1998; Levine et al., 2004; Lund and van Lohuizen, 2004;
Ringrose and Paro, 2004). PRC2 catalyzes histone H3
lysine-27 {(H3K27) methylation, and this enzymatic activity
is required for PRC2-mediated gene silencing (Cao et al.,
2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller
et al., 2002; Kirmizis et al., 2004). H3K27 methylation is
thought to provide a binding surface for PRC1, which facit-
itates oligomerization, condensation of chromatin strue-
ture, and inhibition of chromatin remodeling activity in
order to maintain silencing (Shao et al.,, 1989; Francis
et al,, 2001; Cao et al., 2002; Czermin et al., 2002).

Components of PRC2 are essential for the earliest
stages of vertebrate development (Faust et al.,, 1998;
O'Carroll et al., 2001; Pasini et al., 2004}). PRC2 and its re-
lated complexes, PRC3 and PRC4, contain the core com-
ponents EZH2, SUZ212, and EED (Kuzmichev et al., 2004;
Kuzmichev et al., 2005). EZH2 is a H3K27 methyitransfer-
ase, and SUZ12 (Suppressor of zeste 12} is required for
this activity {Cao and Zhang, 2004; Pasini et al., 2004).
ES cell lines cannot be established from Ezh2-deficient
blastocysts {O'Carroll et al., 2001}, suggesting that PRC2
is involved in regulating pluripotency and self-renewal.
Although the PRCs are known to repress individual HOX
genes (van der Lugt et al,, 1996; Akasaka et al., 2001;
Wang et al., 2002; Cao and Zhang, 2004}, it is not clear
how these important PcG regulators contribute to early
development in vertebrates.

Because the nature of PRC2 target genes in ES cells
might reveal why PRC2 is essential for early embryonic
development, pluripotency, and self-renewal, we have
mapped the sites occupied by the SUZ12 subunit
throughout the genome in human ES cells, This ge-
nome-wide map reveals that PRGC2 is associated with are-
markable cadre of genes encoding key regulators of de-
velopmentat processes that are repressed in ES cells,
The genes occupied by PRC2 contain nucleosomes that
are trimethylated at histone M3 lysine-27 (H3K27me3),
a modification catalyzed by PRC2 and associated with
the repressed chromatin state. Both PRC2 and nucleo-
somes with histone HAK27me3 occupy surprisingly large
genomic domains around these developmental regulators
and are frequently associated with highly conserved non-
coding sequence elements previously identified by com-
parative genomic methods. The transcription factors
0OCT4, SOX2, and NANOG, which are also key regulators
of ES cell pluripotency and self-renewal, occupy a signifi-
cant subset of these genes. Thus, the model of epigenetic
regulation of homeotic genes extends to a large set of de-
velopmental regulators whose repression in ES cells ap-
pears to be key to pluripotency. We suggest that PRC2
functions in ES cells to repress developmental genes
that are preferentially activated during differentiation.

RESULTS AND DISCUSSION
Mapping Genome Occupancy in ES Cells

We mapped the location of both RNA polymerase Il and
the SUZ12 subunit of PRC2 genome-wide in human ES
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cells (Figure 1), The initiating form of RNA polymerase I
was mapped 1o test the accuracy of the methed and pro-
vide a reference for comparison with sites occupied by
PRC2. The SUZ12 subunit of PRC2 is critical for the func-
tion of the complex and was selected for these genome-
wide experiments. Human ES cells (H9, NIH code WAOQZ)
were analyzed by immunchistochemistry for characteris-
tic stem cell markers, tested for their ability to generate
cell types from all three germ layers upon differentiation
into embrycid bodies, and shown to form teratomas in
immunocompromised mice (Supplemental Data; Figures
51-83).

DNA sequences bound by RNA polymerase Il were
identified in replicate chromatin-immunoprecipitation
(ChIP) experiments using DNA microarrays that contain
over 4.6 million unique 60-mer oligonucleotide probes
spanning the entire nonrepeat portion of the human ge-
nome (Figure 1 and Supplemental Data). To obtain a prab-
abilistic assessment of binding events, an algorithm was
implemented that incorporates information from multiple
probes representing contiguous regions of the genome,
and threshold criteria were established to identify a data-
set with minimal false positives and false negatives. RNA
polymerase |l was associated with the promoters of
7,106 of the approximately 22,500 annotated human
genes, indicating that one-third of protein-coding genes
are prepared to be transcribed in ES cells, Three lines of
evidence suggest this dataset is of high quality. Most of
the RNA polymerase || sites {(87%) occurred at promoters
of known or predicted genes. Transcripts were detected
for 88% of the genes bound by BNA polymerase Il in pre-
vious expression experiments in ES cells. Finally, indepen-
dent analysis using gene-specific PCR (Supplemental
Data} indicated that the frequency of false positives was
approximately 4% and the frequency of false negatives
was approximately 30% in this dataset. A detailed analy-
sis of the RNA polymerase |l dataset, including binding to
miRNA genes, can be found in Supplemental Data (Tables
51-86 and Figures S4 and S5).

The sites occupied by SUZ12 were then mapped
throughout the entire nonrepeat genome in H3 ES cells us-
ing the same approach described for RNA polymerase Il
{Figure 1C). SUZ12 was associated with the promoters
of 1,893 of the approximately 22,500 annotated human
genes, indicating that —8% of protein-coding genes are
occupied by SUZ12 in ES cells (Supplemental Data;
Tables 57 and 58). Independent site-specific analysis in-
dicated that the frequency of false positives was approx-
imately 3% and the frequency of false negatives was
approximately 27 % in this dataset.

Comparison of the genes occupied by SUZ12 with
those occupied by RNA polymerase |l revealed that the
two sets were largely exclusive {Figure 1D; Supplemental
Data; Table $8). There were, however, genes where
SUZ12 and RNA polymerase |l cooccupied promoters.
At these genes, PRC complexes may fail to block assem-
bly of the preinitiation complex (Dellino et al., 2004), con-
sistent with the observation that Polycomb group proteins
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Figure 1. Genome-Wide ChIP-Chip in Human Embryonic Stem Cells

(A} DNA segments bound by the initiation form of RNA polymerase || or SUZ12 were isolated using chromatin-immunoprecipitation (ChIP) and iden-
tified with DNA microarrays containing cver 4.6 million unique 80-mer oligonucleotide probes spanning the entire nonrepeat portion of the human
genome. ES cell growth and quality control, the antibodies, ChIP protocol, DNA microarray probe design, and data analysis methods are described
in detail in Supplemental Data.

{B) Examples of RNA polymerase Il ChiP signals from genome-wide ChIP-Chip. The plots show unprocessed enrichment ratios (blue) for all probes
within a genamic region {ChlP versus whole genomic DNA). Chromosomal positions are from NCEI build 35 of the hurnan genome. Genes are shown
to scale below plots (exons are represented by vertical bars). The start and direction of transcription are noted by arrows.

{C) Examples of SUZ12 ChIP signals from genome-wide GhIP-Chip. The plots show unprocessed enrichment ratios {green) for all probes within a
genomic region (ChIP versus whole genomic DNA). Chromosomal positions, genes, and notations are as described in (B),

{D) Chart showing percentage of all annotated genes bound by RNA polymerase I (blue), SUZ12 (green), both (yellow), or neither (gray).

{E} Distribution of the distance between bound probes and the closest transcription start sites from RefSeq, Ensembl, MGC, UCSC Known Genes and
H-Inv databases for SUZ12 {green line), and RNA polymerase || (blue line}. The number of bound probes is given as the percentage of total probes and
is calculated for 400 bp intervals from the start site. The null-distribution of the distance between all probes and the closest transcription are shown as
a black line.
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Figure 2, SUZ12 Is Associated with EED,
histone H3K27me3 Moditication, and
Transcriptional Repression in ES Cells

{8) Venn diagram showing the overlap of
genes bound by SUZ12 at high-confidence,
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genes bound by SUZ12 at high-confidence are
also bound by EED at high-confidence; others
are bound by EED at lower confidence
(Figure S6).

