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Analysis of glycosaminoglycan synthesis in cartilage explant. We analyzed
glycosaminoglycan synthesis in cartilage explants as previously described't,
except that we used a Sephacryl SS00HR column whose length and
diameter were 30 cm and 1 cm, respectively (GE Healthcare) in Figure 2e.
We cultured rib cartilage from three embryos at 18.5 dpc in DMEM with
[#S]sulfate (GE Healthcare) to label the glycosaminoglycan sulfate residues.
Proteoglycan fractions were obtained from cultures through extraction
with 4 M guanidine hydrochloride and purification by Q-Sepharose (GE
Healthcare) column chromatography. We then measured the molecular size
of proteoglycan and glycosaminoglycan in the proteoglycan fractions with
gel-filtration chromatography.

Disaccharide compositional analysis. We prepared lyophilized humerus and
femur for disaccharide compositional analysis. After exhaustive enzymatic
digestion of partially purified glycosaminoglycans with a mixture of chondroi-
tinase and heparitinase, we determined the unsaturated disaccharide composi-
tion by fluorometric postcolumn HPLC!? with chondroitin sulfate- (Seikagaku
Corporation) and heparan sulfate—derived (Sigma-Aldrich) unsaturated
disaccharide standards.

Human subjects. We screened for SLC35D1 mutations in six individuals with
Schneckenbecken dysplasia who were registered in the International Skeletal
Dysplasia Registry, the European Sustainable Development Network and the
Japanese Skeletal Dysplasia Consortium; three had typical and three had
possible Schneckenbecken dysplasia (Supplementary Table 2). Samples were
obtained after informed consent. All procedures were conducted according to
the protocols and guidelines approved by the participating institutions. Brief
summaries of the findings in the two subjects with SLC35D! mutations are
provided in the Supplementary Case Report.

Mutation screening. We isolated genomic DNAs by using standard procedures
and examined SLC35D1 for mutations by PCR from genomic DNA followed by
direct sequencing. We amplified the 12 exons of SLC35DI with their flanking
intron sequences by PCR and sequenced the products with an ABI Prism 3700
automated sequencer (PE Biosystems). PCR conditions and primer sequences
are available upon request.

RT-PCR analysis. We extracted total RNA from the frozen chondro-osseous
tissue of Subject 2 by using ISOGEN (Nippongene) and synthesized random-
primed cDNAs with the TagMan Multiscribe Reverse kit (Applied Biosystems).
To examine the effect of the IVS7+1G—T mutation on RNA splicing, we
amplified a SLC35D1 cDNA segment spanning exons 5-9 with the primer pair
5'-TCTGAGAAGGTTCTCCATCC-3" and 5'-AGAAGAAAGAGGGTGTCAGC-
3. To examine whether mutations in Subject 2 were compound heterozygous,
we amplified a cDNA segment spanning exons 7-12 with the primer pair 5-
TTGGCATTTGATCTGGAAGGA-3" and 5’-TATACCAGGCTCCCAGCAAT-3'.
We subcloned RT-PCR products with the TOPO TA Cloning Kit (Invitrogen)
and sequenced them.

Nucleotide-sugar transporter activity. We measured the NST activity of
SLC35D1 mutants with a heterologous expression system in Saccharomyces
cerevisiae as previously described®>. We constructed pYEX-BESN3 expression
vectors encoding N-terminal hemagglutinin epitope—tagged wild-type and
mutant SLC35D1 proteins. We prepared microsome fractions from cells
expressing wild-type and mutant SLC35D1 and measured the amount of
radiolabeled nucleotide-sugar incorporated into the fractions.

Note: Supplementary information is available on the Nature Medicine website.
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Mammalian Polycomb Scmh1 mediates exclusion of
Polycomb complexes from the XY body in the pachytene

spermatocytes

Yuki Takada', Kyo-ichi Isono', Jun Shinga', James M. A. Turner?, Hiroshi Kitamura', Osamu Ohara’,
Gen Watanabe3, Prim B. Singh?, Takehiko Kamijo3, Thomas Jenuwein®, Paul S. Burgoyne? and

Haruhiko Kosekil'*

The product of the Scmh1 gene, a mammalian homolog of Drosophila Sex comb on midleg, is a constituent of the mammalian
Polycomb repressive complexes 1 (Prc1). We have identified Scmh1 as an indispensable component of the Prc1. During progression
through pachytene, Scmh1 was shown to be excluded from the XY body at late pachytene, together with other Prc1 components
such as Phc1, Phc2, Rnf110 (Pcgf2), Bmi1 and Cbx2. We have identified the role of Scmh1 in mediating the survival of late pachytene
spermatocytes. Apoptotic elimination of Scrnh 17 spermatocytes is accompanied by the preceding failure of several specific
chromatin modifications at the XY body, whereas synapsis of homologous autosomes is not affected. It is therefore suggested that
Scmh1 is involved in regulating the sequential changes in chromatin modifications at the XY chromatin domain of the pachytene
spermatocytes. Restoration of defects in Scmh 1~ spermatocytes by Phc2 mutation indicates that Scmh1 exerts its molecular
functions via its interaction with Prc1. Therefore, for the first time, we are able to indicate a functional involvement of Prc1 during
the meiotic prophase of male germ cells and a regulatory role of Scmh1 for Prc1, which involves sex chromosomes.

KEY WORDS: Mouse, Polycomb, Scmh1, Spermatogenesis, Apoptosis, XY body

INTRODUCTION

The Polycomb group (PcG) genes were first identified by their
requirement for the maintenance of the stable repression of Hox
genes during the development of Drosophila melanogaster (Jiirgens,
1985; Paro, 1995; Pirrotta, 1997). Drosophila PcG gene products
form large multimeric protein complexes and are thought to act by
changing the local chromatin structure, as suggested by the
synergistic genetic interactions between mutant alleles of different
Drosophila PcG genes (Jiirgens, 1985; Franke et al., 1992; Paro,
1995; Pirrotta, 1997; Shao et al., 1999). In mammals, genes
structurally and functionally related to Drosophila PcG genes have
been identified and mammalian PcG gene products form several
distinct complexes. Polycomb repressive complex-2 (Prc2), which
contains the product of Eed (the ortholog of the Drosophila extra sex
combs gene), Ezh?2 (the ortholog of the Drosophila enhancer of zeste
gene) and Suz12, mediates trimethylation of histone H3 at K27 (H3-
K27) by Ezh2 component (Schumacher et al., 1996; Laible et al.,
1997; van Lohuizen et al., 1998; Sewalt et al., 1998; van der Vlag
and Otte, 1999). The second complex, which is closely related to the
Polycomb repressive complex-1 (Prcl) in Drosophila, includes the
products of the paralogs of class 2 PcG genes (Levine et al., 2002).
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This subset contains gene groups, namely Pcgf2 (also known as
Rnf110 and Mell8, and hereafter referred to as Rnf110) and Bmil,
Cbx2 (also known as M33), Cbx4 (also known as MPc2) and Chx8
(also known as Pc3), Phcl (also known as rae28), Phc2 and Phc3,
Ringl and Rnf2 (also known as RinglB) (Levine et al., 2002). The
Prcl complex is compositionally and functionally conserved
between flies and mammals (Shao et al., 1999; Levine et al., 2002;
Gebuhr et al., 2000). In mammals, chromatin binding of Prcl
involves its recognition of trimethylated H3-K27 (Boyer et al., 2006;
Lee et al., 2006; Fujimura et al., 2006). The Prcl complex has a
significant impact on the control of not only anteroposterior (AP)
specification of the axis via Hox regulation, but also the proliferation
and senescence via regulation of the Ink4a/p53 pathway (Jacobs et
al., 1999).

Sex comb on midleg (Scm) gene is a member of Drosophila PcG
genes and, based on database comparison, its product contains three
separable functional domains (Bomemann et al., 1996), namely: a
pair of N-terminal zinc fingers, two tandem 100-amino acid repeats,
called mbt repeats as they are also found in the fly tumor suppressor
encoded by the I(3)mbt [lethal(3 ) malignant brain tumor] gene, and
C-terminal homology domain of 65 amino acids, called the SPM
domain. The SPM domain is a self-binding protein interaction
module and may mediate Scm association to Prcl and play a key
role for PcG repression, although Scm association to purified Prel”
is substoichiometric (Levine et al., 2002). In mammals, there are
four paralogs for Drosophila Scm based on primary sequence:
Scmhl, Scmll, Scmi2 and Sfmbt (Tomotsune et al., 1999; van de
Vosse et al., 1998; Montini et al., 1999; Usui et al., 2000). The
mammalian Scmh1 protein has been shown to be a constituent of the
mammalian Prcl (Levine et al., 2002), which contains two highly
conserved motifs, two mbt repeats in the N-terminal region and an
SPM domain in the C-terminal region, that are shared with its
Drosophila counterpart. The SPM domain of Scmh1 can mediate its
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interaction with Drosophila polyhomeotic (Ph) and mammalian
Phcl and Phc2, through their respective SPM domains (Tomotsune
et al., 1999). It is also notable that tissue-specific Scmh/ mRNA
levels in the testes are the highest of all tissues analyzed and they
increase during the synchronous progression of first-wave
spermatogenesis in parallel with Phc! (see Fig. SIA,B in the
supplementary material). These observations suggest a role of
mammalian Prcl during spermatogenesis.

