300
or HA-AMLI together with HIPK1 or HIPK2. Cell lysates were
subjected to immunoblot analysis with anti-Gald or anti-HA antibody.

(Figure 6F). Co-immunoprecipitation analysis indicated that
HIPK1 as well as HIPK2 interact with AML1 (Supplementary
Figure S5).

Reporter analysis indicated that HIPK1 also stimulates
transcription activation by Gal4-p300 and by AML1
(Figure 7A and B}. Reporter analysis using WT and HIPK1/
2 double-deficient mouse embryonic fibroblasts showed an
impaired AMLI-dependent transcription in HIPKI/HIPK2
double-deficient cells (Figure 7C). Thus, we conclude that
both HIPK1 and HIPK2Z mediate the phosphorylation of
p30C¢ and AMLI1, and enhance AML1- and p300-dependent
transcription.
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Figure 7 HIPK1 and HIPK2 are involved in p300- and AMLI-
mediated transcription. (A) 293T cells were transfecled with
500 ng of pFR-luc(Gal4-luc), 100ng of Gald-p300, 400ng of HIPK]
or HIPK2, and 2 ng of phRL-cmv. (B) Sa032 cells were transfected
with 50ng of MPO-lue, 200ng of LNCX-AMLILb, 250ng of MOZ
or p300, 250 ng of HIPK1 or HIPK2, and 2 ng of phRL-cmv. (C} WT
and HIPK1/2 double-deficient MEFs were transfected with 50ng of
MPO-luc, 200 ng of LNCX-AMLL1b, 500ng of MOZ or p300, and 2 ng
of phRL-cmv. Cell lysates were analyzed for luciferase activity at
24h after transfection.

Hematopoiesis defects in HIPK1/2-deficient mice

Because AML1, p300 and the closely related CBP are essential
for hematopoiesis (Okuda et al, 1996; Wang et al, 1996a; Oike
et al, 1999; Tanaka et al, 2000; Kasper et al, 2002; Rebel et al,
2002}, we analyzed hematopoietic cells in the yolk sac and
the paraacrtic splanchnopleural (P-Sp) region, in which
definitive hematopoiesis is first detected during development.
A marked decrease in the total number of cells was observed
in Hipk1—/—Hipk2—/— yolk sacs (Figure 8A). To investigate
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Figure 8 Hematopoiesis in HIPK1/2 mutant embryos. (A) Yolk sac
cells from embryos at E9.5 were dispersed into single-cell suspen-
sions and the numbers of nucleated erythroid cells were counted.
(B) Colony-forming cells in P-Sp cultures. P-Sp explants derived
from E9.5 embryos obtained by intercrossing HIPK1—/— HIPK2 . /—
mice were cultured on OP9 stromal cells for 7 days and were
subjected to colony-formation assay. Dotfilled and oblique-line-
filled boxes represent the number of erythroid and myeloid colo-
nies, respectively. (C) Colony-forming cells in yolk sac. Yolk sac
cells were directly subjected to colony-formation assay.

definitive hematopoiesis, Hipk!—/—Hipk2 +/— mice were
mated, and the P-Sp region of embryos at 9.5-dpc were
dissected and cultured on OP9 cells. After 7 days of culture,
colony-forming cells (CFCs) from nonadherent cells were
examined on methylcellulose medium, Yolk sac cells were
directly tested for CFCs. As shown in Figure 8B and C, the
total number of CFCs in the yolk sac and cultured P-5p cells
from double-deficient (Hipk]—/~Hipk2—/—) mutants was
markedly reduced when compared with those from control
littermates (Hipkl—/—Hipk2 +/— or Hipkl—/—Hipk2 + /).
These results suggest that primitive as well as definitive
hematopoiesis is defective in Hipkl/Hipk2 double-deficient
embryos.