(B) SUZ12 {top), EED (middle), and H3K27me3
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show unprocessed enrichment ratios for all
probes within this genemic regian (SUZ12 ChiP
versus whole genomic DNA, EED ChiP versus
whole genomic DNA, and H3K27me3 ChiP
versus total H3 ChIP), Chromosomal positions

are from NCBI build 35 of the human genome.
NEUROD1 is shown to scale below plots (exons
are represented by vertical bars). The start and
direction of transcription are noted by arrows.

(C) Refative expression levels of 604 genes oc-
cupied by PRC2 and trimethylated at H3K27 in
ES cells, Comparisons were made across four
ES cell lines and 79 differentiated ¢ell types.
Each row comrespands to a single gene that is
bound by SUZ12, associated with EED and
H3K27me3, and for which Affymetrix expres-
sion data are available. Each column corre-
sponds to a single expression microarray. ES
cells are in the following order: H1, H9, HSFG,

WY

12
14
<18

HSF1, For each gene, expression is shown relative to the average expression level of that gene across all samples, with shades of red indicating
higher than average expression and green lower than average expression according to the scale on the right. Cell types are grouped by tissue or organ
function, and genes are ranked according the significance of their refative level of gene expression in ES cells.

can associate with components of the general transcrip-
tion apparatus {Breiling et al., 2001; Saurin et al,, 2001).
The vast majority of SUZ12 bound sites were found at
gene promoters (Figure 1E). Ninety-five percent of the
SUZ12 bound regions were found within 1 kb of known or
predicted transcription start sites {Supplemental Data and
Table $7). This suggests that SUZ12 functions in human
ES cells primariy at promoters rather than at distal regula-
tory elements. It is interesting that 40% of all SUZ12 bound
regions are within 1 Kb of CpG islands (Table $7), giventhe
recent discovery of a mechanistic link between PcG pro-
teins and DNA methyltransferoses (Vire et al., 2006).

Global Transcriptional Repression by PRC2

PRC2 is composed of three core subunits, SUZ12, EED,
and EZH2, and has been shown to mediate histone
H3K27 methylation at specific genes in vivo. To confirm
that SUZ12 is asscciated with active PRC2 at target
genes, we used chromatin immunoprecipitation with anti-
bodies against EED and the histone H3K27me3 mark and
analyzed the results with promoter microarrays. We found
that EED and the histone H3K27me3 mark cooccurred
with SUZ12 at most genes using a high-confidence bind-
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ing threshold {Figure 2), The false negative rates of thresh-
olded data can lead to an underestimate of the similarity
between different datasets. Plotting raw enrichment ratios
for genes associated with SUZ12, EED, or H3K27me3
demonstrates that SUZ12 binding represents PRC2 bind-
ing at almost all target genes (Figure S86).

Genetic and biochemical studies at selected genes indi-
cate that PRC2-mediated H3K27 methylation represses
gene expression, but it has not been established If it
acts as a repressor genome-wide. If genes occupied by
8UZ12 are repressed by PRC2, then transcripts from
these genes should generally be present at lower levels
in ES cells than in differentiated cell types. To test this pre-
diction, we compared the expression levels of PRC2-oc-
cupied genes in four different ES cell lines with the expres-
slon level of these genes in 79 differentiated human cell
and tissue types (Sato et al., 2003; Abevia et al., 2004;
Su et al., 2004). We found that PRC2 accupied genes
were generally underexpressed in ES cells relative to other
cell types (Figure 2C). A small fraction of the genes occu-
pied by PRCZ2 were relatively overexpressed in ES cells
(Figure 2C}); these tended to show less extensive SUZ12
occupancy and were more likely to be cooccupied by
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RNA polymerase |l (Supplemental Data). These results are
consistent with the model that PRC2-mediated histone
H3K27 methylation promotes gene silencing at the major-
ity of its target genes throughout the genome in ES cells.

Key Developmental Regulators Are Targets of PRC2
Examination of the targets of SUZ12 revealed that they
were remarkably enriched for genes that control develop-
ment and transcription (Figure 3) and that SUZ12 tended
to occupy large domains at these genes (Figure 4). Al-
though only 8% of all annotated genes were occupied
by 8UZ12, ~50% of those encoding transcription factors
associated with developmental processes were occupied
by SUZ12. By comparison, RNA polymerase Il preferen-
tially occupied genes involved in a broad spectrum of
cell proliferation functions such as nucleic acid metabo-
Hsm, protein synthesis, and cell cycle (Figure 3A and
examples in Figure 1B; Supplemental Data; Table $10).
It was striking that SUZ12 occupied many families of
genes that control development and transcription (Figures
3B and S7 and Table S11). These included 39 of 40 of the
homeotic genes found in the HOX clusters and the major-
ity of hormeodomain genes. SUZ12 bound homeodomain
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Figure 3. Cellular Functions of Genes
Occupied by SUZ12

(A) Genes bound by SUZ12 or RNA polymerase
Il were compared to biolegical process gene
cntology categories; highly represented cate-
qories are shown, Ontology terms are shown
on the ¥ axis; p-values for the significance of
enrichment are graphed along the x axis
{SUZ12 in green, RNA polymerase Il in blue},
{B) Selected examples of developmental tran-
scription factor families bound by SUZ12.
SUZ12 is represented by the green oval; indi-
vidual transcription factors are represented by
circles and grouped by family as indicated. Ex-
amples of {ranscription factors with defined
roles in development are labeled. Transcription
factor families include homeobox protein
(HOX), basic helix-loop-helix domain contain-
ing, class B {BHLHB), HOX cofactors (MEIS/
EVX), distal-less homeobox {DLX), Forkhead
box {FOX}, NEURCD, GATA binding protein
(GATA), runt refated transcription factor
(RUNX), paired box and paired-like (PAX), LIM
homeabox {LHX), sine oculis homeobox homo-
leg {SIX), NK transcription factor related (NKX),
SRAY box {SOX), POU domain coniaining, clas-
ses 3 and 4 {POU), early B-cell factor (EBF),
atonal homolog {ATOH), hairy and enhancer of
split protein (HES), myogenic basic domain
(MYQ), T-box (TBX), caudal type homeobox
{CD¥X), and iroquois homeobox protein (ERX).

genes included almost all members of the DLX, IRX,
LHX, and PAX gene families, which regulate early devel-
opmental steps in neurogenesis, hematopoiesis, axial
patterning, tissue patterning, organcgenesis, and cell-
fate specification. SUZ12 also occupied promoters for
large subsets of the FOX, SOX, and TBX gene families,
The forkhead family of FOX genes is involved in axial pat-
terning and tissue development from all three germ layers
{Lehmann et al., 2003). Mutations in members of the SOX
gene family alter cell-fate specification and differentiation
and are linked to several developmental diseases
(Schepers et al., 2002). The TBX family of genes regulates
a wide variety of developmental processes such as gas-
trulation, early pattern formation, organogenesis, and
limb formation (Showell e al., 2004). Thus, the genes pref-
erentially bound by SUZ12 have functions that, when ex-
pressed, promote differentiation. This is likely to explain,
at feast in part, why PRC2 is essential for early develop-
ment and ES cell pluripotency.

A remarkable feature of PRC2 binding at most genes
encoding developmental regulators was the extensive
span over which the regulator occupied the locus {Figures
4, S8, and 89). For the majority {72%]) of bound sites
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Figure 4. SUZ12 Occupies Large Por-
tions of Genes Encoding Transcription
Factors with Roles in Development

{A} The fraction of SUZ12 target genes associ-
ated with different sizes of binding domains.
Genes are grouped into four categaries ac-
cording to their function: Signaling, Adhesion/
migration, Transcription, and Other.

{B) Examples of SUZ12 {green} and RNA poly-
merase |l {blue) binding at the genes encoding
developmental regulators TBX5 and PAX6.
The plots show unprocessed enrichment ratios
for all probes within a genomic region (ChIP
versus whole genomic DNA). Genes are shown
to scale below plots (exans are represented by
vertical bars). The start and direction of tran-
scription are noted by arrows.

