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(Background: PRC1 silences transcription by an unknown mechanism.
Results: PRC1 can both block and dissociate PICs in general with the exception of TFIID.
Conclusion: PRC1 gene silencing may involve the ability of TFIID to remain bound to gene promoters, leaving them in a poised

Significance: Understanding how PRC1 regulates transcription deepens our basic understanding of key developmental

N

J

Despite the important role of Polycomb in genome-wide
silencing, little is known of the specific biochemical mechanism
by which it inactivates transcription. Here we address how
recombinant Polycomb repressive complex 1 (PRC1) inhibits
activated RNA polymerase II preinitiation complex (PIC)
assembly using immobilized H3K27-methylated chromatin
templates iz vitro. Recombinant PRCI1 inhibited transcription,
but had little effect on binding of the activator as reported pre-
viously. In contrast, Mediator and the general transcription fac-
tors were blocked during assembly or dissociated from preas-
sembled PICs. Importantly, among the PIC components, Tata
Binding Protein (TBP) was the most resistant to eviction by
PRC1. Immobilized template experiments using purified PRC1,
transcription factor II D (TFIID), and Mediator indicate that
PRC1 blocks the recruitment of Mediator, but not TFIID. We
conclude that PRC1 functions to block or dissociate PICs by
interfering with Mediator, but leaves TBP and perhaps TFIID
intact, highlighting a specific mechanism for PRC1 transcrip-
tional silencing. Analysis of published genome-wide datasets
from mouse embryonic stem cells revealed that the Ringlb sub-
unit of PRC1 and TBP co-enrich at developmental genes. Fur-
ther, genes enriched for Ringlb and TBP are expressed at signif-
icantly lower levels than those enriched for Mediator, TBP, and
Ringlb. Collectively, the data are consistent with a model in
which PRC1 and TFIID could co-occupy genes poised for acti-
vation during development.

The Polycomb group of proteins plays a major role in tran-
scriptional regulation during development. The first member
of this group, polycomb, was identified in screens for Drosoph-
ila mutants defective in body patterning during development
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(1). Subsequently, other genes that fell into this group were
identified that encoded proteins assembled into two distinct
Polycomb Repressive Complexes (PRC)® termed PRC1 and
PRC2 (2, 3). PRC1 and PRC2 silence expression of the Hox gene
network involved in development as well as the inactive X chro-
mosome (4). The current models suggest that PRC2 methylates
histone H3 at lysine 27 (H3K27) via its EZH2 subunit (5-7).
This modification, in turn, provides a binding site for the chro-
modomain-containing Pc subunit of PRC1. Once bound, PRC1
can ubiquitinate H2AK119 via its Ringla or Ringlb subunit (8).
PRC1 binding is believed to be the major determinant in silenc-
ing, yet the precise mechanism remains unknown.

Kingston and colleagues (2) were the first to isolate and study
the mechanism of PRC1 from Drosophila. They found that
PRC1 comprises four subunits termed polycomb (Pc), polyho-
meotic (PH), posterior sex combs (PSC), and dRING. Subse-
quent studies showed that mammalian counterparts of these
proteins were highly conserved with chromodomain-contain-
ing Pc homologs termed CBXs, three PH homologs (PHC1-3),
two dRING homologs Ringla and Ringlb, and six human PSC
homologs, the most prominent being BMI1 (9, 10).

Both native Drosophila and recombinant mouse PRC1 inhib-
ited activated transcription on chromatin templates in mam-
malian in vitro systems (11). Importantly, PRC1 could only
block transcription when prebound to the template. Analysis of
individual subunits demonstrated that the PSC and PH sub-
units functioned most effectively at transcription inhibition on
chromatin (11). Remarkably, PRC1 action in vitro was not
dependent upon H3K27 methylation or ubiquitination. Indeed,
the greatest effect was observed with PRC1 subunits lacking
either the targeting or the ubiquitination functions (11). Fur-
ther, a novel complex of RYBP, RING, and BMI1/MEL18 has
been shown to be recruited to Polycomb-regulated genes inde-
pendent of H3K27me3 (12).

3 The abbreviations used are: PRC, Polycomb repressive complex; PSC, poste-
rior sex combs; PIC, preinitiation complex; TBP, Tata Binding Protein; TFlI,
transcription factor Il; GTF, general transcription factor; TAF, TBP-associ-
ated factor; Pol Il, RNA polymerase Il; MLA, methyl-lysine analog; CBX, Chro-
mobox protein homolog; GO, gene ontology.
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The inhibition of transcription has been largely attributed to
the ability of PRC1 to bind and compact chromatin. Cryo-EM
analysis showed that a single molecule of PRC1 binds to three
nucleosomes (13). This compaction is believed to limit access to
factors necessary for transcription on chromatin. Indeed, PRC1
effectively blocked chromatin remodeling by SWI/SNF in vitro.
Moreover, this inhibition occurred in the absence of ubiquiti-
nation (2).