Before the specialized cell division of meiosis, postmitotic
spermatocytes enter into an extended meiotic prophase, in which
homologous autosomal chromosomes pair and undergo reciprocal
recombination. There is accumulating evidence to suggest that the
quality of this complex process is monitored by a checkpoint to
ensure spermatogenic success, as represented by the apoptotic
elimination of those spermatocytes with synaptic errors. During this
period, heteromorphic sex chromosomes pair only in a small
pseudoautosomal region (PAR) at their distal ends and undergo
transcriptional inactivation, termed meiotic sex chromosome
inactivation (MSCI), by remodeling into heterochromatin, thus
forming the XY body (Perry et al., 2001; Odorisio et al., 1996;
Singer-Sam et al., 1990; Tumer et al., 2004; Baarends et al., 1999;
Strahl and Allis, 2000; Tumner et al., 2000; Hoyer-Fender et al.,
2000; Mahadevaiah et al., 2001; Khalil et al., 2004). Formation of
the XY body is conserved throughout the mammalian phylogenetic
tree and is therefore assumed to be essential for successful
spermatogenesis and the faithful segregation of sex chromosomes.
Indeed, in mutants for the gene encoding histone H2A X and the
tumor suppressor protein Brcal, failure to form the XY body
coincides with sterility due to the apoptotic elimination of such
mutant spermatocytes before completion of meiosis (Fernandez-
Capetillo et al., 2003; Xu et al., 2003). However, it has not been
definitely demonstrated that spermatogenic arrest in these mutants
is because of failure to form the XY body or due to some other
reason. The condensation of the X and Y chromosome to form the
XY body is associated with post-translational modifications of
histones and the recruitment or exclusion of various chromatin-
associated proteins (Turner et al., 2001; Hoyer-Fender et al., 2000;
. Richler et al., 2000; Mahadevaiah et al., 2001; Khalil et al., 2004;
Baarends et al., 1999; Baarends et al., 2005). Early in the formation
of the XY body, phosphorylated histone H2A.X (yH2A.X) and
ubiquitylated histone H2A (uH2A) are enriched at the XY body and
then X and Y chromosomes undergo sequential changes in their
histone modifications, which correlate with transcriptional status of
sex chromosomes (Mahadevaiah et al., 2001; Baarends et al., 1999;
Baarends et al., 2005). The functional involvement of these histone
modifications at the XY body was properly addressed for the first
time in a study using Brcal mutants, in which H2A.X
phosphorylation was shown to be essential to trigger MSCI (Turner
et al., 2004). However, the roles of hyperubiquitylation of H2A on
the X and Y chromosomes have still not been addressed. Recent
studies have revealed an Rnf2 component of Prcl to be an E3
component of ubiquitin ligase for histone H2A to link Prc] with the
XY body (de Napoles et al., 2004; Baarends et al., 1999; Baarends
et al., 2005).

In this study, we have generated a mouse line carrying a mutant
Scmh 1 allele that lacks the exons to encode an SPM domain. Axial
homeotic transformations and premature senescence in mouse
embryonic fibroblasts (MEFs) in the homozygotes indicated the role
of Scmh! as a PcG component. Approximately half the Scmh /=~
males were infertile, which correlates with an accelerated apoptosis
of postmitotic pachytene spermatocytes. The present genetic study
indicates the involvement of Prc1 during XY body maturation and

the regulatory role of Scmh1 gene products in the exclusion of Prc1
from the XY body, which may in turn be required for the further
progression of meiotic prophase.

MATERIALS AND METHODS

Mice

Scmhl-deficient mice were generated using R1 embryonic stem (ES) cells
according to the conventional protocol and backcrossed 1o C57BL/6
background four to six times (Akasaka et al., 1996). Schematic
representations of genomic organization and targeting vector are shown in
Fig. $2 in the supplementary material. Scinh/ mutant mice were genotyped
by PCR using the following oligonucleotides: (a) 5'-GTCAG-
GTGTGCCCGCTACTGT-3' and (b) 5'-GATGGATTGCACGCAGGTTC-
3’ for the mutant allele; and (a) and (¢) 5'-GGCCGACTAGGC-
CATCTTCTG-3' for the Semh1 wild-type allele. As Scmh/ and Phc2 loci
were on chromosome 4 and 28 X 10° base pairs (bp) apart from each other,
we first generated recombinants in which Semhl and Phc2 mutant alleles
were physically linked. This double mutant allele was used to generate
Scmhl;Phc? double homozygotes. Skeletal analysis was performed as
described previously (Kessel and Gruss, 1991). MEFs were maintained
according to a 3T9 protocol as described previously (Kamijo et al., 1997).

In situ hybridization, RT-PCR and immunohistochemistry

In situ hybridization was performed as described previously (Yuasa et al.,
1996). The nucleotide sequences of the primers used for RT-PCR in this
study are listed in Table 1. Immunohistochemistry was performed as
described previously (Hoyer-Fender et al., 2000).

TUNEL staining

Apoptotic cells were visualized by the terminal deoxynucleotidetransferase-
mediated dUTP nick end-labeling (TUNEL) assay (In Situ Cell Death
Detection Kit, AP; Roche. Germany).

immunocytochemistry of spread spermatocytes

Meiotic prophase cell spreads and squashes were prepared as described
previously (Scherthan et al., 2000). After washing with PBS for 3 minutes,
slides bearing cell spreads were processed for immunostaining using
standard procedures. The antibodies used for immunostaining in this study
are listed in Table 2. For the statistical analyses, 300 spermatocytes derived
from five mice with respective genotypes were analyzed and the significance
was further analyzed by #-test.

Microarray analysis

Microarray analysis was performed using Mouse Genome 430 2.0
GeneChips (Affymetrix, Santa Clara, CA) according to the manufacturer's
instructions. The intensity for each probe set was calculated using the MAS5
method of the GCOS software package (Affymetrix) at the default setting,
Per chip normalization was performed using a median correction program
in the GeneSpring software package (Agilent Technologies, Palo Alto, CA).
One comparison between the two groups was conducted using a triplicate
array. Data of probe sets were excluded from the analyses when they were
judged to be ‘absent’ by the GCOS program in at least one sample in the
stimulated groups. Probe sets that differentially hybridized between the
samples were identified by the following criteria: (1) Welch’s analysis of
variance (ANOVA) showed that the P-value was less than 0.05; (2) the
Benjamini and Hochberg false discovery test confirmed the ANOVA result;
and (3) more than a twofold difference in the expression levels was observed
between the samples.

RESULTS

Scmh1 is a functional component of PcG
complexes

We generated a mutant allele for Scmhl by deleting the sequences
encoding the SPM domain, in which a small amount of truncated
Scmhl wanscript was expressed (see Fig. S2A-E in the
supplementary material). As the Drosophila Scm®™* allele, in which
the SPM domain is exclusively affected, presents an almost identical
phenotype to null alleles, the Scmh/ mutant allele could be a null or
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Table 1. Primers used in semiquantitative RT-PCR analyses

Gene Forward (5°'—3") Reverse (5'—3")
A-myb aagaagttggttgaacaacacgg aggaagtaacttagcaatctcgg
Dmc1 ttcgtactggaaaaactcagctgtatc cttggctgcgacataatcaagtagctec
Mvhi ccaaaagtgacatatataccc ttggttgatcactictcgag
Scp-3 ggtggaagaaagcattctgg cagctccaaatttttccage
CyclinAl atgcatcgccagagctccaagag ggaagtggagatctgacttgagc
Calmegin atatgcgtttccagggtgttggac gtatgcacctccacaatcaatacc
Bmp8a ggctcgagatggtggtcaaggectgtgg ggggatccaggctctttctatgtggec
CREM7T gattgaagaagaaaaatcaga catgctgtaatcagttcatag
B-actin gagagggaaatcgtgegtga acatctgctggaaggtggac
Scmhi1 )

Primers 1/2 atgctggtttgctac aggacaaaggtttcacct

Primers 3/4 actgccacagagtataatca tcagaacttgecctg
Table 2. Antibodies used in immunostaining analyses
Antibody Species Dilution Company
Anti-p53(clone pAb421) Rabbit 1:500 Oncogene Research Products
Anti-Scp3 Rabbit 1:100 Novus Biologicals
Anti-phospho-H2A.X (Ser139) - Rabbit 1:500 Upstate
Anti-ubiquityl-Histone H2A(clone E6C5) Mouse 1:100 Upstate
Anti-monomethyl-Histone H3(Lys9) Rabbit 1:100 Upstate
Anti-dimethyl-Histone H3(Lys9) Rabbit 1:100 Upstate
Anti-acetyl-Histone H3 Rabbit 1:100 Upstate
Anti-trimethyl-Histone H3 (Lys27) Rabbit 1:100 Upstate
Anti-dimethyl-Histone H4 (Lys20) Rabbit 1:100 Upstate
Anti-monomethyl-Histone H3 (Lys4) Rabbit 1:100 Upstate
Anti-Rad51 (H-92) Rabbit 1:50 Santa Cruz
Anti-Mlh1 (G168-15) Mouse 1:50 BD Pharmingen
Anti-phosphorylated RNA polymerase Il Mouse 1:25 Covance
Anti-Scmh Mouse Undiluted This study
Anti-Phct Mouse Undiluted Miyagishima et al., 2003
Anti-Phc2 Mouse Undiluted Isono et al., 2005
Anti-Bmi1(H-99) Rabbit 1:25 Santa Cruz
Anti-Rnf110(C-20) Rabbit 1:30 Santa Cruz
Anti-Cbx2(C-18) Rabbit 1:25 Santa Cruz
Anti-Rnf2 Mouse Undiluted ~ Atsuta et al., 2001
Anti-Ezh2 Rabbit 1:100 Upstate
Anti-mouse IgM FITC Donkey 1:100 Becton Dickinson
Anti-mouse igG Cy2 Donkey 1:100 Jackson ImmunoResearch Laboratories
Anti-rabbit 1gG Cy3 Donkey 1:500 Jackson ImmunoResearch Laboratories
Anti-mouse IgG (H+L) Alexa Fluor 488 Goat 1:300 Molecular Probes
Anti-rabbit 1gG (H+L) Alexa Fluor 568 Goat 1:300 Molecular Probes
Anti-rabbit 1gG, HRP-conjugated Goat 1:2000 Amersham

strong hypomorphic mutation (Bornemann et al., 1996). Although
both male and female Scmh /7~ mice were viable and grew normally
to adulthood, homozygotes exhibited the axial homeosis and
premature senescence of MEFs in the homozygous mutants, which
was restored by the p19*%F or p53 mutation (see Fig. S2F-K in the
supplementary material). Therefore, Scmhl is an indispensable
component of Prcl in mice.