(C) Binding profites of SUZ12 {green) and RNA
polymerase It (blue) across ~500 kb regions
encompassing HOX clusters A-D. Unpro-
cessed enrichment ratios for all probes within
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across the genome, SUZ12 occupied a small region of the
promoter similar in size to regions bound by ANA polymer-
ase || {Figure 1}. For the remaining bound regions, SUZ12
occupancy encompassed large domains spanning 2-35
kb and extending from the promoter intc the gene, A large
portion of genes encoding developmental regulators
(72%) exhibited these extended regions of SUZ12 bind-
ing. In sorme cases, binding encompassed multiple contig-
uous genes. For instance, SUZ12 binding extended ~100
kb across the entire HOXA, HOXB, HOXC, and HQOXD
clusters but did not bind to adjacent genomic sequences,
yielding a highly defined spatial pattern {Figure 4B). In con-
trast, clusters of unrelated genes, such as the interleukin
1-f cluster, were not similarly bound by SUZ12. Thus,
genes encoding developmental regulaters showed an un-
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usual tendency to be occupied by PRC2 over much or ali
of their transcribed regions.

PRC2 and Highly Conserved Elements

Previous studies have noted that many highly conserved
noncoding elements of vertebrate genomes are associ-
ated with genes encoding developmental regulators (Be-
jerano et al., 2004, Siepel et al., 2005; Woolfe et ak,, 2005).
Given SUZ12's strong association with this class of genes,
we Investigated the possibility that SUZ12 bound regions
are associated with these highly conserved elements, In-
spection of individual genes suggested that SUZ12 occu-
pancy was associated with regions of sequence conser-
vation (Figure 5A). Eight percent of the approximately
1,400 highly conserved noncoding DNA elements
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described by Woolfe and colleagues (Woolfe et al., 2005)
were found to he associated with the SUZ12 bound devel-
opmental regulators {p-value 10", Using entries from
the PhastCons database of conserved elements (Siepel
et al., 2005), we found that SUZ12 occupancy of highly
conserved elements was highly significant {using highly
conserved elements with a LoD conservation score of
100 or better, the p-value for significances was less than
10759, Since PRC2 has not been shown to directly bind
DNA sequences, we expect that specific DNA binding
proteins occupy the highly conserved DNA sequences
and may associate with PRC2, which spreads and oc-
cupies adjacent chromatin. Thus, the peaks of SUZ12
occupancy might not be expected to precisely colocate
with the highly conserved elements, even if these ele-
ments are associated with PRC2 recruitment.
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Figure 5. SUZ12 Binding Is Associated
with Highly Conserved Regions

(A) SUZ12 occupancy (green} and conserved
elements are shown at MKX2-2 and adjacent
genomic regions. The plots show unprocessed

suzi12 enrichment ratios far all probes within this ge-

Cecupancy nomic region (SUZ12 ChIP versus whole geno-
mic DNA). Conserved elements {red) with LoD
scores > 160 derived from the PhastCons pro-

Chr. position gram {Siepel et al., 2005) are shown 1o scale

Highly Consarved above the plot. Genes are shown to scale below

Regions plots (exons are represented by vertical bars).
A higher resclution view is also shown below.

Gane (MX2-D {B) Enrichment of conserved noncoding efe-
ments within SUZ12 (green) and RNA polymer-
ase li (blue) bound regions, The maximum non-
exonic PhastCons conservation score was
determined for each bound region. For compar-
ison, the same parameter was determined us-
ing a randomized set of genomic regions with
the same size distribution. The graph displays
the ratio of the number of bound regions with
that scare versus the number of randomized
genomic regions with that score.
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Remarkably, the degree of the association between
5UZ12 binding and conserved sequences increases when
considering sequences with an increasing degree of con-
servation (Figure 5B). By comparison, RNA polymerase ||
showed no such enrichment. These results suggest that
the subset of highly conserved noncoding elements at
genes enceding developmental regulators may be associ-
ated with PcG-mediated silencing of these regutators.

Signaling Genes Are among PRC2 Targets

The targets of SUZ12 were also enriched for genes that
encode components of signaling pathways (Figure 3A
and Table S12). There is evidence that transforming
growth factor-p (TGFp), bone marphogenic protein (BMP),
wingless-type MMTV integration site (Wnt), and fibro-
blast growth factor (FGF) signaling pathways, which
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Figure 6. Preferential Activation of PRC2 Target Genes during ES Cell Differentiation

(A) Fold enrichment in the number of genes induced or repressed during ES cell differentiation. The change in gene expression is given as the log(2)
transformed ratio of the signals in differentiated H1 cells versus pluripotent H1 cells and is binned into six groups. The upper limit of each bin is in-
dicated on the x axis. The two lines show genes transcriptionally inactive in ES cells {absence of RNA palymerase Il) and bound by SUZ12 (green) and
genes transcriptionally inactive in ES cells and repressed by other means (blue}, In both cases, fold enrichment is calculated against the total pop-
ulation of genes and normatized for the number of genes present in each group.

(B} Expression changes of genes encoding developmental regulators during ES cell differentiation. Expression ratio (differentiated/pluripotent) is rep-
resented by color, with shades of red indicating upregulation and shades of green downregulation according 1o the scale shown above. Genes are
ordered accarding to change in gene expression, with genes exhibiting higher expression in pluripotent ES cells to the left and genes exhibiting higher
expression in differentiated cells to the right. Genes bound by SUZ12 in undifferentiated ES cells are indicated by blue lines in the lower parel,

(C) Fold enrichment in the number of genes induced or repressed in SUZ12-deficient mouse cells. The change in gene expression is given as the log(2)
transformed ratic of the signals in Suzi2-deficient cells versus wild-type ES cells. The two lines show genes transcriptionally inactive in human ES
cells (absence of RNA polymerase II) and bound by SUZ12 (green} and genes transcriptionally inactive in human ES cells and repressed by other
means (blue). In both cases, fold enrichment is calculated against the total population of genes.

(D} Gene expression ratios {log base 2) of Suz12 target genes in differentiated human H1 ES cetis relative 1o pluripotent H1 ES cells (x axis) and in
Suz12-deficient mouse cells relative 1o wild-type mouse ES cells (v axis). Upper right quadrant: genes upregulated during human ES cell differenti-
ation and in Suzi2-deficient mouse cells; lower right: genes upregulated during ES cell differentiation and downregulated in Suzi2-deficient cells:
lower Jeft: genes downregulated during ES cell differentiation and in Suz12-deficient cells; upper left: genes downregulated during ES cell differen-
tiation and upregutated in Suz12-deficient cells.

(Ey SUZ12 binding profiles across the gene encoding muscle regulator MYOD1 in H8 human ES cells (green) and primary human skeletat myaiubes
(gray). The plots show unprocessed enrichment ratios for alt probes within a genomic region (ChiP versus whole genomic DNA). Genes are shown to
scale below plots (exons are represented by vertical bars). The start and direction of transcription are noted by arrows.
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are required for gastrutation and lineage differentiation in
the embryo, are also essential for self-renewal and dif-
ferentiation of ES cells in culture (Loebel et al., 2003; Mo-
lofsky et al., 2004). SUZ12 generally occupied the pro-
moters of muitiple components of these pathways, but it
occupied larger domains within a group of signaling genes
that contained highly conserved elements. This group
contained members of the Wnt family (WNT?, WNT2,
WNTE) as well as components of the TGFB superfamily
(BMP2, GDFB). Recent studies have shown that Wnt sig-
naling plays a role in pluripotency and self-renewal in
both mouse and human ES cells (Sato et al., 2004), and
our results suggest that it is important to maintain specific
family members in a repressed state in ES cells.

Activation of PRC2 Target Genes

during Differentiation

PRC2 is associated with an important set of developmen-
tal regulators that must be silent in ES cells but activated
during differentiation. This observation suggests that
PRC2 ultimately functions to repress occupied genes in
ES cells and that these genes may be especially poised
for transcriptional activation during ES cell differentiation,
We reasoned that if this model is correct, genes bound by
BUZ12 should be preferentially activated upon ES cell dif-
ferentiation orin cells that lack SUZ12, Furthermore, in dif-
ferentiated cells, SUZ12 might continue to be observed at
silent genes but must be removed from genes whose ex-
pression is essential for that cell type.