A recent study by the Bickmore group (14) addressed the role
of PRC1 and ubiquitination in gene expression and chromatin
compaction in vivo. The authors found that Ring1b is necessary
for silencing and chromatin compaction using fluorescence in
situ hybridization (FISH) experiments on adjacent Hox genes in
embryonic stem (ES) cells. Importantly, the compaction and
silencing are dependent on the expression of Ringlb but inde-
pendent of its ubiquitin ligase activity in agreement with the
earlier in vitro work of Kingston and colleagues (13).

We were interested in understanding more specifically how
PRC1 affects the assembly and function of the RNA polymerase
II (Pol IT) preinitiation complex. Chromatin immunoprecipita-
tion studies performed in Drosophila showed that PRC1 co-
bound to the Hox loci with the general transcription factors
TBP, TFIIB, and TFIIF (15). Further, analysis of the composi-
tion of PRC1 in Drosophila identified TBP-associated factors
(TAFs) as interacting proteins (16). Collectively, these studies
raise the question of how PRCI1 affects PIC assembly.

PICs contain Pol II, the 30-subunit Mediator co-activator
complex, TFIID, the general transcription factors (GTFs)
TFIIA, TFIIB, TFIIE, TFIIF, and TFIIH, and numerous chroma-
tin-modifying and -remodeling complexes (17, 18). PIC forma-
tion in response to activator binding is a well studied and tem-
porally regulated process. Initially, Mediator and p300 are
recruited to the template directly by the activator. After p300
acetylates chromatin and itself, it dissociates from the PIC, and
TFIID binds along with the GTFs (19). Mediator and TFIID
binding is cooperative due to a direct interaction among the
two co-activator complexes (20). The formation of the PIC also
results in the recruitment of chromatin-remodeling and -mod-
ifying complexes, including CHD1, and Spt-Ada-Gcen5-acetyl-
transferase (SAGA) (18, 19, 21). Importantly, HeLa nuclear
extracts depleted of Mediator fail to recruit most GTFs, show-
ing that Mediator is essential for PIC formation (20).

Here we examine the biochemical effect of PRC1 on PIC
assembly and function in vitro. We employed the immobilized
template assay, which allows us to correlate the functional
effects of PRC1 on transcription with its effects on the compo-
sition of PICs formed on H3K27me3 chromatin templates.
Next, we used previously published genome-wide datasets from
mouse ES cells to address the hypothesis derived from our in
vitro findings.

We found that PRC1 can block assembly of the Mediator and
a variety of other PIC constituents. Remarkably, the activator
and TFIID were most resistant to the action of PRC1. Further,
we show that purified TFIID but not Mediator is recruited to
templates in the presence of PRC1. Our analysis of genome-
wide binding data for TBP, Ring1b, and Mediator shows that in
mouse ES cells, most Ring1b-regulated genes are also bound by
TBP. Further, genes bound by Ringlb and TBP are strongly
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enriched for critical developmental genes. Collectively, these
results suggest a more precise mechanism for PRC1-mediated
transcriptional silencing and highlight the possibility that
TFIID marks PRC1-regulated genes as poised for expression
later in development.

EXPERIMENTAL PROCEDURES

Methyl-lysine Histone Octamer Preparation—Lysine 27 of
histone H3 was mutated to a cysteine by site-directed mutagen-
esis of Xenopus H3.1 bearing a C110A mutation, expressed and
purified from Escherichia coli inclusion bodies, and subjected
to chemical alkylation by (2-bromoethyl)trimethylammonium
bromide before assembly into histone octamers (22, 23). Mod-
ification of the histone tail was verified by using nano-spray
mass spectrometry. Western blots were performed using stand-
ard protocols and a commercially available H3 and H3K27me3
antibody (Abcam catalog numbers ab1791 and ab6002).

Chromatin Preparation—A 602-bp biotinylated PCR frag-
ment, which directly encompasses our GAL4-responsive pro-
moter, was assembled into chromatin by salt dilution as
described previously and validated by EMSA in native PAGE
(24). Chromatin was immobilized on M280 streptavidin para-
magnetic beads (Invitrogen) as described previously (25).