Defects in vasculogenesis/angiogenesis in
HIPK1/2-deficient mice

Morphologic evaluation of embryos revealed severe defects in
vessel formation in Hipk1/Hipk2 double-homozygous mutant
embryos and yolk sacs at E10.0 (Figure 9A and B). Similar
defects in vessel formation are also observed in p300- and
cbp-deficient mice (Yao et al, 1998; Oike et al, 1999; Tanaka
et al, 2000). To further study the vascular system, whole
embryos were stained with anti-PECAM-1 monoclonal anti-
body, which detects differentiated endothelial cells. Hipkl/
Hipk2 double-deficient embryos failed to form an organized
vascular network (Figure 9C). Gross defects in vascular
branching were cbserved, particularly in the head and
trunk (Figure 9D and E). To further investigate the defects
in the vascular networks in Hipki/Hipk2 double muiant
embryos, P-Sp regions were dissected from E8.75 embryos
obtained by intercrossing Hipk1—/—Hipk2 + /— mutant mice,
cultured on OP9 stromal cells, and stained with anti-PECAM-
1 antibody (Figure 9F}. Both sheet (Figure 9G) and network
(Figure 9H} formations, which are indicative of vasculogen-
esis and angiogenesis, respectively, were severely affected in
P-Sp cultures from Hipkl/Hipk2 double-homozygous mutant
embryos, while cultures from [ittermate embryos developed
normally. The double-homozygous mutant embryos at E8.75
were comparable in size to their littermates (data not shown).
Thus, we concluded that vascular formation in Hipkl/Hipk2
double-homozygotes is impaired rather than delayed.
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Figure 9 HIPK1/2 mutant embryos showed defective vasculogenesis and angiogenesis. (A, B) Phenotypic comparison of E10.0 Hipkl—/—,
Hipk2+/+ and Hipkl—/— Hipk2—/~ embryos with (A} and without (B) yolk sac. (C} Whole-mount immunchistostaining with anti-CD31
(PECAM-1} mAb of E9.5 Hipki—/—,Hipk2+ /+ and Hipkl—/— Hipk2—/— embryos. (D) Primary vascular plexus observed in mutant heads.
(E) Migration of endothelial cells forming intersomitic vessels. (F-H) Vasculo-angiogenesis in P-Sp culture, P-Sp explants derived from E8.75
embryos obtained by intercrossing Hipkl—/—,Hipk2 + /— mice were culiured on OP9 stromal ceils and were stained with anti-CD31 mAb.

Representative resulis are shown in (F}. The average values of areas of vas
(G) and (H}, respectively.

Discussion

AMLT stimulates HIPK2-mediated phosphorylation

of p300 and activates transcription

In the present study, we found that co-expression of AML]
induced phosphorylation of p300. This effect was inhibited
by the dominant-negative form of HIPK2 and was enhanced
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cular sheet formation and vascular network formatien are shown in

by WT HIPK2. These results suggest that HIPK2 mediates the
AML1-induced phosphorylation of p300. HIPKZ-mediated
phosphorylation of p300 stimulates its HAT activity and
activates p300-dependent transcription. AML1 interacts
with beth p300 and HIPK2, and thus AML! induces phos-
phorylation of p300 by stimulating the physical interaction
between the enzyme HIPKZ and the substrate p300.
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Interestingly, the alanine mutant AML1-5249/276A, which
lacks phosphorylation sites, did not induce p300 phosphoryl-
ation, while the aspartic acid mutant AML1-5246/276D,
which mimicks the phosphorylated form, induced phosphor-
ylation of p300 more efficiently than WT AML1. Moreover,
AML1/p300-mediated transcriptional activation was inhib-
ited by alanine mutations and enhanced by aspartic
acid mutations on the phosphorylation sites of AMLI.
These findings suggest that phosphorylation of AMLI is
required for the HIPK2-mediated phosphoryiation of p300
and subsequent transcription activation. Thus, AML1 not
only recruits HIPK2 to the substrate p300 but also functions
as a regulatory subunit for HIPK2 to control p300 phosphor-
ylation, local histone acetylation and transcription of
target genes.

HIPK-induced phosphorylation of p200 is common to
regulation by various transcription factors
Phosphorylation of p300 was also induced by transcription
factors such as the AML1/runx family members, PU.1,
¢-MYB, ¢-JUN and c-FOS. These effects were inhibited by
co-expression of dominant-negative HIPK2, suggesting that
HIPK family members are involved in the phosphorylation of
p300 by these transcription factors. It is likely that
these transcription factors alse regulate transcription by
recruiting HIPKs and inducing p300 phosphorylation on
their target genes in the same way as AML1. Thus, HIPK-
mediated phosphorylation of p300 is a common event in
transcriptional regulation by a range of transcription factors.
Phosphorylation of p300 was not induced by transcription
factors such as IRF3, p53, RAR« and ATF2 under the condi-
tions tested, although these transcription factors were able to
interact with p300. As these factors are activated in response
to a range of physiological stimuli, it is possible that addi-
tional meodifications or factors induced by these stimuli are
required for p300 phosphorylation.