We first examined gene expression in ES cells stimu-
lated to undergo differentiation {Sato et al., 2003). We
found that genes occupied by SUZ12 were more likely
to be activated during ES cell diiferentiation than genes
that were not occupied by SUZ12 {Figure 6A; Supplemen-
tal Data; Table $13), indicating that SUZ12-cccupied
genes show preferential activation during differentiation
under these conditions. Thirty-six percent of genes bound
by SUZ12 showed greater than 2-fold increases in expres-
sion during ES cell differentiation, whereas only 16% of
genes not bound by SUZ12 showed such an increase.
This effect was particularly striking at the set of develop-
mental regulators (Figure 6B). SUZ12 occupied maost
(839%) of the developmental regulators that were induced
more than 10-fold during ES cell differentiation.

We next examined the expression of SUZ12 target
genes in Suzl2-deficlent cell lines derived from homozy-
gous mutant blastocysts (Supplemental Data). We rea-
soned that genes bound by SUZ12 in human ES cells
have orthologs in mice that should be upregulated in
SuziZ-deficient mouse cells, although we expected the
overlap in these sets of genes to be imperfect because
of potential differences between human and rmouse ES
cells, the possible repression of PRC2 target genes by ad-
ditional mechanisms, and pleiotropic effects of the Suz12

knockout on genes downstream of Suz12-target genes.
Differences in gene expression between Suz12 homozy-
gous mutant cells and wild-type ES cells were measured
using gene expression microarrays and the human SUZ12
binding data mapped to orthologous mouse genes using
HomoloGene (www.ncbi.nim.nih.gov/HomoloGene). We
found that a significant portion of mouse genes whose
counterparts were bound by SUZ12 in human ES celis
were upregulated in Suz12-deficient mouse cells (70 of
346 genes, p = 6 x 107%; these genes are listed in Table
S14. Orthologs of genes occupied by SUZ12 in human
ES cells were more likely to be activated and less likely
to be repressed in Suz12-deficient mouse cells than ortho-
logs of genes not cccupied by SU212 (Figure 6C). Further-
more, we found that orthologs of Suz12 target genes that
were induced upon human ES cell differentiation were
generally also induced upan loss of Suz12 in mouse cells
{Figure 6D). Genes that were activated during ES cell dif-
ferentiation and in Suzl12-deficient cells included those
encoding transcriptional regulators (GATA2, GATAS,
GATAG, HAND1, MEIS2, and SOX17) signaling proteins
(WNT5A, DKK1, DKK2, EFNA1, EFNB1, EPHA4, and
EPHB3} and the celi-cycle inhibitor COKNTA. These data
indicate that Suz12 is necessary to fully repress the genes
that are occupied by PRC2 in wild-type ES cells and have
since been confirmed with binding data and knockout
studies of a second PRG subunit in mouse (Boyer et al.,
2006).

If PRC2 functions to repress genes in ES cells that are
activated during differentiation, then in differentiated tis-
sues SUZ12 occupancy should be diminished at genes
encoding developmental regulators that have a role in
specifying the identity of that tissue, similar to results
seen with Ezh2 at specific genes in mouse (Caretti
et al., 2004). To test this, we designed an array focused
on the promoters of developmental regulators and used
ChiP-Chip to investigate SUZ12 occupancy at these
promoters in primary differentiated muscle cells, The re-
sults demonstrated that genes encoding key regulators
of muscle differentiation, including MYOD?, displayed
greatly diminished SUZ12 occupancy when compared to
ES cells {(Figure 6E}. MYOD1 is a master regulator for
muscle differentiation (Tapscott, 2005), and the gene en-
coding this transcription factor displayed no significant
8UZ12 occupancy when compared to the levels of
SUZ12 occupancy observed in ES cells. Genes encoding
other transcriptional regulators that play a central role in
muscle development, such as PAX3 and PAX7 (Brand-
Saberi, 2005), showed reduced levels of SU212 occu-
pancy in muscle cells relative to ES cells (Supplemental
Data and Figure S11). In contrast, other developmental
regulators important for differentiation of nonmuscle
tissues remained occupied by SUZ12 in differentiated
muscle cells (Figure 8F and Table S15). These data

(F) Suz12 binding profiles across the gene encoding LHXA in H9 human ES cells {green) and primary human skeletal myotubes {gray). The plots show
unprocessed enrichment ratios for all prabes within a genomic region (ChIP versus whole genomic DNA). Genes are shown ta scale below plots
{exons are represented by vertical bars). The start and direction of transcription are noted by arrows.
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Figure 7. SUZ12Is Localized to Genes also Bound by ES Cell
Transcriptional Regulators

(A) Franscriptional regulatory network model of developmental regula-
tors governed by OCT4, SOX2, NANOG, RMNA polymerase |, and
SUZ12 in human ES cells. The ES cell transcription factars each bound
to approximately one-ihird of the PRC2-occupied, developmental
transcription factor genes. Developmental regulators were selected
based on gene ontolagy. Regulators are represented by dark blue cir-
cles; RNA polymerase |l is represented by a light blue circle; SUZ12 is
represented by a green circle; gene promoters for developmental reg-
ulaters are represented by smalt red circies,

{B) 8UZ12 occupies a set of repressed developmental regulators also
bound by OCT4, SOX2, and NANOG in human ES cells, Genes anno-
tated as bound by OCT4, SOX2, and NANOG previously and identifled
as active or repressed based on expression data (Boyer et al,, 2005)
were tested to see if they were bound by SUZ12 or RNA polymerase
Il. Ten of eleven previously identified active genes were found to be
bound by RNA polymerase If at known promoters, while eleven of
twelve previously identified repressed genes were bound by SUZ12.

310 Cell 725, 301-313, April 21, 2006 ©2006 Elsevier Inc.
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support a model where PRC2 binding in ES cells re-
presses key developmental regulators that are later ex-
pressed during differentiation.

Targets of PRC2 Are Shared with Key

ES Cell Regulators

The transcription factors OCT4, SOX2, and NANQG have
essential roles in early development and are required for
the propagation of undifferentiated ES cells in culture
(Nichols et al., 1998; Avilion et al., 2003; Chambers
et al,, 2003; Mitsui et al., 2003). We recently reported
that these transcription factors occupied promoters for
many important developmental regulators in human ES
cells (Boyer et al., 2008). This led us to compare the set
of genes encoding developmental regulators and occu-
pied by OCT4, SOX2, and NANQG with those occupied
by PRC2 (Figure 7 and Supplemental Data}, We found
that each of the three DNA binding transcription factors
occupied approximately one-third of the PRC2-occupied
genes that encode developmental transcription factors
(Figure 7A; Supplemental Data; Table $11). Remarkably,
we found that the subset of genes encoding developmen-
tal regulators that were occupied by OCT4, SOX2, and
NANOG and repressed in the regulatory circuitry high-
lighted in Boyer et al. were almost all occupied by PRC2
{Figure 7B). These included genes for transcription factors
known to be important for differentiation into extraembry-
onic, endadermal, mesodermal, and ectodermal lineages
(e.q., ESX1L, ONECUT1, HAND1, HOXB1). As expected,
active genes enceding ES cell transcription factors (e.q.,
ZIC3, STAT3, OCT4, NANCG) were occupied by QCT4,
SOX2, NANOG, and RNA polymerase Il but not by PRC2
{Figure 7B).

The observation that OCT4, SOX2, and NANOG are
bound to a significant subset of developmental genes o¢-
cupied by PRG2 supports a link between repression of de-
velopmental regulators and stem cell pluripotency. Like
PRC2, OCT4 and NANOG have been shown to be impor-
tant for early development and ES cell identity. It is possi-
ble, therefore, that inappropriate regulation of develop-
mental regulators that are common targets of OCT4,
NANOG, and PRC2 contributes to the inability to establish
ES celllines in OCT4, NANQG, and EZH2 mutants (Nichols
et al., 1998; O’Carroll et al., 2001; Chambers et al., 2003;
Mitsui et al., 2003).

Concluding Remarks

We have mapped the sites occupied by SUZ12 through-
out the genome to gain insights into how PRC2 contrib-~
utes to pluripotency in human embrycnic stem cells. ES
cells proliferate in an undifferentiated state yet remain
poised to respond to development cues. Genes encoeding
the transcriptional regulators that promote differentiation
must therefore be repressed Iin ES cells but activated

Regulators are represented by dark blue circles, RNA polymerase |
by a Iight blue circle, and SUZ12 by a green circle. Gene promoters
are represented by red rectangles.



upon receiving signals to differentiate. We found that
PRC2 occupies large domains at genes encoding a key
set of repressed developrnental regulators that are prefer-
entially activated upon cellular differentiation, thus impli-
cating this complex directly in the maintenance of the plu-
ripotent state.