Immobilized Template Recruitment Assay—The 40-ul
immobilized template recruitment assays contained HeLa
nuclear extract and 125 fmol of a GAL4-responsive template
assembled into chromatin (3 nm) as described previously (26).
The template is termed G5E4T because it contains five GAL4
sites positioned upstream of the adenovirus E4 TATA box.
Reactions were typically performed in the presence and
absence of 250 nm PRC1. Bound protein was eluted from the
immobilized templates in 10 ul of 2X Laemmli buffer, fraction-
ated by SDS-PAGE, and immunoblotted. Antibodies used in
immunoblotting included MED23 (BD Pharmingen), Pol II
C-terminal domain 8WG16 (QED Bioscience), TFIIB (27), and
CHD1 (Bethyl Laboratories). All other antibodies were pur-
chased from Santa Cruz Biotechnology.

Extract and Protein Preparation—HeLa nuclear extract and
GAL4-VP16 were prepared as described previously (28).
Recombinant FLAG-tagged mouse BMI1 was purified from
SF9 cells using a baculovirus overexpression system (Invitro-
gen). For the purification of the PRC1 complex, baculoviruses
encoding mouse CBX2, Ringlb, and FLAG-BMI1 were co-in-
fected into insect cells and harvested 44 h after infection.
Briefly, cells were resuspended in 0.3 m Buffer F (0.3 M NaCl,
20% glycerol, 20 mm HEPES, pH 7.9, 4 mm MgCl,, 0.2% Triton
X-100, and 0.1% Nonidet P-40) and sonicated. Lysates were
then treated with DNase I (1 unit/ml) and heparin (12.5 pg/ml)
and cleared by centrifugation at 30,000 X g. The resulting lysate
was bound to M2 anti-FLAG resin (Sigma), washed extensively
in 0.5 M Buffer F, and eluted using 3X FLAG peptide (0.25
mg/ml Sigma). For the analysis of proteins that interact with the
recombinant PRC1 complex from HeLa nuclear extracts, Mud-
PIT was performed as described previously (18). Mediator was
purified from HeLa cells expressing FLAG-tagged human
Intersex (MED29) as described previously (29). The HelLa
Intersex cell line was a gift from Joan and Ron Conaway (29).
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FIGURE 1.Binding of PRC1 to H3K27me3 chromatin in vitro. A, schematic of the MLA synthesis at histone H3 lysine 27. Below the schematic is a Western blot
showing the specific detection of H3K27me3 MLA by antibody against HK27me3. Unmod., unmodified. B, schematic of the immobilized chromatin template
and chromatin assembly. A Coomassie Blue-stained gel of the purified recombinant Xenopus laevis histones used is shown on the /eft. The extent of chromatin
assembly upon the addition of increasing amounts of histone octamers was monitored by EMSA; equivalent amounts of chromatin were utilized in all
experiments. The positions of the free DNA and tri-nucleosome (Tri Nuc) are indicated with arrows. RT primer was used in primer extension to measure RNA
during in vitro transcription. C, Coomassie Blue-stained gel of purified PRC1 showing the CBX2, BMI1, and Ring1b subunits. 2 ug of PRC1 expressed in and
purified from the Bac-to-Bac baculovirus system (Invitrogen) is shown. D, immobilized template analysis of PRC1 binding to naive (unmodified) and H3K27me3
chromatin. 125 fmol of immobilized chromatin was incubated with increasing amounts of PRC1 from 62.5 to 250 nm. After washing, the bound proteins were
eluted and subjected to immunoblotting. E, statistical analysis of data. Three replicates were quantitated using the LI-COR imaging package and graphed. The

values were normalized to the highest point of naive chromatin used, which was set at 100%. Error bars indicate S.D.

TFIID was purified as described previously from a cell line
expressing HA-TBP provided by Arnie Berk (30).
Genome-wide Analysis—Previous datasets for genome-wide
binding of TBP, MED1, and Ringlb were obtained from the
Gene Expression Omnibus (GEO) database (31, 32). The GEO
accession codes for the data used are as follows: TBP,
GSE22303; MED1, GSE22557; Ringlb, GSE13084; and CBX7,
GSM820726. Reads were mapped to the mouse (mm9) genome
using the Bowtie software (33). The mouse genome was tiled
into 50-bp windows. The total counts of the input and chroma-
tin immunoprecipitation (ChIP) samples were normalized to
each other. The input sample was used to estimate the expected
counts in a window. Poisson distribution analysis was used to
estimate the probability of observing the ChIP counts within a
window given the expected counts in the input sample window
(34). In Figs. 6 and 7, all p values of enrichment are plotted to
remove any bias. The expression levels for all annotated genes
were determined using the GSM881355 GEO dataset.
Statistical Analysis—In Figs. 2 and 3, a two-tailed Student’s ¢
test was performed comparing the quantified signals of activa-
tor-stimulated PIC formation with PIC incubated with PRC1
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from Western blots using the Odyssey imaging software from
LI-COR. In Figs. 6 and 7, a Kolmogorov-Smirnov test was per-
formed to compare datasets of unequal size (35).