The expression and subcellular localization of
Scmh1 during spermatogenesis

About half the homozygotes were sterile and had slightly smaller
testes than their wild-type littermates (Y.T., unpublished). Before
studying the pathogenesis of infertility in Scmhl mutants, we
examined Scmhl expression during spermatogenesis by in situ
hybridization and immunohistochemical analysis. Scmh/ expression
was seen in the seminiferous tubules and interstitial cells (Fig. 1 Aa).
In the seminiferous tubules, morphological examination of the germ
cell layers representing meiotic spermatocytes (particularly those at
the pachytene stage) revealed that these germ layers were expressing
the highest amount of Scmh I, with the least amounts expressed in

spermatogonia and round spermatids (Fig. 1 Ab). Sertoli cells also
expressed a significant amount of Scmhl. By using an
immunohistochemical technique, a light staining of the whole
nucleus was observed in the zygotene stage and in more advanced
cells up to pachytene spermatocytes (Fig. 1Ba). In addition, focal
localization of Scmhl was seen in the chromocenter of round
spermatids (Fig. 1Bb). Concordantly, Scmh 1 expression in the testes
correlated with synchronous progression of the first-wave
spermatogenesis (see Fig. S1B in the supplementary material). From
day 15 post partum (pp) onwards, the amount of Scmhl transcript
progressively increased and reached a maximum level by day 25 pp.
Taken together, Scmhl and its products are predominantly expressed
in postmitotic spermatocytes.

We went on to investigate subcellular localization of Scmh1 by
using spread meiotic spermatocytes. The synaptonemal complex
protein Scp3, which is a component of the axial element, was used
to substage meiosis (Xu et al., 2003). Scmh! staining was seen in the
nucleus as a diffused pattern from leptotene to early pachytene
spermatocytes (Fig. 1Ca-c and Y.T., unpublished). In late pachytene
spermatocytes, Scmh1 staining was significantly excluded from the
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XY chromatin domain (Fig.. 1Cd,e). Concordantly, reciprocal

localization of Scmhl and yH2A.X was seen in about 80% of

pachytene spermatocytes (Fig. 1Ce). Consistently, Scmhl was
excluded from the XY body in which dimethylated histone H3 at K9
(H3-K9) was enriched (Fig. 1Cf).

Subcellular localization of PcG proteins and
trimethylated H3-K27 during spermatogenesis

The progressive exclusion of Scmh1 from the XY body during the
pachytene stage prompted us to examine the subcellular localization
of other PcG proteins and trimethylated H3-K27, which is mediated
by the Ezh2 component of Prc2. Subcellular localization of Phcl,

Fig. 1. Localization of Scmh1 in the adult testes and
spermatocytes. (Aa) In situ hybridization using antisense probe.
Stages of seminiferous tubules are given. (Ab) Higher magnification
view of seminiferous tubule at stage VIl shown in a. Arrows and
arrowheads indicate pachytene spermatocytes and round spermatids,
respectively. (Ac) Control slides using sense probe.

(Ba) Immunohistochemical localization of Scmhi1 of wild-type testes.
(Bb) Higher magnification view of seminiferous tubule shown in a.
Arrows and arrowheads indicate pachytene spermatocytes and round
spermatids, respectively. (C) Immunocytochemical detection of Scmh1
gene products from zygotene to pachytene stage spermatocytes, which
were prepared from day 18 pp wild-type testes. (Ca-Cd) Spermatocyte
spreads were substaged into early (a) and late (b} zygotene and early (c)
and late (d) pachytene stages based on anti-Scp3 (red) immunostaining
and morphology. Scmh1 (green) was localized in the nuclei at each
stage, but was mostly excluded from the X and Y chromosome territory
at late pachytene stage, as indicated by dotted lines. (Ce) Reciprocal
subnuclear localization of Scmh1 and yH2A.X indicated exclusion of
Scmh1 from the XY body. The XY body is indicated by dotted lines.

(Cf) Reciprocal subnuclear localization of Scmh1 and dimethylated H3-
KS indicated exclusion of Scmh1 from the XY body. The XY body is
indicated by dotted lines. .

Phc2, Bmil, Rnfl10 and Cbx2 were compared with yH2A . X or
uH2A. Reciprocal localization of these PcG proteins and yH2A X or
uH2A, within about 80% of spermatocytes, indicated the exclusion
of other PcG proteins from the XY body during the pachytene stage,
as well as Scmh1 (Fig. 2Aa-¢). Consistently, Phc2 was excluded from
the XY body in 77% of spermatocytes, in which dimethylated H3-
K9 was enriched (Fig. 2Af). Taken together, PcG complexes are
excluded from the XY body at the late pachytene stage almost
concurrently with hyperdimethylation of H3-K9 at the XY body,
whereas they are continuously present in the autosomal regions.

Recent studies have repeatedly provided evidence indicating the
engagement of Prcl by trimethylated H3-K27 mediated by Prc2
(Cao et al., 2002; Kuzmichev et al., 2002). We thus addressed
whether the exclusion of Prc1 components from the XY body was
correlated with the degree of H3-K27 trimethylation at the XY
chromatin domain. Trimethylated H3-K27 was distributed
throughout the nucleus as a diffuse pattern from leptotene to
zygotene stage spermatocytes despite the fact that the signals were
very dim (Fig. 2Ba and Y.T., unpublished). In early pachytene
spermatocytes, trimethylated H3-K27 staining was much stronger
than in the earlier stages but was significantly excluded from the XY
chromatin domain (Fig. 2Bb). In late pachytene spermatocytes, its
exclusion from the XY body was still maintained (Fig. 2Bc).
Therefore the exclusion of trimethylated H3-K27 from the XY
chromatin domain precedes those of Prcl components

Impaired spermatogenesns in Scmhr" males

We first examined the histology of Scmhi~'- testes in day 35 pp
testes and revealed that about two-thirds were morphologically
altered to varying extents. The seminiferous tubules of Scmhi~~
testes exhibited a reduction in the number of spermatocytes and a
lack of spermatids and mature spermatozoa (Fig. 3Aa,b). Sertoli
cells and spermatogonia were morphologically and numerically
normal. Mono- or multinuclear large cells were sometimes seen.
One-third of Scmhi™ testes were morphologically indistinguishable
from wild type. Therefore, spermatogcnesxs was variably affected in
Semhi™ testes.
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We then examined Scmh /7" testicular histology at various stages
of first-wave spermatogenesis. Neither day 7 pp nor day 11 pp
mutant mice exhibited any significant differences compared to wild
type (Fig. 3B). The morphological changes in Scmh]7~ testes were
observed in the seminiferous tubules as early as day 15 pp. At day

Fig. 2. Expression pattern of other PcG proteins and
trimethylated H3-K27 at pachytene stage spermatocytes.

(A) Immunocytochemical detection of Prct components in pachytene
spermatocytes. (Aa,Ab) Phc1 (a) and Phc2 (b) were excluded from the
XY body demarcated by extensive accumulation of yH2A.X.

(Ac-Ae) Bmi1 (c), Rnf110 (d) and Cbx2 (e) were excluded from the XY
body demarcated by extensive accumulation of uH2A. The XY body is
indicated by dotted lines. (Af) Reciprocal subnuclear localization of
Phc2 and dimethylated H3-K9 indicated exclusion of Scmh1 from the
XY body. (B) Immunocytochemical detection of trimethylated H3-K27
from late zygotene to pachytene stage spermatocytes. Spermatocytes
were immunostained by using anti-trimethylated H3-K27 (red) and anti-
SCP3 {green). The X and Y chromosome territory is indicated by dotted
lines.

I5 pp, most of the seminiferous tubules contained spermatogonia,
Sertoli cells and several degenerating pachytene spermatocytes,
whereas pre-leptotene to zygotene spermatocytes were seen rarely
(see Fig. S3 in the supplementary material). Vacuoles were
frequently seen in the luminal region. Based on these morphological
parameters, days 15, 19, 25 and 30 pp testes were also examined. In
conclusion, Scmh 17" testes were progressively affected during first-
wave spermatogenesis (Fig. 3B).

We went on to investigate the frequency of apoptosis during the
progression of spermatogenesis by TUNEL labeling. In wild-type
day 15 and 19 pp testes, a few TUNEL-labeled cells were clearly
present but were seen only rarely in day 7 pp (Fig. 3Ca-c). In
Scmhl7" testes, a significant number of TUNEL-labeled cells were
observed in the inner layers of seminiferous tubules at day 15 and 19
pp. but not at day 7 pp (Fig. 3Cd-h). These histological observations
confirmed that postmitotic spermatocytes in meiotic prophase were
predominantly affected in Scmh i~ testes.

Finally, the expression of stage-specific molecular markers were
examined by means of semi-quantitative RT-PCR analysis in wild-
type and Scmh I testes at day 35 pp, in order to address which stage
of spermatogenesis was predominantly deleted in affected
homozygous mutants (Fig. 3D). CyclinAl, calmegin, Bmp8a and
CREMT genes were used as markers for pachytene stage
spermatocytes (Sweeney et al., 1996; Watanabe et al., 1994; Zhao
and Hogan, 1996; Foulkes et al., 1992). These were reduced more
than threefold in Scmh I~ when compared with testes from wild
type. In Scrmh 17~ testes no change was observed in the expression of
A-myb, Dmcl, Mvhl and Scp3, which are expressed before the
pachytene stage (Mettus et al., 1994; Habu et al., 1996; Fujiwara et
al., 1994; Tanaka et al., 2000; Klink et al., 1997). Taken together, in
Scmhl™ testes, postmitotic spermatocytes are predominantly
depleted by apoptotic outbursts.