Transcription factors and chromatin regulators contrib-
ute to the transcriptional regulatory circuitry responsible
for pluripotency and self-renewal in human ES cells. Un-
derstanding this circuitry is fundamental to understanding
human development and realizing the therapeutic poten-
tial of these cells. In this context, we find it exciting that
the outlines of the core transcriptional regulatory circuitry
of human ES cells are emerging. The transcription factors
OCT4, SOX2, and NANOG are associated with actively
transcribed genes that contribute to growth and seli-re-
newal (Boyer et al., 2005). These factors also occupy
genes encoding key developmental regulators that are
transcriptionally repressed, due at leastin part to their as-
sociation with PRC2 and nucleosomes modified at histone
H3K27me3. Further study of transcription factors and
chromatin regulators genome-wide will allow investigators
to produce a more comprehensive map of transcriptional
regulatory circuitry In ES cells and to test models that
emerge from the circuitry, This information may provide in-
sights into approaches by which pluripotent cells can be
stimulated to differentiate into different cell types.

EXPERIMENTAL PROCEDURES

Celis and Cell Culture

Human H3 ES celis (WiCell, Madison, Wi) were cultured as described
{Boyer et al,, 2005). Primary human skeletal muscle cells were ob-
tained from Cell Applications {San Diego, CA} and expanded and dif-
ferentiated into myotubes according to ithe supplier's protocols.
Suz12 -~/ mouse cell lines were derived from blastocysts from
crosses between heterozygous Suz12 mutant animals, as described
in Supplemental Data, ’

Chromatin Immunoprecipitation and DNA Microarray Analysis
ChIP was combined with DNA microarray analysis as described (Boyer
et al,, 2005). The antibodies used here were specific for hypophos-
phorylated RNA polymerase || (BWG16) (Thompson et al., 1989),
SUZ12 (Upstate, 07-379), EED (Hamer et al., 2002), H3K27me3 (Ab-
cam, ABGB002), and total histone H3 (Abcam, AB1791). The design of
the oligo-based arays, which were manufactured by Agilent Technol-
ogies, is described in detail in Supplemental Data. A whole-chip emor
model was used to calculate confidence values from the enrichment
ratio and the signal intensity of each probe (probe p-value) and of
each set of three neighboring probes (probe-set p-value). Probe-sets
with significant probe-set p-values {p < 0.001) and significant individ-
ual prabe p-values were judged to be bound (see Supplemental
Data for additional information). Bound regions were assigned to
genes if they were within 1 kb of the transcription start site from one
of five genomic databases; RefSeq, MGC, Ensembl, UCSC Known
Gene, or H-lnv. All microarray data is available at ArrayExpress under
the accession designation E-WMIT-7.

Gene Expression Analysis

Gene expression data were collated from H1 ES cells {Sato et al,
2003), H9, HSF1, and HSF6 ES cells (Abeyia et al,, 2004), and 79 dif-
ferentiated human cell and tissue types {Su et al., 2004} and analyzed
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as described in detail in Supplemental Data, Replicate gene expres-
sion data was cbtained for wild-type mouse ES cells and Suz12-
deficient cells using Agilent Mouse Development arrays and were
analyzed as described in Supplemnental Data.

Supplemental Data

Supplemental Data include fifteen figures, fifteen tables, Experimental
Procedures, and References and can be found with this article online
at hitp://www.cell.comv/cgi/content/fedl/125/2/301/DCY/.
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Distinct roles of Polycomb group gene products in
transcriptionally repressed and active domains of Hoxb8

Yu-ichi Fujimura®*, Kyo-ichi Isono™*, Miguel Vidal?, Mitsuhiro Endoh’, Hiroshi Kajita', Yoko Mizutani-Koseki',
Yoshihiro Takihara®, Maarten van Lohuizen?, Arie Otte®, Thomas Jenuwein®, Jacqueline Deschamps’ and

Haruhiko Kosekil*

To address the molecular mechanisms underlying Polycomb group (PcG)-mediated repression of Hox gene expression, we have
focused on the binding patterns of PcG gene products to the flanking regions of the Hoxb8 gene in expressing and non-expressing
tissues. In parallel, we followed the distribution of histone marks of transcriptionally active H3 acetylated on lysine 9 (H3-K8) and
methylated on lysine 4 (H3-K4), and of transcriptionally inactive chromatin trimethylated on lysine 27 (H3-K27), Chromatin
immunoprecipitation revealed that the association of PcG proteins, and H3-K9 acetylation and H3-K27 trimethylation around
Hoxb8 were distinct in tissues expressing and not expressing the gene. We show that developmental changes of these epigenetic
marks temporally coincide with the misexpression of Hox genes in PcG mutants. Functional analyses, using mutant alleles impairing
the PcG class 2 component Rnf2 or the Suz12 mutation decreasing H3-K27 trimethylation, revealed that interactions between class 1
and class 2 PcG complexes, mediated by trimethyfated H3-K27, play decisive roles in the maintenance of Hox gene repression
outside their expression domain. Within the expression domains, ¢lass 2 PcG complexes appeared to maintain the transcriptionally
active status via profound regulation of H3-K9 acetylation. The present study indicates distinct roles for class 2 PcG complexes in

transcriptionally repressed and active domains of Hoxb8 gene,

KEY WORDS: Polycomb, Hox, Mouse, Chromatin, Immunoprecipitation

INTRODUCTION

In Drosophila, the regionally restricted expression of homeotic
genes (Hox genes) is maintained by two groups of proteins: the
trithorax group {trxG) and Pelycomb group (PcG). The txG gene
products are required to maintain the activity of Hox genes in the
appropriate segments, whereas the PcG are involved in their
repression (Paro, 1995; Pirrotta, 1997). Indeed, some of the PcG
genes have been identified as suppressors of trxG mutations
(Kennison and Tamkun, 1988). The trxG and PcG genes encode
nuclear factors that, by forming multimeric protein complexes on
the chromatin, freeze transcriptional states determined early in
embryogenesis. A major function of trxG gene products appears to
concern the remodeling of chromatin structure, as several of these
genes encode subunits of the SWI/SNF chromatin remodeling
complex and associate with catalytic activities that modify core
histone tails (Milne et al., 2002; Nakamura et al., 2002; Tamkun et
al., 1992). PcG gene products have been shown to form at least two
types of multimeric protein complexes (Shao et al., 1999; Czermin
et al.,, 2002; Muller et al., 2002; Cao et al., 2002). The first type of
complex, known as class 1, includes Extra sex combs (Esc) and

*RIKEN Research Center for Allergy and Immunclagy, 1-7-22 Suehiro, Tsurumi-ku,
Yokohama 230-0045, Japan. 2Centro de investigaciones Biolagicas, Depariment of
Developmentat and Cell Biology, Ramizo de Maeztu 9, 28040 Madrid, Spain.
3Department of Stem Cell Biology, Research fnstitute for Radiation Biology and
Medicine, Hirashima University, 1-2-3 Kasumi, Minami-ku, Hicoshima 734-8553,
Japan. *Division of Molecular Genetics, The Netherlands Cancer institute, 1066CX
Amsterdam, The Netherlands. SSwammerdam Institute for Life Sciences, University
of Amsterdam, Kruislaan 406, 1088 SM Amsterdam, The Netherlands, SResearch
Institute of Malecular Pathology, The Vierna Biocenter, Dr Bchrgasse 7, A-1030
Vienna, Austria. "Hubrecht Laboratory, Uppsalalzan 8 3584CT Utrecht, The
Netherlands.