RESULTS

Generation of H3K27me3 Chromatin Templates—Our first
goal was to recreate PRC1 silencing in vitro. To generate the
chromatin docking site for PRC1, we used the methyl-lysine
analog (MLA) method developed by Shokat and colleagues (22)
to synthetically methylate H3K27 for biochemical analysis. The
H3K27me3 MLA was validated by immunoblotting with an
antibody to H3K27me3 (Fig. 14) and quantitated by electros-
pray ionization mass spectrometry, which revealed that 88% of
H3 was modified (data not shown). Previous studies have
shown that PRC1 binding genome-wide broadly spreads across
promoters; however, the high amount of modification used in
our experiments may also aid in the initial recruitment of PRC1
(32). As shown in the Fig. 1B schematic, the synthetically meth-
ylated H3 was assembled into octamers and then into chroma-
tin on biotinylated DNA templates containing a GAL4-respon-
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FIGURE 2. PRC1 blocks transcription and PIC assembly. A, PRC1 blocks in vitro transcription. The flowchart indicates the order of protein addition. GAL4-VP16
was prebound to the template for 20 min, and 250 nm PRC1 was added. After 30 min, HelLa nuclear extract was added in the presence of nucleotides. After 30
min, the mRNA products were isolated and measured by primer extension. B, PRC1 blocks PIC assembly. An immobilized template assay using HelLa nuclear
extract, in the presence and absence of activator and PRC1, was performed. An immunoblot of the isolated complexes comparing binding of select compo-
nents of the PICis shown. C,immunoblot signal was quantified using the LI-COR imaging software and graphed, and the statistical significance between mock-
and PRC1-treated templates was calculated using a two-tailed Student’s t test (n = 3). p values were determined to be *, 0.025, **, 0.03, ***,0.015, ****,0.022,
and ***** 0,001 for the indicated signals quantified. Signals were normalized to that of activator-stimulated recruitmentin lane 2 (100%). Error bars indicate S.D.

sive promoter for immobilized template and in vitro
transcription analysis (19).

Verification of in Vitro System to Study PRCI Silencing—To
generate a recombinant PRC1 complex, we co-expressed
mouse CBX2 (Pc), Ringlb (dRING), and FLAG-BMI1 in a bacu-
lovirus expression system and isolated the complexes using
FLAG antibody beads. Fig. 1C shows a Coomassie Blue-stained
gel of the minimal core complex. To determine whether PRC1
displays a higher affinity for our H3K27me3 templates, we per-
formed immobilized template analysis. Increasing concentra-
tions of PRC1 were incubated with either naive or H3K27me3
templates immobilized on streptavidin-coated magnetic beads,
and the bound proteins were captured using a magnetic particle
concentrator. The immunoblot of Fig. 1D shows that recombi-
nant PRC1 binds with higher affinity for the H3K27me3 MLA
versus the naive chromatin. Approximately 5-10% of the PRC1
used in the assay is recruited to the template. Therefore,
12.5-25 nm PRC1 is binding to 3 nm H3K27me3 template in our
assay. A bar graph of triplicates in Fig. 1E revealed a consistent
2-fold increase in affinity under the conditions of our binding
assay, which is compatible with in vitro transcription condi-
tions. Although previous studies with methylated histone tail
peptides showed that PRC1 binds with a 4 —5-fold higher affin-
ity for H3K27me3, the use of chromatin may partially negate
the effect of methylation because subunits of PRC1 other than
Pc (CBX2), including BMI1, contribute strongly to its affinity
(36).

As another measure of the function of the complex, we
sought to confirm its ability to associate with subunits usually
associated with PRC1 in vivo (9). We utilized MudPIT analysis
to identify proteins from HeLa nuclear extracts able to interact
with recombinant PRC1. MudPIT analysis of FLAG-PRC1
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incubated with HeLa nuclear extract revealed an enrichment of
numerous other PRC1 complex members as compared with
FLAG beads alone (supplemental Fig. S1). Members of the PH,
Pc, PSC, and dRING families associated with recombinant
PRC1, showing that the complex is dynamic and can exchange
subunits with those present in the nuclear extract. Using the
recombinant complex in the presence of nuclear extract there-
fore allows for the recruitment of endogenous PRC1 members
and may aid in PRCI silencing in vitro.