Highly phosphorylated forms of p300 were scarcely
detected in Hipkl/2 double-deficient embryos, suggesting
that phosphorylation of p300 is largely regulated by HIPK1
and HIPKZ during embryonic development. A variety of
transcription factors, including jun, fos, runx and ets family
members, are probably involved in the regulation of p300
phospherylation during embryogenesis and hematopoiesis. It
has been reported that phosphorylation of p300 is stimulated
and is associated with expression of c-JUN during retinoic
acid-induced differentiation of F9 embryonic carcinoema cells
and ES cells (Kitabayashi et al, 1995). We found here that the
induction of p300 phosphorylation was inhibited in Hipk1/2
double-deficient ES cells. Thus, the phosphorylation of
p300 in this process is likely to be mediated by HIPK1
and/or HIPK2 in combination with transcription factors,
including c-JUN,

It has been reported that AMLI activates transcription
synergistically with other transcription factors, such as AP-1
{jun/fos), C/EBPe, ¢-Myb, PU.1 and Ets-1, to activate tran-
scription (Cockerill et al, 1996; Zhang et al, 1996; Britos-Bray
and Friedman, 1997; Petrovick et al, 1998; Kim et al, 1999).
We found here that phosphoerylation of p300 is a common
effect induced by these transcription factors, thus suggesting
that phosphorylated forms of p300 and HIPK2 are involved in
the above-mentioned synergistic effects.
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Role of phosphorylation in p300/CBP function

HIPK1 and HIPK2 double-deficient embryos died between
E9.5 and E12.5 and exhibited defects in vasculogenesis,
angiogenesis, and primitive and definitive hematopoiesis.
The double homozygous mutants exhibited developmental
retardation and fajled to close the anterior neuropore (Isono
et al, 2006). These phenotypes were in part similar to those
observed in p300- and CBP-deficient mice. Both p300- and
CBP-deficient mice show embryonic lethality and die
between E9.5 and E12.5 (Yao et al, 1998; Oike et al, 1999;
Tanaka et al, 2000). Moreover, double heterozygesity for
p300 and cbp is invariably associated with embryonic
death, suggesting the overlapping function and overall gene
dosage requirement of p300 and CBP. p300- and chp-deficient
embryos exhibited defective blood vessel formation, defec-
tive neural tube closure and apparent developmental retarda-
tion, as well as defects in both primitive and definitive
hematopoiesis. Phosphorylation of p300 was inhibited in
Hipkl/Hipk2-double deficient embryos. Taken together
these findings suggest that phosphorylation of p300/CBP
by HIPK1/HIPK2 is essential for p300 and CBP function in
embryonic development. However, we cannot exclude a
possibility that HIPK1/HIPR2 may have other substrates
whose phosphorylation is required for hematopoiesis and
development. p300 null embryos show other defects, in
addition 1o those found in Hipkl/Hipk2-double deficient
embryos, including anomalous heart formation, turning of
the embryo and edema formation (Yao et al, 1998}. That
these defects are not observed in Hipkl/Hipk2-double defi-
cient embryos suggests that some of the function of p300
is independent of HIPK1/2-mediated phosphorylation.

HIPK2 regulates transcription via multiple factors

We also found that co-expression of AML] and HIPK2
induced phosphorylation of MOZ (Supplementary Figure $6).
The phosphorylation of MOZ was not efficiently induced by
either AML1 or HIPK2 alone, and thus interaction between
these three molecules is likely to be required for efficient
MOZ phosphorylation. AML1 probably stimulates MOZ phos-
phorylation by accelerating the physical interaction between
HIPK2 and MOZ. Moreover, a highly phosphorylated form of
MOZ was preferentially co-precipitated with AMLI1, suggest-
ing that AML]1 interacts with the highly phosphorylated form
of MOZ more strongly than with the hypophosphorylated
form. Thus, HIPK2 stabilizes the AML1/MOZ complex by
phosphorylating MOZ. We generated MOZ mutant mice and
found that MOZ homozygous mutant mice die around E15.5
and exhibit severe defects in definitive hematopoiesis
(Katsumoto et al, 2006). Hipkl/Hipk2-deficient mice also
show defective definitive hematopoiesis. These defects ap-
pear to be more severe than those observed in cbp- or p300-
deficient mice. This is probably due to reduced MOZ activity,
in addition to inactive AML] and p300/CBP, in Hipk1/Hipk2-
deficient mice.

It was recently reported that the Groucho corepressor is
phasphorylated by Drosophila HIPK2 and subsequently dis-
sociates from the corepressor complex (Choi et al, 2005).
TLE, the human homolog of Groucho, also reportedly inter-
acts with AML1 and suppresses AML1-induced transactiva-
tion {Imai et al, 1998; Levanon et al, 1998). Taken together
with these findings, the present results suggest that HIPKs
play a key role in regulating the transcription of target genes
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by relieving Groucho-mediated transcriptional repression as
well as by activating transcription factor/HAT complexes.

Materials and methods

Cells and retroviruses

Culture of L-G, BOSC23 and Sa0S52 cells were performed as
described previously (Kitabayashi et af, 2001). Retrovirus infection
of cells was performed as described previously (Kitabayashi et al,
1998a).