*These authars contributed equally to this work
Tauthor for ¢orrespondence {e-mail: fujimara@rcai.riken.jp)

Accepted 12 April 2006

261

Enhancer of zeste [E(z)], and its association with histone deacetylase
and methyltransferase activities suggests a function in the
modification of histone tails (Czermin et al., 2002; Muller et al,,
2002; Cao et al., 2002), The second type of complex (class 2)
contains Polycomb (Pc), Posterior sex combs (Psc), Polyhomeotic
(Ph), Dring (Sex comb extra; Sce) and Sex comb on midieg (Scm)
in Drosophila (Shao et al., 1999). It has been shown that, by
interacting with DNA regulatory sequences termed PcG response
elements (PREs), this complex can maintain the transcriptional
silence of target genes. Recently, it has been reported that class 1
PcG-mediated trimethylation of histone H3 lysine 27 (H3-K27)
serves as a signal for the recruitment of class 2 PeG complexes,
which in turn may silence target genes flanked by PREs (Cavalli and
Paro, 1998; Wang et al., 2004b). Purified class 2 core complexes
efficiently block SWI/SNF-dependent remodeling of nucleosomal
arrays and subsequent transcription in vitro (King et al., 2002;
Levine et al., 2002; Shao et al., 1999).

In mammals, it has been demenstrated that the expression of Hox
cluster genes depends on the control of mammalian homologues of
trxG and both classes of PcG gene products. Silencing of several
Hox gene expressions has been observed in mice lacking M, a
mammalian homologue of Drosephila trx, between 8.5 and 9.5 days
post coitus (dpc) (Yu et al., 1998). Conversely, a hypomorphic
mutation of Eed, a homologue of Drosophila Esc, revealed its
involvement in repressing Hox gene expression (Schumacher et al.,
1996). As Mil and class | PcG complex are known to be associated
with activities that modify histone tails (van der Vlag and Otte,
1999), such modifications could be involved in maintaining spatially
restricted expression of Hox cluster genes. Indeed, it has been shown
that the Ml protein regulates the acetylation of lysine 4 of histone
H3 (H3-K4) at several Hox genes, whereas Ezh2, a homologue of
E(z), mediates H3-K27 trimethylation (Milne et al., 2002;
Nakamura et al., 2002). The involvement of class 2 PcG in this
maintenance has been revealed previously by the effect of mutations




2372 RESEARCH ARTICLE

Development 133 (12)

in Bmil (Pegf4 — Mouse Genome Informatics), RufiJ0 (Mell8:
Pegf? — Mouse Genome Informatics), Phcl (rae28) and Rnf2
(RingiB) on Hox gene expression (Akasaka et al., 1996; van der
Lugtet al., 1996; Suzuki et al., 2002; Takihara et al., 1997). Notably,
in mice doubly deficient for Rafl 10 and Bmii, homologues of
Drasophila Psc, HoxbG expression was normally localized in candal
tissues of 8.5 dpc embryos, but was progressively de-repressed
cranially thereafter (Akasaka et al., 2001). Thus, class 2 PcG
proteins may participate in maintaining transcriptionally silent states
of Hox genes outside their expression domains. However, to date,
the molecular mechanisms used by mammalian trxG and PeG gene
products to regulate Hox genes is not well understood, in part
because the relationship between PeG protein binding and histone
tail modifications has not yet been widely documented around the
Hox loci in developing embryos. We have addressed this issue by
documenting the association of PcG proteins, H3-K9 acetylation,
H3-K4 methylation {marks of transcriptionally active chromatin)
and H3-K27 trimethylation (a mark of transcriptionally inactive
chromatin) to the genomic region flanking Hoxb8, a Hox gene
known to require the class 2 PeG proteins for its posterior restriction.

We show that the associalion of PcG proteins, H3-K9 acetylation,
H3-K4 methylation and H3-K27 trimethylation around Hoxb8
differs in embryonic tissues expressing and not expressing the gene.
By using mutant alleles for Rnf2, which encode constituents of class
2 PcG complexes, and Suz/2 causing a strong decrease in H3-K27
methylation, we show that the recruitment of the class 2 PcG
complex, mediated by trimethylated H3-K27, plays a decisive role
in maintaining the repression of Hox genes outside their expression
domain, as it is the case in Drasophila. The positive role of class 2
PcG complex proteins in the transcriptionally active domain was
shown to involve the regulation of H3-K9 acetylation,

MATERIALS AND METHODS

Mice and ceil lines

The generation of Rnf2! allele and Rnf2 mutant ES cells has been
described previously (de Napoles et al., 2004). The generation of Suzi2-
deficient mice and ES cells will be described in a separate publication.
CRE-mediated deletion of Rnf2 in MEF cell lines using adenovirus
expressing the CRE recombinase (AdCre) was carried out as described
(Kanegae et al., [995). AdCre virus was concentrated to be 2.0Xx 107
i.f.u/ml and mouse embryonic fibrobtast (MEFs) were infected with
AdCre virus at MOIS,

Antibodies
Antibodies used are listed in the Table 1.

Table 1. A list of antibodies used in this study

Chromatin immunoprecipitation (ChIP) analysis

Embryonic tissues of interest were dissected from embryos, at the different
developmental stages, under a stereomicroscope. Chromatin fraction from
the embryonic tissues was purified by CsCl isopycnic centrifugation as
described in Fig. S1 in the supplementary material (Orlando et al., 1997),
This process was bypassed in some cases. Correct amounts of NaCl and NP-
40 were added to the chromatin fraction or whole cell lysates (WCE) in order
to perform optimal immunoprecipitation for each antibody, Precleared
protein extracts were incubated with the correct amount of antibodies, at 4°C
with rocking, for 2 hours w overnight. Immune complexes were captured
after 3 hours incubation with Protein A Sepharose beads,

To isolate genomic DNA from immune complexes, beads were treated
with 50 pg/ml of RNaseA a1 37°C for 30 minutes followed by overnight
incubation with 500 pg/ml proteinase K/0.5% SDS at 37°C. After 3 hours
heating at 65°C for reverse crosslinking, supernatants were collected,
extracted by phenol-chloroform and concentrated by ethanol precipitation.
Genomic DNA was also isolated [rom the original chromatin fraction or
WCE through the same procedore as described above and designated
as ‘Input’ DNA (see Figs 1-3). To measure the DNA vyield after
immunoprecipitation, the aliquots of immunoprecipitated DNA were
electrophoresed for 5 minutes in an agarose gel, next to serially diluted input
DNA and band-intensities were compared after ethidium bromide staining
(see Fig. S2A in the supplementary material).

Equivalent amounts of immunoprecipitated DNA 1o that of *Input’
DNA loaded in lane ‘1" were subjected to PCR reactions. Usually, 10 to
20 ng of genomic DNA was used. Mock-immunoprecipitated DNA (A—
and P-) derived from the same volume of the chromatin fraction as used
for anti-Rnf2 immunoprecipitation were subjected 10 the PCR. To
carry out semi-quantitative PCR, serially diluted ‘Input’ DNA and
immunoprecipitated DNA were used as templates, The relalive quantity
of each genomic region in immunoprecipitated genomic DNA was
estimated by referring 1o the seriat dilutions of ‘Input’ DNA isolated from
the initial lysates and an earichment value was determined. Every series
of experiments were performed at least three times (see Fig. 53 in the
supplementary material). Primers used in this study are listed in Table 2.
ChIP analysis by using ES cells was performed as described (Isono et al.,
2005a).