Functional Consequences of PRC1 Binding—To validate the
functional consequence(s) of PRC1 binding to a promoter, we
carried out in vitro transcription of chromatin in HeLa nuclear
extracts. We performed the assay two different ways. In one, the
blocking assay, we prebound the activator GAL4-VP16 and
then added PRC1 and measured transcription. In the other, the
dissociation assay, we prebound GAL4-VP16, added nuclear
extract, and allowed the PIC to assemble, after which we added
PRCI.

PRC1 Blocks Functional PIC Formation—Our initial experi-
ments focused on the role of PRC1 in blocking PIC formation,
similar to the role that PRC1 plays in maintaining the silent
state of developmental genes. The results of the in vitro tran-
scription assay in Fig. 24 reveal stimulation by the activator
GAL4-VP16 on the H3K27me3 templates. However, the addi-
tion of PRC1 completely blocked stimulation by the activator.
This result demonstrated an ability to recreate, in a cell-free
system, the silencing of a model reporter gene, as first reported
by Kingston and colleagues (11).

We addressed the molecular basis for this inhibition by first
analyzing the composition of the PICs formed in the presence
of PRC1 via immobilized template assays. In this assay, the
binding of our activator GAL4-VP16 to the template stimulates
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PIC formation. Complexes bound to the template are captured
using a magnet and immunoblotted to assay the extent of PIC
formation. We assayed for previously identified PIC compo-
nents and chose representative proteins from each complex
including Pol II, Mediator, TFIID, and the chromatin remod-
eler CHD1. Analyzing which PIC components are blocked will
define the step in PIC formation that is blocked by PRCI. Fig.
2B is a blocking experiment showing that PRC1 does not signif-
icantly alter the amount of GAL4-VP16 bound to the template
but does block the recruitment of most other PIC proteins. TBP
binding was the highest for all proteins tested. Similar results
were obtained using a four-member PRC1 complex that
included the PH subunit (supplemental Fig. S2). Importantly,
Mediator recruitment, the initial step in PIC formation, is
strongly blocked. The GTFs are recruited after and dependent
on Mediator during PIC formation, and we found that these
were also blocked (supplemental Fig. S3). The experiment was
performed in triplicate, and the percentage of protein remain-
ing after blocking by PRC1, as measured using the LI-COR
detection system, is graphed in Fig. 2C. These results reveal that
PRC1 silences transcription by inhibiting the binding of the
Mediator, which is integral to the formation of an activator-
stimulated PIC. Further, these results suggest that TBP recruit-
ment to a PIC is only slightly affected by PRC1 binding.

PRCI Functionally Dissociates PICs—PRC1 regulation is
dynamic during development. It silences developmental genes
before differentiation and pluripotency factors such as Sox2 at
the onset of differentiation. With this in mind, we asked
whether PRC1 has an effect on preassembled PICs. The results
of the in vitro transcription assay in Fig. 34 show that PRC1 can
functionally silence a pre-existing PIC. This result was surpris-
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ing because Kingston and colleagues (11) had been unable to
observe this effect in previous studies. Our result may stem
from the use of the immobilized template approach as it allows
us to isolate PICs from crude nuclear extracts and assay the
affects of PRC1 in a more purified system.

We then performed immobilized template experiments,
where PICs were preformed on the template prior to PRC1
addition to assess which PIC components were dissociated by
PRCI1 (Fig. 3B). Preformed PICs were relatively stable up to 1 h
following formation (supplemental Fig. S4), yet the addition of
PRC1 to the immobilized template at 20 min following PIC
formation shows that many components, including the Media-
tor, Pol I, and GTFs, were dissociated from the template (Fig. 3,
B and C). Importantly, TBP was consistently retained on the
template. In summary, these results suggest that when PRC1
silences an active gene, the mechanism is similar to PIC
blocking.