Apoptotic elimination of late pachytene
spermatocytes occurs after synapsis of
homologous chromosomes in Scmh 17 testes

In order to further identify the meiotic substage at which Scmh i~
spermatocytes are predominantly affected, immunolocalization
studies were carried out in spread spermatogenic cells, prepared
from day 18 pp males, by using antibodies against uH2A, yH2A.X
and Scp3. Accumulation of uH2A on the XY body was seen in
pachytene spermatocytes, whereas YH2A.X demarcates the XY
body from late zygotene to diplotene stage (Baarends et al., 1999;
Baarends et al., 2005; Mahadevaiah et al., 2001; Fernandez-
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Fig. 3. Testicular abnormalities in Scmh71~/~
mice. (A) Cross-sections of testes from day 35 pp
wild-type (Aa) and Scmh1~- (Ab) mice. Sections
were stained with Hematoxylin and Eosin (HE).

(B) The frequency of Scmh 1~ mice in which
seminiferous tubules were morphologically affected
during first-wave spermatogenesis. Days after birth
are shown. At each age, more than ten mutants
were examined. Mutants over 8 weeks of age were
collected and indicated as-adults (Ad). (C) Increased
apoptotic spermatocytes in Scmh 17 testes.

(Ca-Cc) Incidence of apoptosis in wild-type testes
atday 7, 15 and 19 pp. (Cd-Cf) Incidence of
apoptosis in Scmh 17 testes at day 7, 15 and

Capetillo et al., 2003; Xu et al., 2003). In particular, the degree of
uH2A association to the XY body was intriguing, as the Rnf2
component of class 2 PcG has been shown to be an E3 component
of ubiquitin ligase for histone H2A (Wang et al., 2004; de Napoles
et al., 2004). We did not see any significant difference between
Scmhl~~ and wild-type testes in the frequency of the spermatocytes,
in which uH2A and yH2A.X localized on the XY bodies. This
implies entry into pachytene stage was not affected in Scmh ™~
(Y.T., unpublished). Using Scp3 staining and morphology, we
substaged further the spermatocytes, in which uH2A was
accumulated on the XY body, into early and late pachytene stages
(Fig. 4A). The frequency of early pachytene spermatocytes was 37%
in wild type and 66% in Scmh1™~ (Fig. 4A). This suggests that
Scmhl™~ spermatocytes were incompletely depleted by late
pachytene.

During meiosis, synapsis is essential for proper chromosome
segregation, and is monitored by various meiotic checkpoints
(Cohen and Pollard, 2001). As proper chromosome alignment and
segregation in the first meiotic division are ensured by
recombination between homologous chromosomes, we examined
the localization of Mlhl, a mismatch-repair protein, that forms
foci at sites of meiotic crossover in mid- to late-pachytene
spermatocytes (Celeste et al., 2002). MIlh1 foci were distributed
on the synaptonemal complexes in late pachytene spermatocytes
of both wild type and Scmhl~~ (Fig. 4B). Consistent with this
observation, late pachytene spermatocytes remained in Scmhl™"
testes exhibited normal Scp3 distribution, including PAR of sex

19 pp. (Cg.Ch) Higher magnification views of
individual seminiferous tubules shown in e and f.
Outline of seminiferous tubules are indicated by
dotted lines. (D) The expression of stage-specific
markers during spermatogenesis in wild-type and
unaffected and affected Scmh 77" testes at day 35
pp, as revealed by semi-quantitative RT-PCR.
B-actin was used as a standard to verify the equal-
amounts of cDNA. Primers used in each reaction
are shown in Table 1. Scale bars: 100 um in
A,B,Ca-Cf; 10 wm in Cg,Ch.

chromosomes (see Fig. S4 in the supplementary material). Taken
together, Scmhl is dispensable for pairing and synapsis of
homologous chromosomes.

The role of Scmh1 at the XY body in pachytene
spermatocytes .

Apart from homologous autosomes, the X and Y chromosomes pair
along PAR and undergo extensive and sequential remodeling into
heterochromatin, thus forming the XY body, which is associated
with transcriptional inactivation. Failure to form the XY body has
been shown to coincide with male sterility and arrest of
spermatogenesis, although it is not yet definitely proven whether the
XY body is required for survival and fertility of male germ cells
(Fernandez-Capetillo et al.,, 2003). Scmhl and other PcG
components were excluded at the transition from early to late
pachytene stage. Semh]~”~ spermatocytes were affected at a stage
that was temporally similar to that conceming the exclusion of PcG
proteins from the XY chromatin domain. These observations
prompted us to focus on whether spermatogenic arrest in Scrmh 1=~
testes is accompanied by changes in chromatin remodeling at the
XY body. We first examined the degree of H3-K9 methylation,
acetylation and phosphorylated RNA pol IT association to the XY
bodies, which have been shown to change during the pachytene
stage (Richler et al., 2000; Khalil et al., 2004). In wild type, 76 and
62% of the XY body marked by uH2A were hyperdi- and
hypermonomethylated at H3-K9, respectively, compared with 36
and 18%, respectively, in Scmh/™~ testes (Fig. 5Aab).
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Fig. 4. Significant reduction of late pachytene spermatocytes in
Scmh1-/- testes. (A) Reduction of late pachytene spermatocytes in
spermatocyte spread prepared from day 18 pp Scmh 1™ testes in
comparison with wild type. Spermatocytes were immunostained using
anti-Scp3 (red) and uH2A (green). (Left) Wild-type spermatocytes, in
which uH2A is enriched at the XY body, were examined at early or late
pachytene stage, based on Scp3 immunostaining and morphology.
(Right) Frequency of early and late pachytene spermatocytes was
compared between the wild-type and Scmh 17~ testes. (B) Localization
of Mih1 in spermatocytes. (Ba) Spermatocytes of wild type were
immunostained by using anti-Scp3 (red) and Mih1 (green). (Bb) Higher
magnification view of chromosomes shown in a. (Bc) Localization of
MIh1 in Scmh1 mutant testes. (Bd) Higher magnification view of
chromosomes shown in c. Arrows in b and d indicate Mih1 foci.

Phosphorylated RNA pol II was excluded from the XY body in 51%
of the Scmhl~~ spermatocytes compared with 90% of wild type
(Fig. SAc) (Richler et al., 2000; Khalil et al., 2004). These results
suggest that elimination of late pachytene spermatocytes in Scmhl~"~
testes is coincidental with the stage at which the XY body undergoes
chromatin remodeling. It is also noteworthy that underacetylation of
H3-K9 at the XY body was observed to a similar extent between the
wild-type and Scmh 17"~ spermatocytes (Fig. SAd). Changes in such
specific chromatin modifications at the XY body of Scmhi~-
spermatocytes imply that they may not solely represent their
developmental arrest at late pachytene stage. We therefore
postulated a regulatory role for Scmhl in sequential chromatin
modifications of the XY body.

To address this possibility, we extended the analyses to other
epigenetic modifications, which could potentially be influenced by
Scmhl mutation. We first examined the localization of PRCI
comporents and trimethylated H3-K27, which was bound by PRC1,
in Scmhl”- testes. The frequency of meiotic spermatocytes
exhibiting reciprocal localization of Phcl or Phc2 and yH2A X in
Scmhl™ spermatocytes was examined. In 79% of wild-type
spermatocytes, Phcl and Phc2 were excluded from the XY body
demarcated by YH2A X (Fig. 5Ba,b). In Scmhl - spermatocytes, the
frequency of spermatocytes in which Phcl and Phc2 were excluded
from the XY body was reduced to 40 and 27%, respectively (Fig.
5Ba,b). Similarly, trimethylated H3-K27 was excluded from the XY
body demarcated by uH2A in 88% of wild-type spermatocytes
compared with 39% in Scmhi™~ spermatocytes (Fig. SBc).
Therefore meiotic spermatocytes, in which the sequential exclusion

of timethylated H3-K27 and Prcl components from the XY body
had failed, may be predominantly depleted in Scmh/™" testes. As the
exclusion of trimethylated H3-K27 from the XY body is shown to
precede the exclusion of PRC1 components in wild type, this result
could be interpreted as recurrence of H3-K27 trimethylation in the
late pachytene stage. We therefore substaged the spermatocytes in
which trimethylated H3-K27 was excluded from the XY body into
early and late pachytene stages by using Scp3 staining and
morphology. In early pachytene stage, trimethylated H3-K27 was
excluded from the XY body to a similar extent between the wild type
and Scmh17~ (Fig. 5Bd). In contrast, the frequency of late pachytene
spermatocytes, in which trimethylated H3-K27 was excluded, was
significantly reduced in Scmh ]~ testes compared to wild type (Fig.
5Bd). This suggests that Scmhl is required to maintain the exclusion
of trimethylated H3-K27 from the XY body in late pachytene
spermatocytes but not in early pachytene.