Expression analyses for RNA and protein

RNA extraction from ES cells, reverse transcription and PCR reaction was
performed as described previously (Esono et al., 2005a). Quantity of total
cellular RNA subjected to reverse transcriptase (RT)-PCR for Hox genes was
adjusted by the expression of 8-actin. Hoxb8 expression shown in Fig, 3A
was quantified by referring 10 Gapdh expression by real-time PCR analyses
using Mx3005P multiplex quantitative PCR systems (Stratagene).
Preparation of whole-cell extracts from embryos, ES cetls and MEFs and
western blot analysis were performed as described previously (Isono et al.,
20053},

Monaoclonal

Specificity Species ar antiserum? Company or reference

Rnf2 Mouse Monoclonal Atsuta et al. (2001)

Ring1 Rabbit Antiserum Schoorlemmer et al. (1997}

Phei Mouse Monoclonal Miyagishima et al. (2003)

Phct Rabbit Antiserum Suzuki et al. (2002)

Chx2 Rabbit Antiserum Schoorlemmer et al. {1997}

Rnf110 Rabbit Antiserum Abcam (Cambridge, UK}

Eed Mouse Monoclonal Hamer et al. (2002}

Ezh2 Mouse Monoclonal Hamer et al. (2002)

Suz12 Rabbit Antiserum Upstate Biotechnology {Lake Placid, NY)
Acetylated H3-K9 Rabbit Antiserum Upstate Biotechnology (Lake Placid, NY)
Dimethylated H3-K9 Rabbit Antiserum Peters et al. (2003)

Trimethylated H3-K9 Rahbit Antiserum Peters et al. (2003)

Dimethylated H3-K27 Rabbit Antiserum Peters et al. (2003)

Trimethylated H3-K27 Rabbit Antiserum Peters et al. (2003)

Dimethylated H3-K4 Rabbit Antiserum Upstate Biotechnology (Lake Placid, NY)
Trimethylated H3-K4 Rabbit Antiserum Upstate Biotechnology (Lake Placid, NY)
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Table 2. PCR primers used in this study

Primer Forward Reverse Positions*

Hoxb8 proximal 1 aacaggagacagagaaactggtac actgttigctttgetgctgtttag 1-516
2 gggtataaatttctgaaggttaag agggatgagaagggccgaggyg 446-1006
3 tatgactacctegtigtttg caaagactgatgtgggggagt 4292-4565
4 ggtgtttttecgtyacteccccac tagaacagcgaagectgeaaaagt 4531-5091
5 goegeggatgecatgeaggcttag cacggegcacgggttctgetggta 5045-5568
6 ttctacggctacgacccictgeag cttgagggegeatecaggg 5593-5764
7 cectggatgegecctcaag tctccacageccccataaaac 5746-6083
8 actgttttatgggggctgtggaga tctetggtaactagaaccay 6060-6315
9 tggagciggagaaggagiiccta cagaagctattacgagatactacc 6592-7041
10 ctecttecctictettgggggtcee caatgctcacagogegeatge 7061-7529
1 ttagcatgegegctgigageattg cactagccaccagectgggta 7560-8032
12 cgctcttgggaagagatctaccea ¢ccaagaggaggegagectgg 7994-8584
13 aggccaggctegectoctettgyg agtcggggacgtttiagtygte 8561-9085
14 tcacgtggtcagaagagg ctgagcttcgcatccaggggta 8978-9505
15  tacccctggatgegaagctcag ctagggccigagageactgage 9484-9706
16  gctcagtgctcicaggecctag acacecagaactgagcetetc 9685-9927
17  gagagcteagtictgggigt accactctitgactctgtgt 9908-10134
18  acacagagicaaagagtggt gteatctttctggagigata 10115-10323
19  tatcactccagaaagatgac atgagtataggagtctct 10304-10527
20  agagactcctatactcat tctgagaactcccageata 10501-10792
21 tatgctgggagticicaga ctgacagaacttggcictgaty 10774-10985
22  catcagagccaagtictgticag ctgtcatcagteactctet 10964-11218
23  agagagtgactgatgacag agccatectectgattcag 112206-11408
24  ctgcacctagtagtg tgtaggtctggoggectegattt 11581-11787

25 ttgtaagocctctitgaagct

taacataaccctectggcaggeeg

12309-12829

Hoxb8 distal B1  ggtagtagctitctgatggt aggatgcaaaciccattata
D2 accatcagaaagctactace aacgaaittatigagaattc
Hoxb3 atgcagaaagccacctacta tiggacgtttgccicgacte
Hoxb6& atgagticctatttcgtgaa accagocggeggcggctacy
Hoxb8 atgagctcttatticgicaa gettgcagtctgegtactge
Hoxb9 atgtccatttctgggacget tggtagacagacggeaggct
Hoxa4 agctccageectgyettege cgtgatggatgoygctagec
Adam34 atgagtgggactaaggeectg geggttatgatctattactac

*Position of 5'-most nuclectide of region 1 was arbitrarily designated as ‘1",

RESULTS

Association of mammalian PcG proteins to the
Hoxh8 genomic region at 12.5 dpc :
Firgt, the issue of whether PcG-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
dpc. As the rostral boundary of Hoxb8 expression is at the level of the
7th preveriebrae 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 internal 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 Rnf1 10 (see Fig. 81 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. 52A in the supplementary
material). Amounts of DNA from respective tissues were further

adjusted by PCR for the thx2 gene, which is also bound by Rnf2 in
embryonic tissues (see Fig. S2B in the supplementary material).
Equivalent amounts of DNA immunoprecipitated from the anterior
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 Hoxb8 in immunoprecipitated
materials (Fig. 1B-E). The adam34 gene, which is expressed
exclusively in adult testes, is not bound by any of Rnf2, Ring1, Phel,
Cbx2 or Raf110 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, 11, 13, 15, 16
and DI was more than four times different in cranial and caudal
tissues, whereas this was not the case forregions 4, 5,6, 7, 8, 12, 14,
19,20,21, 22, 23, 24, 25 or D2 (Fig. IB,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 Hoxb5
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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 Phcl extended through all regions examined except
for region 8, without any obvious differences between cranial and
caudal tissues (Fig. 1C). Nevertheless, in region 3, the association
did appear to be significantly strenger in the caudal tissues.

Furthermore, there was no significant difference between cranial and
caudal tissues with respect to the chromatin association of Cbx2
(Fig. 1D). Therefore, these results indicate that Phe] and Cbx2 are
bound to Hoxb8 genomic region iespective of the transeriptional
state of the gene. Rnf110 association to regions 3 and 10 was seen
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 anterior and posterior tissues.

(A) Embryonic tissues used in this study. Wild-type embryos 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 immunopredipitation 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
immunoprecipitated DNA to that of ‘Input’ DNA loaded into lane 1 were subjected to PCR reactions, Usually 10 to 20 ng of genomic DNA was
used. Immunoprecipitated DNA was also serially diluted. 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 control,

(C) Comparative analysis of Phci association to regions 2 and 14 between anterior and posterior tissues, (D) Comparative analyses for association
of Cbx2 and Ring1 to regions 2 and 14. Amounts of genomic DNA (A+ and P+) immunoprecipitated by anti-Cbx2 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
volume 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, Phcl, Chx2
and Rnf110 association to the Hoxb8 genomic surrounding between anterior and posterior tissues. Genomic organization around Hoxb8 gene is
shown 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 al., 1995; Vogels et al., 1993;
Oosterveen et al., 2003). Putative promotor regions are indicated by folded arrows, The genomic regions examined by PCR using spedific primer
pairs listed in Table 1 are shown by bars and numerically indicated. The relative quantity of each genomic region in immunoprecipitated genomic
PNA 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 cavered by boxes crossed with a

diagonal iine.

264




Dual functions of PcG complexes in Hox transcription

RESEARCH ARTICLE 2375

performed three times with similar results (see Fig. S3 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 Hoxb8 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 MU/ 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, trimethylation of H3-K27 has been shown
to be mediated by class 1 PcG complexes (Cao et al., 2002). The
degree of H3-K9 and H3-K27 methylation at regions 2, 3 and & 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 FI3-K9 or dimethylation of H3-K27 were seen at
any of the regions examined (Y.F. and H.K., unpublished).