PRC1 Blocks the Recruitment of Purified Mediator, but Not
TFIID, in Vitro—Our results using crude nuclear extracts
revealed that TBP is somewhat resistant to PRC1-mediated
blocking and dissociation relative to the GTFs. Moreover,
PRC1 and TFIID can interact in Drosophila, and testes-specific
TAFs counteract Polycomb during development (16, 37). These
findings support models where PRC1 and TFIID might either
co-occupy or compete for binding to a promoter during devel-
opment in higher organisms. We investigated these possibili-
ties in vitro using purified TFIID and PRC1 in an immobilized
template assay. The results in Fig. 4, A and B, show that TFIID
binding is resistant to PRC1 in both blocking and dissociation
assays. Further, the quantification of triplicate experiments
shown in Fig. 4, C and D, highlights the lack of effect by PRC1
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yet shows that CBX2 recruitment is modestly enhanced by the
presence of TFIID. This result led us to question whether the
recruitment of purified Mediator was affected by PRC1. We
therefore performed immobilized template experiments using
purified Mediator, TFIID, and PRC1. The data in Fig. 5 show
that PRC1 blocks the recruitment of Mediator to the immobi-
lized template when added either alone or with TFIID. This
experiment was performed in triplicate, and amounts of bind-
ing for each protein were measured using the LI-COR detection
system. The changes in Mediator binding were determined to
be significant using a Student’s ¢ test comparing activator-stim-
ulated recruitment of Mediator with PRC1-bound templates
(p < 0.001). TFIID subunits were reproducibly unaffected by
PRC1, similar to the results in Fig. 4. We noticed that TAFs in
the extract were sensitive to PRC1, but TAFs in purified TFIID
were not. To test whether an activity in extracts contributed to
the effect, we also performed an immobilized template
experiment where TFIID was prebound to the immobilized
template followed by the addition of PRC1 and nuclear
extract (supplemental Fig. S5). The results show that PRC1
has no effect on dissociating TFIID when PRC1 is recruited
in the presence of nuclear extract. This result suggests that
the extract does not contain an activity that dissociates the
TAFs. We conclude that PRC1 blocks a critical step in PIC
formation, binding of the Mediator, which is required for
gene activation (38, 39).
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FIGURE 5. TFIID but not Mediator binding is resistant to PRC1. Purified
TFIID, Mediator, PRC1, and GAL4-VP16 were incubated with 125 fmol of tem-
plate in an immobilized template assay. Following prebinding of the activa-
tor, PRC1 was bound to the template. TFIID or Mediator was then incubated
with the template either alone orin combination. The Western blot signals for
representative subunits of TFIID (TAF1, TAF2, TAF4, TBP), Mediator (MED23,
MEDS®), and PRC1 (BMI1, CBX2) are shown.

In Vivo Association of PRCI and TBP Correlates with Gene
Repression in Mouse ES Cells—The question of whether PRC1
and TBP can co-occupy a promoter i vivo is an interesting and
logical next question. We therefore sought to address this
hypothesis derived from our in vitro studies in vivo. We utilized
previous genome-wide data from mouse embryonic stem cells,
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FIGURE 6. PRC1 and TBP enrichment overlaps in vivo. A, the distributions of TBP and Ring1b from —5 kb to +5 kb, centered at the transcriptional start site
(TSS) for all annotated genes in mouse ES cells, are shown as heat maps of —log (p value (p-val)). Binding peaks were sorted into differential binding clusters
(K1-3) comparing TBP and Ring1b across all genes in the genome. B, RNA-Seq expression analysis was used to determine the mean expression for genes in
clusters K1-3. A box and whisker plot of the expression for each cluster is shown for reads per kilobase of exon per million (RPKM) fragments mapped. Asterisks
indicate that the change in expression is significant between the indicated clusters as measured using a Kolmogorov-Smirnov test. Error bars indicate S.D.C, a
Venn diagram comparing the enrichment of TBP alone, TBP and Ring1b, or Ring1b alone to all genes in mouse ES cells is shown.

where PRC1 is critical and required for the pluripotent state
(40, 41).

ChIP-Seq datasets, deposited by investigators who previ-
ously reported the genome-wide binding of Ringlb, TBP, and
MED1 in mouse embryonic stem cells, were obtained from the
GEO database (31, 32). Peaks of enrichment were determined
by segregating the mouse genome into 50-bp bins and compar-
ing the ChIP and input signals in each bin. We then used Pois-
son distribution to calculate p values for the enrichment of
ChIP signal reads in each bin. All values are plotted as —log (p
value) (Figs. 6A and 7A). The mRNA expression levels for all
annotated genes were assessed using a previously reported
GEO dataset (GSM88135).

TBP Binding Is Retained at Ringlb-bound Promoters in
Mouse ES Cells—The results of our in vitro studies implied that
TFIID could bind to gene promoters regulated by PRC1. We
analyzed the genome-wide binding of TBP and Ringlb in
mouse ES cells from prior studies to investigate this possibility
(31, 32). Fig. 6A shows a heat map of Ringlb and TBP binding
distributions =5 kb from the transcription start site for all
annotated genes with each row representing one gene pro-
moter. Clusters K1-3 were grouped based on combinatorial
binding of TBP and Ringlb. For each cluster identified, the
average gene expression level derived from an mRNA-Seq data-
set is shown as a box plot in Fig. 6B. The Venn diagram in Fig.
6C shows the amount of overlap between TBP and Ringlb
enrichments on promoters genome-wide.
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We found a significant number of genes with ChIP enrich-
ment for both Ringlb and TBP (Fig. 6, A and C). Interestingly,
the mean expression of genes with ChIP enrichments for PRC1
and TBP (cluster K1) was significantly lower (p = 1.21 X10™°?)
than genes with enrichment for TBP alone (cluster K2) (Fig.
6B). Also, gene ontology (GO) analysis revealed that genes in
clusters K1 and K3 are highly enriched for processes associated
with development. This result is not surprising, but it does
imply that a large portion of gene promoters bound by PRC1 in
ES cells may also be bound by TBP.