We went on to examine the localization of monomethylated
histone H3 at K4 (H3-K4) and dimethylated histone H4 at K20 (H4-
K20) because the mbt repeats, which are also found in the Scmh1 N-
terminal, have been shown to exhibit specific binding to mono- and
dimethylated H3-K9, monomethylated H3-K4 and mono- and
dimethylated H4-K20 (Kim et al., 2006; Klymenko et al., 2006).
Neither hypermonomethylation of H3-K4 nor underdimethylation
of H4-K20 at the XY body were significantly different between
wild-type and Scmh I~ spermatocytes (Fig. 5Ca,b). It is particularly
noteworthy that H4-K20 underdimethylation at the XY body, which
was exclusively seen in the late pachytene spermatocytes in wild
type, was not affected in the mutants (Y.T., unpublished). Taken
together, these results show that apoptotic elimination of late
pachytene spermatocytes in Scmhl 7" testes is preceded by failure in
hypermethylation of H3-K9, exclusion of phosphorylated RNA pol
IT and Prcl components and undermethylation of H3-K27 at the XY
body, whereas it is not accompanied by changes in H3-K9
acetylation or methylation of H3-K4 or H4-K20. These results
support the idea that changes in chromatin modifications at the XY
body of Scmhl~~ spermatocytes are not simply a consequence of
apoptotic elimination of late pachytene spermatocytes. Instead,
Scmhl was suggested to play the regulatory role for the sequential
changes in chromatin modifications of the XY body.

Phc2 mutation alleviates spermatogenic defects in
Scmh17- spermatocytes

We postulated that Scmhl functions via its direct interaction with
Prcl in pachytene spermatocytes, as Scmh1 has been identified as a
constituent of Prcl components because, in general, mutant
interactions of PcG alleles have been shown to modify the respective
phenotypes in mammals as well (Bel et al., 1998; Akasaka et al.,
2001; Isono et al., 2005). We have generated Scmhli;Phc2 double
mutants (dko) as Phc2 protein binds to Scmh1 via its SPM domain
and the homozygous mutants were viable and fertile (Isono et al.,
2005) (Y.T., unpublished). dko mice were viable and born according
to the principles of Mendelian inheritance, although some of them
exhibited growth retardation (Y.T., unpublished). The fertility of ten
normal-sized dko and Scmh /™~ males was tested by natural mating
to approximately 10-week-old C57BL/6 females. Strikingly, all the
dko males were fertile, whereas half the Scrmh I~ males were sterile
(Fig. 6B). Histological inspections revealed that all the dko testes
were morphologically indistinguishable from wild type at day 35 pp
and the frequency of apoptotic outbursts in dko was significantly
reduced in comparison with littermate Scmh 1~ testes (Fig. 6A,C).
Significant restorations of late pachytene spermatocytes were also
revealed by substaging spermatocytes using antibodies against di-
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Fig. 5. Altered chromatin
madifications at the XY body in
Scmh17 spermatocytes.

(A) Immunostaining for dimethylated H3-
K9, monomethylated H3-K9,
phosphorylated RNA pol Il, yH2A X and
uH2A in the spermatocyte spread.
(Aa,Ab) Frequency of spermatocytes, in
which dimethylated (a) or
monomethylated (b) H3-K9 was enriched
at the XY body demarcated by uH2A
accumulation, was compared (left) and
results were summarized (right).

(Ac,Ad) Frequency of spermatocytes, in
which phosphorylated RNA pol Il (c) or
acetylated H3-K9 (d) were excluded from
the XY body, was compared (left) and
results were summarized (right).

(Ba,Bb) Frequency of spermatocytes, in
which Phc1 (a) or Phc2 (b) were excluded
from the XY body, was compared (left)
and resuits were summarized (right).
(Bc,Bd) Frequency of spermatocytes, in
which trimethylated H3-K27 were
excluded from the XY body was
compared. Scp3 was used to substage the
spermatocytes. (C) Frequency of
spermatocytes, in which monomethylated
H3-K4 (Ca) and dimethylated H4-K20
(Cb) were accumulated on the XY body,
was compared (left) and results were
summarized (right).
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and monomethylated H3-K9, the phosphorylated form of RNA pol
Il and Phcl (Fig. 6D-F and Y.T., unpublished). Defects in
spermatogenesis were also significantly alleviated in
Scmhl7-Phc2*- albeit to a lesser extent than dkos (Y.T.,
unpublished). Therefore Phc2 mutation coincidentally restored
aberrant chromatin modifications seen in the XY body of Scmhl-
spermatocytes and their developmental arrest at the late pachytene
stage. Taken together, this evidence suggests that Scmhl is a
regulatory component of Prc 1 that mediates exclusion of Prc1 from
the XY body at the pachytene stage of meiosis. It is likely that the
lack of Phc2 components may accelerate this exclusion irrespective
of Scmhl.

MSCI is not affected in Scmh1™ spermatocytes

Transcriptional inactivation of sex chromosomes during
spermatogenesis is accompanied by sequential changes in their
histone modifications, which are notably affected in Semhl™"
spermatocytes. We thus examined the degree of MSCI in Scmh17-
testes, by performing genome-wide microarray-based analysis from
three independent preparations of wild-type and Scmhil™-
spermatocytes at days 15, 18 and 20 pp and Cotl RNA fluorescence
in situ hybridization (FISH) (Fernandez-Capetillo et al., 2003;
Turner et al., 2004; Turner et al., 2005). Average expression levels
of genes located on the autosomes and sex chromosomes were
compared between the wild type and Scmh/~~ after conventional
normalization. No significant changes were found in the expression
of autosomal and sex chromosomal genes in Scmjt]~~ spermatocytes
(see Fig. S5A in the supplementary material). Concordant with this
result, the XY chromatin domain enriched in YH2A X was negative

Fig. 6. Restoration of spermatogenic defects
in Scmh17 testes by Phc2 mutation.

(A) Restoration of morphological defects in

Scmh 17 testes by Phc2 mutation. (B) Restoration
of fertility in Scmh1-"-,Phc2”~ mice. Results from
ten mice with respective genotypes were
summarized. (C) Significant reduction of apoptotic
outbursts in Scmh 17~ Phc27- testes compared
with Scmh 17" single mutants. (Left) Incidence of
apoptosis was examined in wild-type, Scmh17
and Scmh1-,Phc2- testes at day 19 pp by TUNEL
staining. (Right) Three hundred seminiferous
tubules derived from five mice with respective
genotypes were analyzed for the presence of
TUNEL-positive cells and the results were
summarized. (D) Restoration of spermatocytes, in
which dimethylated H3-K9 was enriched at the XY
body in Scmh17-;Phc27 testes (left). Frequency of
spermatocytes, in which dimethylated H3-K9 was
accumulated on the XY body, was summarized
{right). (E,F) Frequency of spermatocytes, in which
monomethylated H3-K9 was enriched at (E) and
phosphorylated pol Il was excluded from (F) the
XY body in Scmh1~-;Phc2™~ testes was compared.
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for Cot-1 RNA in Scmh]~- spermatocytes as well as the wild type
(see Fig. S5B in the supplementary material). In conclusion,
sequential chromatin modifications mediated by Scmhl are not
required to maintain MSCL.

DISCUSSION

In this study, we generated Scmh/ mutant mice and identified Scmh|
as an indispensable component of Prc, based on the axial homeosis
and premature senescence of MEFs in the homozygous mutants. We
have further identified the role of Scmh1 in mediating the survival
of late pachytene spermatocytes. Apoptotic elimination of Scmh i~
spermatocytes is accompanied by the preceding failure of several
specific chromatin modifications at the XY body, whereas synapsis
of homologous autosomes is not affected. Therefore, it is suggested
that Scmh! is involved in regulating the sequential changes in
‘chromatin modifications at the XY chromatin domain of the
pachytene spermatocytes but is not required to maintain MSCI.
Restoration of defects in Scmh/ ™~ spermatocytes by Phc2 mutation
indicates that Scmh1 exerts its molecular functions via its interaction
with Prc1. Therefore, for the first time, we have been able to indicate
a functional involvement of Prcl during the meiotic prophase of
male germ cells and a regulatory role of Scmhl for Prc1, which
presumably involves sex chromosomes.

Based on the present observations, we postulate that Scmh| could
primarily promote the exclusion of Prc]1 components from the XY
body in the pachytene spermatocytes because Scmhl itself is a
functional component of Prcl. By contrast, failure to maintain
exclusion of trimethylated H3-K27 and to undergo H3-K9
methylation at the XY body in Scmh I~ spermatocytes may occur
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secondarily to the failure to exclude Prcl from the XY body. At
many loci, epistatic engagement of Prc1 by Prc2 has been shown to
be essential for the mediation of transcriptional repression (Lee et
al., 2006; Boyer et al., 2006; Fujimura et al.,, 2006). Preceding
exclusion of trimethylated H3-K27, which represents Prc2 actions,
for Prcl exclusion from the XY body, is consistent with epistatic
roles of Prc2 for Prcl at the XY body. Therefore, Semh! may affect
H3-K27 trimethylation at the XY body through the Prcl-Prc2
engagement. It is noteworthy that H3-K27 trimethylation has been
shown to be regulated by Prc1 at the XY body. This may imply that
Prc1-Prc2 engagement is a reciprocal rather than epistatic process at
the XY body. This possibility should be addressed by using
conditional mutants for Prc2 components. We also hypothesize a
functional correlation between Prcl exclusion and H3-K9
methylations at the XY body because the indispensable H3-K9
methyltransferase complex, composed of G9a and GLP, is
constitutively associated with E2F6 complexes, which share at least
Rnf2 and Ringl components with Prcl. Moreover, several
components of respective complexes are structurally related to each
other (Ogawa et al., 2002; Trimarchi et al., 2001). Intriguingly,
although Prc1 components, apart from Rnf2, have been shown to be
excluded from the XY body at late pachytene stage, components of
E2F6 complexes including Rnf2, RYBP, HP1vy and G9a are retained
(Y.T., K.I. and H.K., unpublished). The most attractive scenario
would be that exclusion of Prcl is a prerequisite for the functional
manifestation of E2F6 complexes to mediate the hypermethylation
of H3-K9 at the XY body. We thus propose that Scmh1-mediated
exclusion of Prcl from the XY body might be a prerequisite for
maintaining appropriate chromatin structure to undergo subsequent
sequential chromatin remodeling of the XY chromatin in pachytene
spermatocytes.