Plasmids

The AMLI expression vectors pLNCX-FLAG-AMLIa, pLNCX-FLAG-
AML1b, pLNCX-HA-p300, pLNCX-HA-MOZ, mCCP1-luc and MPO-
luc were as described previousiy (Kitabayashi et al, 2001). LNCX-
FLAG-HIPK2 and L.NCX-HA-HIPK2 were generated by subcloning
WT and KD HIPK2 (Hofmann et ai, 2002) into a retrovirus-derived
LNCX vector. CMV-HIPK1 was as described by Isono et al (2006).

Mass spectrometry

AMLI proteins were purified from L-G cells, digested with trypsin
and subjected to LC/MS/MS analysis as described previously
(Kitabayashi et al, 2001}, Phosphopeptides were identified using
TurboSEQUEST software,

Immunoprecipitation, immunoblotting and antibodies
Immunoprecipitation and immunoblotting analyses were per-
formed as described previously (Kitabayashi et af, 2001). The
following primary antibodies were used in the present study: anti-
FLAG (M2} antibedy (Sigma), anti-HA (3F10) antibody {(Roche),
anti-AML1 antibody (Kitabayashi et al, 1998a), anti-HIPK2 antibody
{Hofmann er al, 2002) and anti-p300 antibody (N15) (Santa Cruz).
The anti-phospho-5249 AMLI1 antibody was generated by immuniz-
ing rabbits with phosphopeptides RQIQPpSPPWSY corresponding
to residues 244-254 of human AMLI1b.

HAT activity and kinase activity in vitro
For HAT activity, 293 cells were transfecied with FLAG-tagged
p300 together with WT or KD HIPK2. FLAG-p300 was purified by
immunoprecipilation as described above and incubated in a 10-ul
volume containing 50 mM Tris (pH 8.0), 10% giycerol, 1 mM DTT,
1 mM PMSF, 10mM sodium butyrate, 0.5 pl-of {1-'C]-acetyl-CoA
(50uCi/ml, Amersham}, and 0.5 pg each of histones H2A, H2B, H3
and H4 at 37°C for 1h. Reaction mixtures were analyzed by 18%
SDS-PAGE, and gels were subjected to autoradiography. Histone
acetylation was measured using a BAS2000 imaging analyzer (Fuji).
For kinase activity, FLAG-tagged WT and mutant AML1b, WT
HIPKZ and p300 were purified by immunoprecipitation, as
described above, and were incubated in 20mM Tris-C] (pH 7.5),
10mM MgCl;, 1 mM DTT, and 50 pM ATP, 5 pCi [y-2P)-ATP at 37°C
for 30 min. Reaction mixtures were analyzed by SDS-PAGE, and
gels were subjected to autoradiography.
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Luciferase assay
Reporter analysis was performed as described previously (Kitabaya-
shi et al, 2001).

GST puil-down assay

The GST pull-down assay was performed as described previously
(Hofmann et al, 2002). GST-AML1b has been described previously
(Kitabayashi et al, 1998b). GST-p300(HAT) was generated by
subcloning of an EcoRI-Stul fragment into pGEX.

In vitro culture of P-Sp
P-Sp cullure conditions were as described (Takakura et al, 2000).

In vitro hematopoietic colony assays

P-Sp culiures from mouse emnbryos were dispersed into single-cell
suspensions and cultured on 1% methylcellulose in Iscove’s
medified Dulbecco’s medium (IMDM]} containing 15% fetal bovine
serum, 1% bovine serum albumin, 10 pg/ml rh insutin, 200 pg/ml
human transferrin, 100 uM 2-mercaptoethanol, 2mM L-glulamine,
50ng/m! rm SCF, 10ng/ml rmil-3, 10ng/m! rh IL-6 and 3 U/ml
erythropoietin (MethoCult GF M3434) (Stem Cell Technology Inc.,
Vancouver, Canada). Cultures were maintained at 37°C under
humidified conditions with 5% CO,. Colonies containing more than
50 cells were counted on day 12, and myeleid CFUs, erythroid burst
forming units (BFUJ-E) and CFU-Mix were defined based on
morphology.

Isolation and differentiation of ES cells

Hipkl—/~Hipk2+ /— mice were mated and blastocysts were
harvested on day E3.5 then individually cultured in ES cell medium
[containing 20% fetal calf serum and leukemia inhibitory factor
(LIF)}) on a feeder layer of mitomycin C-treated embryonic
fibroblasts, as previously described (Auerbach et al, 2000). ES cells
were cultured in ES cell medium containing 10% fetal calf serum
plus LIF, Cells were then plated on gelatinized 100-mm plates at a
density of 1 x 109 cells/plate in the absence of LIF for 24 h, and then
they were treated with 1 uM RA for various periods of time.

Supplementary data
Supplementary data are available at The EMBC Journal Online
(hitp://www.embojournal.org),
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