To further test our hypothesis and correlate it with our bio-
chemical analysis, we analyzed previous genome-wide binding
studies for the Mediator complex and compared its binding to
PRC1 and TBP (31). We generated clusters of combinatorial
binding to identify TBP-bound genes based on Ringlb and
MEDI1 binding. The results in Fig. 7A show the different gene
clusters identified, L1-4, visualized as heat maps of the enrich-
ment score. A box plot of the expression for genes in clusters
L1-4is shown in Fig. 7B. We also utilized the DAVID software
to determine the top six GO terms represented for each cluster.
A histogram of the —log (p value) for each GO term enriched in
clusters L1-4 is shown in Fig. 7, C-F. A representative gene
from each cluster is shown, respectively, in Fig. 7, G—J, with
levels of binding plotted as the enrichment p value. To validate
the presence of the entire PRC1 complex in cluster L1, we also
analyzed the genome-wide binding of CBX7 recently reported
by the Brockdorff group (12). A comparison of the normalized
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FIGURE 7. Genome-wide analysis of Ring1b, TBP, and Mediator in mouse ES cells. A, the distributions of TBP, Ring1b, and MED1 enrichment —5 kb to +5
kb, centered at the transcriptional start site (TSS) for all annotated genes in mouse ES cells, are shown as heat maps of —log (p value). Peaks were called and
sorted into differential clusters (L1-4) based on the enrichments of TBP, Ring1b, and MED1 across all genes in the genome. Only genomic regions enriched for
TBP are shown. B, mean expression analysis of genes in clusters L1-4 is shown. A box and whisker plot of the expression for each cluster indicates the mean
expression for each cluster in reads per kilobase of exon per million (RPKM). The dashed line represents a 2-fold change in expression from the overall mean. The
p values resultant from Kolmogorov-Smirnov test comparing clusters L1-4 are shown. Error bars indicate S.D. C-F, GO term analysis of clusters L1-4. The top
six GO terms for each expression cluster are shown, and the —log of the p value of confidence for each term is graphed. G-J, the binding profile for a
representative gene from each cluster is shown. Values plotted are —log (p value).

average enrichment for gene clusters L1-4 is shown in supple-
mental Fig. S6.

Our clustering reveals a number of intriguing observations.
The first cluster, L1, defines a group of genes that are enriched
for all proteins tested. The top six GO categories identified for
this group include DNA binding and early embryonic develop-
mental genes (Fig. 7, C and G). The L2 cluster contains genes
enriched for Ringlb and TBP. Importantly, this gene cluster has
asignificantly lower mean expression as compared with L1, and
the top GO terms include developmental proteins and homeo-
box genes (Fig. 7, B, D, and H). It is not a surprise to find that
binding of Mediator correlates with a decreased level of Ringlb
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binding (Fig. 7A, cluster L1 versus L2). Cluster L3 represents
highly expressed genes as there is no Ringlb bound, and this
group has a significantly higher mean expression as compared
with L1 and L2 (Fig. 7, A and B). Also, this cluster is enriched for
constitutively active mitochondrial and RNA processing genes
based on GO analysis (Fig. 7, E and I). The last cluster, L4, is
enriched for TBP only and represents genes involved in protein
processing and cation binding proteins by GO analysis (Fig. 7,
A, F,and)).

These results collectively support the hypothesis that the
Mediator is the key PIC component inhibited from recruitment
to promoters by PRC1. The analysis of genome-wide binding
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correlated to expression levels reveals that PRC1 regulation of
developmental genes in mouse ES cells may involve co-binding
by TBP.

DISCUSSION

PRCI Mechanism of Silencing—Young and colleagues (38,
39) originally postulated that the multimeric Mediator func-
tions at the beginning of PIC formation to convey signals and
efficiently recruit other machineries such as the GTFs and Pol
II. The idea that Mediator coordinates these events has been
verified by numerous groups including ours and is supported by
the finding that Mediator recruitment is the earliest step in PIC
formation in vitro using the immobilized template assay (19, 38,
39).