We also suggest that sequential changes in chromatin
modifications of the sex chromosomes in the pachytene
spermatocytes might be monitored by some meiotic checkpoint
mechanisms. This is supported by the temporal concurrence of Prc]
exclusion from the XY body and apoptotic depletion of meiotic
spermatocytes, their coincidental restorations by Phc2 mutation, and
normal oogenesis and fertility in Scruh /™~ females (Y.T. and HK.,
unpublished). In addition, defects in the XY body formations have
been shown to correlate with apoptotic depletion of meiotic
spermatocytes by studies using H2A.X and Breal mutants, although
developmental arrests occurred by early pachytene stage
(Fernandez-Capetillo et al., 2003; Xu et al., 2003). However, this
link has not been substantially demonstrated.

Although Scmhl has been shown to act together with Prc1, the
role of Scmhl for Prcl might be modified in a tissue- or locus-
specific manner because spermatogenic defects by Scmh/ mutation
are restored by Phc2 mutation, whereas premature senescence of
MEFs is enhanced mutually by both mutations (Y.T. and H.K,,
unpublished). This is supported by an immunofluorescence study
revealing the co-localization of Scmhl with other class 2 PcG
proteins in subnuclear speckles in U20S cells, whereas in female
trophoblastic stem (TS) cells it is excluded from the inactive X
chromosome domain, which is intensely decorated by Rnf2, Phc2
and Rnf1 10 (see Fig. S6A,B in the supplementary material) (Plath
et al., 2004; de Napoles et al., 2004). It may be possible to postulate
some additional factors that modify the molecular functions or
subnuclear localization of Scmh 1. Indeed, most of the soluble pool
of SCM in Drosophila embryos is not stably associated with Prcl,
although SCM is capable of assembling with the Polyhomeotic
protein by their respective SPM domains in the Polycomb core
complex (Peterson et al., 2004). As the SPM domain is shared, not

only by polyhameotic homologs, but also by multiple paralogs of the
Drosophila Scm gene, namely Scmll, Scmli2, Sfmbt, I(3)mbt3 and
others in mammals, these structurally related gene products may
potentially interact with Scmhl and modulate its functions.
Conservations of crucial amino acid residues required for the mutual
interaction of SPM domains and multiple mbt repeats in these
proteins may further suggest functional overlap with Scmh1. It is
notable that phenotypic expressions of Scrmh ] mutation are quite
variable during spermatogenesis and axial development even after
more than five times backcrossing to a C57B1/6 background. This
incomplete penetrance might involve multiple paralogs of the
canonical Scm proteins, which may act in compensatory manner for
Scmh! mutation, as revealed between Rnf110 and Bmil or Phcl and
Phc2 (Akasaka et al., 2001; Isono et al., 2005).
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SUMMARY and pluripotency in embryonic stem (ES) cells {for recent
reviews, see Jorgensen et al, 2006; Schwartz and
Recent studies have shown that PRC1-like Pirrotta, 2007).

Polycomb repressor complexes monoubiquity- Biochemical and genetic studies revealed that PcG
late chromatin on histone H2A at lysine residue proteins are components of at least two major multipro-
119. Here we have analyzed the function of the tein complexes, termed polycomb repressor complex 1

(PRC1) (Saurin et al., 2001; Shao et al., 1999) and PRC2
(Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al.,
2002; Muller et al., 2002). Other PcG complexes have also
been described (Klymenko et al., 2006; Kuzmichev et al.,
2004). Analyses of PRC1 in D. melanogaster (Shao et al.,

polycomb protein Mel-18. Using affinity-tagged
human MEL-18, we identify a polycomb-like
complex, melPRC1, containing the core PRC1
proteins, RING1/2, HPH2, and CBX8. We show

that, in ES cells, melPRC1 can functlonal!y sub- 1999), and subsequently in mammalian cells (Levine
stitute for other PRC1-like complexes in Hox et al., 2002), defined the core components Polycomb
gene repression. A reconstituted subcomplex (PC), posterior sex combs (PSC), polyhomeotic (PH),
containing only Ring1B and Mel-18 functions and RING1 (dRING). There are two or more homologs of
as an efficient ubiquitin E3 ligase. This complex each of these core proteins in human and other higher
ubiquitylates free histone substrates nonspe- organisms. It remains to be determined whether these
cifically but is highly specific for histone H2A homologs have equivalent and/or unique functions.

Early studies demonstrated that purified and recon-
stituted PRC1 complexes can inhibit transcription and
SWI/SNF-mediated chromatin remodeling (Francis et al.,
2001; Shao et al., 1999). More recently, PRC1-like com-
plexes, containing the core components RING1/2 and

lysine 119 in the context of nucleosomes. Muta-
tional analysis demonstrates that while Ring1B
is required for E3 function, Mel-18 directs this
activity to H2A lysine 119 in chromatin. More-

over, this substrate-targeting function of Mel- BMI1, were isolated from HelLa cells and shown to func-
18 is dependent on its prior phosphorylation tion as a ubiquitin E3 ligase that specifically monoubiqui-
at multiple residues, providing a direct link be- tylates histone H2A lysine 119, this activity being attrib-
tween chromatin modification and cell signaling uted to the RING2 (Ring1B) protein (Wang et al., 2004).
pathways. Monoubiquitylated H2A (H2Aub1) is a relatively abundant

histone modification, estimated to comprise 5%-15% of
: . available nucleosomal H2A (West and Bonner, 1980).
INTRODUCTION Genetic studies revealed that mouse cells deleted for

Ring1B and the closely related homolog Ring1A, exhibit
Polycomb group (PcG) repressor proteins were originalty global loss of H2Aub1 (de Napoles et al., 2004).
identified as factors involved in the maintenance of Although the function of H2Aub1 remains to be deter-
homeobox gene silencing during development in D. mela- mined, several pieces of evidence suggest that it is impor-
nogaster. Further studies showed these factors to be tant for PRC1-mediated gene repression. First, PRC1 tar-
conserved in a wide range of organisms, with key roles gets, such as Hox genes and the inactive X chromosome
in developmental gene regulation, cell-cycle regulation, in mammals, are enriched for H2Aub1 (Cao et al., 2005;

Molecular Cell 28, 107-120, October 12, 2007 ©2007 Elsevier Inc. 107
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de Napoles et al., 2004). Second, in D. melanogaster,
a point mutation affecting only the RING finger domain
of dRING results in a classical polycomb phenotype
(Fritsch et al., 2003). Analysis of this mutant protein in vitro
demonstrated concomitant loss of H2A E3 ubiquitin ligase
activity (Wang et al., 2004).

While, in vitro, the histone ubiquitin ligase activity of
mouse Ring1B can be stimulated by other subunits of
PRC1 (Cao et al., 2005), subcomplexes containing either
- human RING1 (Ring1A) or RING2 (Ring1B) with BMI1 ex-
hibited E3 activity equivalent to that of PRC1 purified
from Hela cells (Wei et al., 2006). Since addition of other
PRC1 proteins to this latter subcomplex did not enhance
its E3 activity, it is likely that the Ring1B/Bmi1 subcomplex
comprises a minimal bipartite ubiquitin E3 ligase. Similar
synergistic effects have been reported for the RING finger
proteins Brcal and Bard1, in which heterodimerization
markedly stimulates the E3 ubiquitin ligase activity of
Brcal (Hashizume et al., 2001; Matlery et al., 2002). Fur-
thermore, like Brcal/Bard1, the ubiquitin ligase function
of Ring1B/Bmi1 is enhanced by autoubiquitylation (Ben-
Saadon et al,, 2006; Chen et al., 2002; Hashizume et al.,
2001; Mallery et al., 2002).

Structural analysis of a Ring1B/Bmi1 complex (Buch-
wald et al., 2006; Li et al., 2006) revealed extensive inter-
actions between the RING finger domains of Ring1B and
Bmi1 and that the association with the ubiquitin-conjugat-
ing enzyme (E2) maps to a surface on Ring1B (Buchwald
et al., 2006). Although Bmi1 is not required for E2 interac-
tion, it has been shown to contribute to the stabilization of
the PRC1 complex (Cao et al., 2005; Wei et al., 2006).

in mammals, there are at least four paralogs of the
D. melanogaster RING finger protein PSC: Bmit, Mel-18,
MBLR, and NSPc1 (Akasaka et al.,, 2002; Brunk et al.,
1991; van Lohuizen et al., 1991). Evidence suggests that
these paralogs may interact with other PcG proteins to
form a set of distinct but related complexes. Specifically,
MBLR together with Ring1B is implicated in the E2F6
complex {Ogawa et al., 2002), and NSPc1 together with
Ring1B and other PRC1 proteins is a component of a
BCOR corepressor complex {(Gearhart et al., 2006).

Mel-18 protein is 70% identical to Bmil at the amino
acid level. Genetic experiments suggest that these pro-
teins may have similar or overlapping functions. Mel-18
knockout mice exhibit homeotic transformations and
cell-cycle deficiencies similar to those reported for Bmi1
mutants (Akasaka et al.,, 1996, 1997, 2001; van der Lugt
et al., 1994), and the Mel-18 protein localizes to PRC1 tar-
get genes (Fujimura et al., 2006). Despite this, Mel-18 has
not been identified in purified PRC1 or related complexes
(Gearhart et al., 2006; Levine et al., 2002; Ogawa et al.,
2002; Wang et al;, 2004) and, unlike Bmi1, did not enhance
the E3 ligase activity of Ring1B in vitro (Cao et al., 2005).