Developmental kinetics of Rnf2-association and of
histone H3 modifications at Hoxbh8

Loss of spatial restriction of Hoxb6 expression, between 8.5 and 9.5
dpc, has been reported as resulting from the Raff 10/Bmil double
mutation (Akasaka et al, 2001). Similarly, M 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 regicns 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 1o that of ‘Input’ DNA loaded in lane 1.
Mack-immunoprecipitated DNA (A- and P-) derived from the same volume of the chromatin fraction as used for anti-acetylated H3-K9
immunoprecipitation were subjected to the PCR. (Right) Schematic comparison of H3-K9 acetylation between 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 results (left) and schematic summary (right)
are shown. (€} Comparative analysis of trimethylation of H3-K27 at the region 2, 3 and 8. Representative resuits (left) and schematic summary
(right) are shown.
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(Yu et al., §998). This suggests that this developmental stage might
be the crucial period when PeG 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
Hoxb8 gene in the cranial and caudal tissues in quantitative manner
by using real-time PCR (Fig. 3A). As reporied 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 asscciation was
seen ar 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 caudal, 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 dpc (Fig. 3G) (Deschamps and Wijgerde, 1993). Relative
amounts of acetylated H3-K9 in this region also increased up to 12.5
dpe. Likewise, differential trimethylation of H3-K27 was already
established at 9.5 dpc and maintained to 12.5 dpe. These
observations indicate that the Rnf2 association, H3-K9 acetylation
and H3-K27 trimethylation 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. Ternporal changes in Rnf2 A Hoxbi qapdh (arbitrary units) F Fokl enrichment
association, H3-K9 acetylation and _

H3-K27 trimethylation at the Hoxb8 ? G R Rnf2 AcH3-K9  trmH3-K27
putative promotor region. {A) The 80 dpe 80 dpc (6 som) | i
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The Hoxb8/Gapdh ratio in the anterior 125 dpe { 125 dpc P e [T
tissue of 8.¢ dpc embryo was arbitrarily 155 dpe cadiinge meesme—

1. Embryos were bisected into the Anterior HESURS: mmem e % = ! IE
anterior and posterior tissues as ) PHITATL THLTA TS THLE T
described below. (B) Six- and eight- Posteror tis5 10 8; o= et ta¥ Tax
somite embryos were bisected at the .

level of the newly generated somite B 8.0dpc (6, 8 somites)
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unsegmented {P) regions, and WCE Rnf2

prepared from respective tissues were achzko

subjected to ChIP analyses. {C) Embryos

at the ~13-somite stage were dissected C  8.5dpc(~13 somites) Inpul

into three pieces at the boundary x16 8 a4 2 1 1/2 A+ AP+ P-

between somites 9 and 10, and at the
newly generated somite boundary.
WCE prepared from cranial region up to
somite 9 {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
ChIP 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

10.5 dpc (~35 somites)

-
i3 K27
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prepared from the anterior (A) and posterior (P) tissues were used, whereas WCE were used for anti-acetylated H3-K9 and -trimethylated H3-K27
antibodies. (F) Schematic comparisons of Rnf2 association, H3-K2 acetylation and H3-K27 trimethylation at the region 3 between 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 those of ‘Input’ DNA isolated from the initial lysates and enrichment values against the ‘Input’ are represented by the
black and gray bars, respectively. Stages left unexamined are indicated by boxes crossed with a diagonat line.
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experiments that used an hypomorphic allele of Raf2, 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 Raf2 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 Hoxb8 was established. Because of early embryenic lethality of
Raf2-null mice, we generated a conditional allele designated as
Ruf2% in which exon 2, containing the ATG initiation codon, was
flanked with loxP sites (Voncken 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 Hoxb8 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 Ruf2"M ES cells have been derived (de Napoles et al., 2004).
Rnf27~ ES cell derivatives of one of these lines, the male ES cell fine,
13-3, were generated by CRE-mediated excision of exon 2 (Fig. 4B).
Loss of functional Rrf2 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, Hoxb8 and Hoxd8 was repressed albeit not to the
same degree as in the parental Rnf2%" ES cells (Fig. 4C). These
results confirm 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 Rnf27~ MEFs and ES cells. (A) Conditional depletion of Rnf2 lead to de-repression of Hoxb8 in MEFs
derived from the cranial part of Rnf2™ 9.5 dpc embryos. (Top) Infection of Cre-expressing adenovirus vector to MEFs derived from Rnf2™¥" embryos
(fifl} depleted the Rnf2 gene products, whereas the wild-type (+/+) MEFs were unaffected. Lamin B was used as a control. {Bottorn) The expression
of Hoxb& was induced by infection of Cre-expressing adenovirus vector in Rrf2"" MEFs (flFD), but not in the wild type (+/4+). (B) Rnf2~- (~/=) ES cells
were derived from Raf2M (1/f) ES cells by transient overexpression of Cre-recombinase. Rnf2 was re-expressed by transfecting Rnf2~- ES cells with
a construct expressing Myc-tagged Rnf2 {tr}. The expression of endogenous and transfected Rnf2 was examined by using anti-Rni2 (left) and -Myc
(middle) antibodies. CBB staining was used as a loading contrel {right). {C) The expression of Hox cluster genes in Anf2% (fI/7), Anf2"- (—/-) and
Rnf2 transfected (tr) £5 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 Phc1 and Chx2 gene products was reduced in Rnf2 ES cells (+-) in comparison with
the wild type (fl/fl), whereas the expression of RYBP (another Rnf2-binding protein that is not found in hPRC-H complex or class 1 PcG proteins) was
not altered. {E} Rnf2 association and H3-K27 trimethylation at Hox promoter regions were compared between Rnf2™ and Rrf2~- ES cells. For the
‘Input’, genormic DNA extracted from the original whole cell lysate equivalent to the 1/40 volume of that used for the ChiP analysis was subjected

to the PCR. Hort was used as a negative control.
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Next, the method by which Rrf2 deficiency impacts on the
functions 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 Sf9 cells (Francis et al., 2001), the
expression levels of other components of class 2 PcG complexes in
RufZ7~ 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 Phef and Cbx2 was not altered in Rnﬁ"" ES cells,
Rnf2 loss specifically affects the expression of Phel and Chx2. It is
thus likely that Rnf2 impacts the Hox expression by regulating the
stability of the class 2 PcG 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 Rnf2~~ ES cells involves a
change of H3-K27 trimethylation across the Hox genomic regions.
The expression of Suz12 and Ezh2 were not significantly changed
in Rnf2""~ 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 affects 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 Hoxb
locus, in the absence of trimethylated H3-K27, was examined using
Suzi27 ES cells, We have independently generated a loss-of-
function allele of Suz/2 and the homozygous mutants exhibited a
phenotype almost identical to that reported by Pasini et al. (Pasini et
al., 2004) {K.I. and H.K., unpublished). Suzl27- ES cells were
derived from crosses of heterozygous mutants. The absence of
Suz 12 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 1 PcG
and H3-K27 trimethylation at the Hox promotor regions was
investigated. Anti-Suzl2, -Eed and -trimethylated H3-K27
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antibodies specifically immunoprecipitated significant amounts of
Hox promoter fragments from the wild-type ES cells (Fig. 5A). In
Suzi2-" ES cells, no Hox DNA could be detected at alf upon anti-
Suz12 immunoprecipitation. The loss of Suz12 significantly reduced
Eed association and H3-K27 trimethylation at Hox genes. Therefore,
ctass 1 PcG complexes associate locally to Hox genes and mediate
local H3-K27 trimethylation in undifferentiated ES cells. Second,
the expression of Hoxal, Hoxa4, Hoxbl, Hoxb3, Hoxb4, Hoxbé,
Hoxb8, Hoxb9 and Hoxec6 was compared between wild-type and
Suzl27" ES cells by RT-PCR. Suzl2™~ 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
in order 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 protein-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 PcG complexes (de Graaff et al., 2003).
Null mutations in the Rnf110 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 occur around 9.5 dpc in
Bmil/Rnf110 and PhcliPhec2 double mutants (Akasaka et al., 2001;
de Graaff et al., 2003; Isono et al., 2005b). As the level of histone H3
acetylation correlates with Hox gene expression in Ml mutants and
controls, and Ml and Bmil proteins display discrete subnuclear
colocalization, we investigated whether the drop in Hoxbd
expression level in Rnfl10/Bmil and Phel/Phc2 double mutants
involved a change in H3-K9 acetylation (Hanson et al., 1999; Milne
et al,, 2002; de Graaff et al., 2003). The degree of H3-K9 acetylation
in the caudal region of Rnfl 10™=Bmil~" embryos was much fower

Fig. 5. De-repression of Hox genes in
Suzi12” 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 suz72™ ES cells, Whole-cell
lysates prepared from approximately the same
number of wild type (+/+) and suz127- -/} ES
celis were subjected to ChiP analyses using anti-
Suz12, -Eed, -trimethylated H3-K27 and -Rnf2
antibodies. For the ‘Input’, genomic DNA
extracted from the original whole celf lysate
equivalent to the 1/40 volume of that used for
the ChIP analysis was subjected to the PCR. Hprt
was used as a control. {B) The expression of Hox
cluster genes in the wild type (+4+) and suz127"
{-/=) ES cells was compared by RT-PCR.