In this study, we investigated the function of this protein
and whether it forms part of a functional polycomb repres-
sive complex. We show that Mel-18 is indeed a compo-
nent of a PRC1-like complex and that it can functionally
substitute for Bmi1 in repressing Hox gene expression
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in ES cells. Furthermore, contrary to previous reports, we
show that a holocomplex and a reconstituted Ring18/
Mel-18 subcomplex efficiently ubiquitylate H2A lysine
119. Interestingly, we find that a phosphorylated form of
Mel-18 is important for targeting this complex to histone
H2A lysine 119. Our results provide insights into the mech-
anism of action of H2A ubiquitin E3 ligase complexes
and demonstrate a direct link between chromatin
regulation by PcG repressor complexes and cell signaling
pathways.

RESULTS

Affinity Purification of a Polycomb-like Complex
To investigate whether, like other polycomb proteins,
MEL-18 is present in cells as part of a large multiprotein
complex, we expressed and purified human MEL-18 pro-
tein, fused to a tandem affinity purification (TAP) tag, from
293T cells. Mass spectrometry analysis identified several
proteins that copurify with MEL-18 (Figure 1A). These
proteins, namely RING1/2, the short isoform of HPH2a
(Yamaki et al., 2002; Tonkin et al., 2002), and CBX8,
were previously identified as core PRC1 components
(Shao et al., 1999; Levine et al., 2002). Other paralogs of
HPH2 were present in substoichiometric amounts, sug-
gesting that multiple MEL-18 complexes might exist
in the cell. Importantly, the MEL-18 paralog BMiI1 was
not present in this complex, and, conversely, MEL-18
was not present in a PRC1-like complex isolated using
TAP-tagged BMI1 (see Figure S1 in the Supplemental
Data available with this article online). Thus, MEL-18 and
BMI1 proteins are components of similar but mutually
exclusive PRC1-like complexes. We subsequently refer
to these complexes as MEL-18 PRC1 (melPRC1)} and
BMI1 PRC1 (bmiPRC1).

melPRC1 is also present in mouse ES cells. Nicke!-affin-
ity purification of Mel18-FlagHis expressed in BM3 ES
cells, which lack endogenously expressed Mel-18 and
Bmit, also “pulled down” Ring1A, Ring1B, and mPhf1,
homologs of the human PRC1 proteins RING1/2 and
HPH1 (Figures S2A and S2B). Copurification of mPh1,
rather than mPh2, most likely reflects low levels of mPh2
expression in mouse ES cells (H.K. and M.E., unpublished
data). )

Regulation of Hox Gene Expression in Embryonic
Stem Cells

Microarray-based gene expression profiles identified
several Hox genes whose expression is upregulated in
cells lacking Mel-18 and Bmi1 (H.K. and M.E., unpub-
lished data). Using RT-PCR, we measured expression
of several of these genes in independently derived
clones of BM3 that overexpress Mel-18-FlagHis (BM3-
1, BM3-2, and BM3-3). In these cells, expression of
the Hoxal, Hoxa5, Hoxd4, and Hoxd8 genes was ap-
proximately 5- to 10-fold lower than in the parental
BM3 cell line (Figure 1B). Downregulation of gene ex-
pression was not a general phenomenon, as expression
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Figure 1. Mel-18 Forms a PRC1-like Complex that Represses Hox Gene Expression

(A) MEL-18 complex purified from 293T cells by TAP. Coomassie-stained gel showing proteins identified by mass spectrometry. Lane 1, proteins
isolated by expression and purification of TAP alone, negative control. Lane 2, proteins isolated by expression and purification of TAP-Mel-18.

(B) Expression of Hox genes is downregulated in BM3 cells expressing Mel-18. Expression of Hox genes was analyzed by real-time RT-PCRin BM3 or
BM3-1, BM3-2, and BM3-3, which express Mel-18-FlagHis. Gene expression levels were normalized against the average of two housekeeping genes
(GAPDH and HMBS) and are represented as a ratio of expression in the parental cell line BM3. Expression of the Oct-4, Hoxal, Hoxa5, Hoxd4, and
Hoxd8 genes is shown. Error bars represent the average standard deviation of five independent experiments. ’

(C) Mel-18 localizes to the promoter of Hox genes. ChIP was performed using antibodies against either Mel-18 or Ring1B at the promoter regions
of Oct-4, Hoxal, Hoxa5, Hoxd4, and Hoxd8 in BM3-1 and BM3-3 cells. Antibody against IgG was used as a control. Enrichment is represented
as a percentage of input. Replicate experiments are shown in Figure S3.

of the Oct-4 gene in the same cells was unaffected by Ring1B/Mel-18 Complex Is a Ubiquitin E3 Ligase
Mel-18. Therefore, like PRC1, melPRC1 may function Although Bmi1 and Ring1B interact to form a ubiquitin
as a negative regulator of Hox gene expression in ES . ligase complex that ubiquitylates nucleosomes in vitro,
cells. . no such.activity has been reported for Mel-18. We
expressed and purified recombinant Mel-18 and Ring1B
Localization of melPRC1 to Hox Gene Promoters proteins in a complex, from Sf9 cells (Figures 2A and
To determine whether melPRC1 localizes to “the 2C). We noted that while Ring1B migrates as a single
promoters of Hox genes, we performed chromatin immu- species, Mel-18 migrates as several distinct bands after
noprecipitation (ChiP) analysis. As expected, neither Mel- = polyacrylamide gel electrophoresis (Figure 2A). Subse-
18 nor Ring1B was enriched at the promoters of Hox quent analysis revealed these bands to be different phos-
genes or Oct-4 in parental BM3 cells (Figure 1C and phorylated forms of Mel-18 (see below). )
Figure S3). However, in BM3-1 and BM3-3 cells, we Contrary to a previous report (Cao et al., 2005), we found

observed enrichment of both Ring1B and Mel-18 at the that Ring1B/Mel-18, in the presence of the ubiquitin-
promoters of Hoxal, Hoxa5, Hoxd4, and Hoxd8, but not conjugating enzyme (E2) UbcHS5C, efficiently monoubiqui-

at Oct-4 (Figure 1C and Figure S3). Hence, there is a clear tylates nucleosomes in vitro (Figure 2B). Like many other
correlation between the repression of gene expression - RING domain E3 ligases, Ring1B/Mel-18 alsoc undergoes
and the recruitment of melPRC1 to the promoters of autopolyubiquitylation (Figure 2B), mainly on Ring1B
Hoxa1, Hoxa5, Hoxd4, and Hoxd8. (data not shown).
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Figure 2. Ring1B/Mel-18 Complex Ubiquitylates Nucleosomes In Vitro

(A) FlagHis-tagged Ring1B and HA-tagged Mel-18 proteins were coexpressed and copurified from Sf9 celis as described in the Experimental
Procedures. A 10 yl aliquot of the purified complex was analyzed by 12% SDS-PAGE and protein visualized by western blot using anti-Mel-18,
anti-Ring1B antibodies (as indicated) or by staining with Simply Blue Safe Stain (Invitrogen) (SBS). Molecular weights are indicated.

(B) Ring1B/Mel-18-dependent ubiquitylation of chromatin requires ATP, E1, and E2 enzymes. Ubiquitylation assays were carried out as described in
the Experimental Procedures with individual components omitted where indicated (Ianes 2-6). The complete reaction is shown in lane 1. Ubiquitylated
histone product is iabeled AutoubquItylated Ring1B/Mel-18 complex is indicated by an asterix.

(C) Ring1B and Mel-18 were expressed and purified individually or as a complex from Sf9 celis. Proteins were visualized by staining with SBS. Shown
are Ring1B alone (lane 1), Mel-18 alone (lane 2), Ring1B and Mel-18 mixed in vitro (lane 3}, and copurified Ring1B/Mel-18 complex (lane 4).

(D) A complex of Mel-18 and Ring1B is required for efficient ubiquitylation of nucleosomes. Ubiquitylation assays were performed using the protein
preparations described in the left panel.

We observed efficient ubiguitylation of nucleosomes the two proteins exhibited strong E3 ligase activity
only when Mel-18 and Ring1B were coexpressed and (Figure 2D). This suggests, first, that both Mel-18 and .
copurified as a complex (Figure 2D, lane 5). Neither Ring1B are required for the efficient ubiquitylation of
Mel-18 or Ring1B purified individually nor a mixture of nucleosomes and, second, that a factor (or factors)
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Figure 3. Ring1B/Mel-18 Complex Exhibits Defined Substrate
Specificity

(A) Ubiquitylation assays were performed using 1 ug Ring1B/Mel-18
complex with various substrates, as indicated. Shown are 1.5 pg nu=
cleosomes (lane 2); 1 pug of individual histones H2A, H2B, H3, and
H4 (lanes 3-6); H2AX (lane 7); and H1 (lane 8). 1'%.|abeled products
are shown.

(B) Purified reconstituted nucleosomes. Shown are wild-type nucleo-

some (lane 1), mutant H2AK'#119R nucleosome (lane 2), and mutant '

H2BX'2R nyéleosome (lane 3).

Molecular Cell 28, 107-120, October 12, 2007 ©2007 Elsevier Inc.

present during the assembly of the Ring1B/Mel-18 com-
plex in Sf9 cells plays an important role in activating the
ubiquitin ligase function of the complex {see below).

Ring1B/Mel-18 Ubiquitylates Histone H2A

In vitro, Ring1B/Mel-18 seemed to ubiquitylate nucleo-
somes on a single histone (Figure 3A, lane 2). Modification
was largely monoubiquitylation, although some diubiqui-
tylated histone was also observed. We next investigated
ubiquitylation of individual histones in vitro. We found
that, whereas Ring1B/Mel-18 ubiquitylates individual
nucleosome core histones with similar high efficiency,
ubiquitylation of H1, the linker histone, was much less
efficient (Figure 3A, lanes 3-8, respectively). Hence it
appears that the Ring1B/Mel-18 complex acquires
specificity for its histone substrate only in a nucleosomal
context. ) )

SDS-PAGE. suggested that ubiquitylation of nucleo-
somes occurred on either histone H2A (H2Aub1) or histone
H2B (H2Bub1). To investigate which of these histones is
modified by Ring1B/Mel-18, we made nucleosomes with
recombinant histone proteins in which either lysine 118
and 119 of H2A or lysine 120 of H2B were substituted
with arginine residues (Figure 3B, lanes 2 and 3, respec-
tively). We found that, whereas the Ring1B/Mel-18 ubiq-
uvitylated wild-type nucleosomes and those containing
H2BX'2%R mutant with equal efficiency (Figure 3C, lanes 1
and 2 and § and 6, respectively), those made with
H2AK118119R were |argely unmodified (Figure 3C, lanes 3
and 4).

Comparison of Mel-18/Ring1B with Bmi-1/Ring1B re-
vealed that these complexes exhibit similar specific activ-
ity toward H2A on a nucleosomal substrate (Figure S4A).
This was also the case when we compared the activity
of melPRC1 and bmiPRC1 holocomplexes isolated from
293T cells (Figure S4B). We conclude that Ring1B/Mel-
18 is a chromatin E3 ubiquitin ligase with specificity for
lysines 118 or 119 of histone H2A. Again, this mirrors the
specificity of the bmiPRC1 ubiquitin ligase and, because
H2Aub1 is thought to be a repressive modification, is in
keeping with the role of melPRC1 as a negative regulator
of gene expression.

The Role of the Ring1B RING Domam in
Ubiquntylatlon

RING domains are known to confer E3 ligase function. To
investigate the role of the Ring1B RING domain in ubiqui- '
tylation of H2A, we made cystelne -to- egcme substitu-

. tions at residue 87 or 90, representing. cysteines 7 and 8

203

of the RING domain (Figure 4A). We also made mutant
protein with an -isoleucine-to-alanine substitution at
residue 53, which is critical for -interactions with the

(C) Ubiquitylation of reconstituted nucleosomes by Ring1 B/Mel-18
in vitro. Wild-type nuclecsomes (lanes 1 and 2), histone H2AK118/118R.
mutant (lanes 3 and 4), and histone H2BK‘2°R mutant (lanes 5 and 6)
nucleocsomes are shown.
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Figure 4. Mutations in the RING Domain of Ring1B Abolish the E3 Ligase Activity of the Ring1B/Mel-18 Complex
{A) Amino acid sequence of a consensus RING domain and the RING domain of Ring1B. Boxed residues represent the substituted amino acids and

correspond to the circled residues of the consensus RING domain.

(B) Wild-type and rautant Rlng1B/MeI 18 complexes. Wild-type, Ring1B®®"%/Mel-18, and Ring1B®*°%/Mel-18 complexes are shown. Molecular

weight markers are indicated.

product is indicated.

(C) Ring1B®®"%/Mel-18 and Ring1B®°°%/Mel-18 complexes were examined for E3 ligase activity in vitro. I'**-ubiquitylated histone H2A (H2Aub1)

(D) Wild-type and mutant Ring1B'>**/Mel-18 complex.

(E) Mutant Ring1B'**/Mel-18 complex was examined for E3 ligase activity. Ubiquitylated H2A (H2Aub1) product is indicated

ubiquitin-conjugating enzyme Ubc5C in other E3 ligases
(Brzovic et al., 2003) (Figure 4A). Although these mutant
proteins copurified normally with Mel-18 (Figures 4B and
4D), they were defective for the ubiquitylation of the nucle-

osome substrate and for autoubiquitylation (Figures 4C
and 4E). In addition, these mutants were unable to ubiqui-
tylate free histones (data not shown). We infer that the
RING domain of Ring1B plays a central role in confernng
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E3 ligase activity to the Ring1B/Mel-18 complex, and this
most likely involves the recruitment of the ubiquitin-
charged E2 to the complex.

Mel-18 RING Domain Is Important for Recognition
of the Nucleosome ‘

We also made mutant proteins with cysteine-to-glycine
substitutions at residues 53 and 56 in the RING domain
of Mel-18 (Figure 5A). These mutants also copurified nor-
mally in a complex with Ring1B (Figure 5B). However,
while Ring1B/Mel-18°%6C ubiquitylated nucleosomes with
normal efficiency (Figure 5C, lanes 2 and 4), Ring1B/Mel-

18%%3€ did not (Figure 5C, tane 3). Nevertheless, Ring1B/ -

Mel-18%%3¢ was not completely defective, as it retained
autoubiquitylation activity and the ability to ubiquitylate
free histones (Figure 5C, lahe 3, and Figure 8D, lanes
3-8). Therefore, in contrast to Ring1B, the RING domain
of Mel-18 is not required for E3 function per se but may
function specifically to mediate the interaction with its
chromatin substrate.

Phosphorylation of Mel-18

Both Mel-18 purified from ES cells as well as recombinant
Mel-18 migrate as several distinct bands after SDS-PAGE
(Figures 6A and 6B, respectively). These are different
phosophorylated forms of Mel-18, most of which disap-
pear upon treatment with alkaline phosphatase (AP) (Fig-
ures 6A and 6B). Interestingly, in HelLa cells, the phosphor-
ylated form of MEL-18 is associated with the chromatin
fraction (Figure S5) and remains so throughout the cell
cycle (Figure S6). We note that the forms of MEL-18 that
are phosphorylated to a lesser extent are no longer asso-
ciated with chromatin during mitosis (Figure S6B). How-
ever, it is unclear whether this represents redistribution
or degradation of hypophosphorylated MEL-18.

The phosphorylated recombinant Mel-18 protein was
subjected to tryptic digest and mass spectrometry. LC-
MS/MS analysis led to the positive identification of two
phosphopeptides where Ser132 was phosphorylated in
one (minor site) and Ser254, Ser260, and Ser265 were
phosphorylated in the second (Table S1). Additionally,
MALDI-TOF mass spectrometry identified phosphopep-
tides encompassing residues 263-329 (+1-3 PQO,) and
236-329 (+2-8 PQO,) (data not shown). This was validated
by inspecting the survey scans from the LTQ Orbitrap. The
same peptides were observed in high charge states {5+ to
10+) at high mass accuracy (data not shown). The resul-
tant LC-MS/MS spectra from these ions did not yield suf-
ficiently rich fragmentation data to assign phosphorylation
sites. However, after elastase digestion of-a tryptic digest
of Mel-18, shorter overlapping fragments of the same
region of the protein were generated, and the resultant
spectra permitted the assignment of phosphorylation
sites at Ser110, Ser254, Ser258, Ser260, Ser265, Ser278,
Thr281, Ser286, and Ser299 (Table S1). These data
resolved the orbitrap survey scan result, which detected
a tryptic peptide encompassing residues 236-329 with
up to eight phosphorylation sites.

Molecular Cell 28, 107-120, October 12, 2007 ©2007 Elsevier Inc.

205

The location of phosphorylation sites is summarized in
Figure 7A. The majority cluster in the proline/serine-rich
domain at the C terminus with two sites, one of which is
relatively weak, present in the central domain of the pro-
tein. Phosphorylated residues are conserved in human
and mouse Mel-18 (Figure S7A), and all of the sites ex-
cept Ser254 and Ser299 are also conserved in Bmi1
(Figure S7B).

Phosphorylation of Mel-18 Is Required for
Ubiquitylation of Nucleosomes

We noted that both wild-type Mel-18, purified indepen-
dently of Ring1B, and the Mel-18°53¢ mutant protein exist
largely in the nonphosphorylated form. (Figures 2B and
5B). Since neither of these protein complexes is able to
ubiquitylate nucleosomes in vitro, we reasoned that there
might be a correlation between the ubiquitin ligase func-
tion of Mel-18 and its phosphorylation status.

We assayed the ubiquitin ligase activity of Ring1B/Mel-
18 complex treated with AP. Whereas untreated Ring1B/
Mel-18 or that treated with buffer alone ubiquitylated
nucleosomes with similar high efficiency (Figure 6C, lanes
2 and 3), this was greatly diminished with the AP-treated
complex (Figure 6C, lane 4). The E3 function of the
MelPRC1 holocomplex purified from 293T cells showed
a similar requirement for phosphorylation (Figure 6D).
Importantly, the AP-treated Ring1B/Mel-18 complex
retained the ability to ubiquitylate free histone proteins
and also to carry out autoubiquitylation (Figure 6E, lanes
4-11 compared to lane 3), suggesting that, while E3 func-
tion is still intact, the complex was unable to recognize
H2A lysine 119 in the context of the nucleosome
substrate. Hence, the properties of the unphosphorylated
Mel-18 directly mirror those of Mel-18%%3¢ mutant com-
plex and suggest that, while phosphorylation does not
enhance the intrinsic ubiquitin ligase function of the com-
plex, it is required to promote recognition of the substrate.

DISCUSSION

In this study, we used affinity purification to identify hu-
man and mouse PRC1-like complexes containing MEL-
18/Mel-18 (melPRC1). We show that, while melPRC1
shares common subunits with the previously described
bmiPRCH1, it is a functionally distinct complex. We demon-
strate that melPRC1 represses Hox gene expression, and
this correlates with its presence at the promoters of these
genes. Ubiquitylation of H2A lysine 119 is associated with
gene repression (Cao et al., 2005; de Napoles et al., 2004;
Wang et al., 2004). in accordance, melPRC1 and a recon-
stituted subcomplex of melPRC1 comprising Mel-18 and
Ring1B is an efficient E3 ligase in vitro and ubiquitylates
H2A lysine 119 in chromatin. Mutation analysis reveals
that while Ring1B plays a direct role in the ubiquitylation
reaction, probably by mediating the interaction with the
ubiquitin-conjugating enzyme, Mel-18 is critical for tar-
geting the complex to lysine 119 of histone H2A in
nucleosomes. Importantly, we find that, unlike bmiPRC1,
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