By utilizing a combination of the immobilized template assay
and in vitro transcription, our study provides a more detailed
mechanism for how PRC1 silences transcription. Our findings
support a model where PRC1 blocks most PIC components
with the exception of TFIID. The binding of TBP to PRC1-
silenced genes in Drosophila was previously observed, and our
results are consistent with that finding (42). However, our data
indicate that PRC1 acts mainly by blocking Mediator, an early
and integral event in activator-stimulated PIC formation (19).
Curiously, we observe PRC1-mediated blocking of Pol II in
vitro, whereas previous in vivo studies reported that Pol II
remains on the gene (42). It is plausible that preinitiated Pol IT is
more sensitive to PRC1 than the paused Pol II frequently
observed at promoters in vivo. We attempted but were unable
to trap the paused Pol II in vitro and could not test this idea
biochemically.

The finding that TFIID can dock to a promoter in the pres-
ence of PRC1 leads us to question whether genes co-bound by
these two complexes may be in the poised transcriptional state.
The poised state is a characteristic of bivalent promoters bear-
ing both H3K27me3 and H3K4me3. Indeed, the TAF3 subunit
of TFIID has been shown to bind to H3K4me3, and PRC1 binds
to H3K27me3 (36, 43, 44). The presence of TBP, and possibly
TFIID, at PRC1-regulated genes may facilitate rapid transcrip-
tional activation when the gene is needed during development.
Alternately, the binding of PRC1 to TBP may be a means of
targeting PRC1 to recently inactivated genes where activators
and thus Mediator have been lost. In this case, TBP or TFIID
and its binding site may be acting analogous to the traditional
Drosophila Polycomb repressive element. It was intriguing that
in several of our experiments, PRC1 bound better when TFIID
alone was present (i.e. Fig. 4) and stabilized TFIID binding even
after dissociating Mediator (Fig. 5). Also, note in Fig. 6 that
Ring1B binding appears centered near the transcription start
site.

PIC Blocking and Dissociation by PRCI—Our in vitro tran-
scription results verify previous studies by Kingston and col-
leagues (2, 11, 45) and others (42), but our immobilized tem-
plate experiments provide further insight into the mechanism
of PRC1 silencing, specifically, which activator-dependent PIC
components are blocked from recruitment to the promoter.
Specifically, we found that activator recruitment of Mediator,
Pol II, and GTFs was significantly reduced, whereas TBP and
GAL4-VP16 were more resistant. Using purified PRC1, TFIID,
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and Mediator in an immobilized template assay, we then
showed that PRC1 blocks the recruitment of Mediator, whereas
TFIID binding is unaffected. The ability of holo-TFIID, not just
TBP, to bind in the presence of PRC1 using the purified system
is likely due to a change in the binding properties of TFIID when
purified as compared with nuclear extract (supplemental Fig.
S5). Our results argue against an activity in the nuclear extract
that affects the stability of TFIID.

Activators are known to interact directly with Mediator and
TFIID. In the case of VP16, Mediator interacts via MED25 (46,
47) and TFIID via TAF9 (48). VP16 is known to recruit both
complexes to DNA in vitro and in vivo (49). TFIID and Media-
tor also interact to form a co-activator complex, which is nec-
essary in vitro for binding of the general transcription factors
and Pol II (20). Our findings suggest a model where the Medi-
ator interaction with VP16 is blocked, either by chromatin
compaction or by inhibiting the accessibility to the template.

It was rather interesting to find that PRC1 can dissociate
functional PICs. Previous studies implicate a role for PRC1 in
silencing genes active in stem cells, such as Sox2, following dif-
ferentiation (50). In our immobilized template assays, PRC1
binding to a template post-PIC formation resulted in the dem-
olition of PICs. The majority of proteins assayed for were sig-
nificantly dissociated from the PICs, except for TBP and acti-
vator, similar to results obtained for PIC blocking. Our results
reveal the ability of PRCI1 to silence a gene by disrupting pre-
existing PIC components in vitro.

Genome-wide Analysis of PRC1 Regulated Genes—We tested
our hypothesis that TFIID is the most resistant to PIC inhibi-
tion by PRC1 by analyzing the genome-wide binding of TBP
and Ringlb in mouse ES cells. Our analysis indicated that the
majority of Ring1b-bound genes are also bound by TBP (Fig. 6,
A and C). Further, the genes bound by both Ringlb and TBP
have a significantly lower expression level as compared with
those bound by TBP alone, suggesting that they are indeed tar-
gets of PRC1 silencing (Fig. 6B, clusters K1-3).

Our further analysis of genes bound by MED1, TBP, and
Ringlb revealed a number of interesting binding clusters (Fig.
7A). Clusters L1 and L2 are bound by both PRC1 and TBP,
whereas Mediator binds in cluster L1 only. It was interesting
that MED1 is bound to genes that are also bound by Ringlb.
Based on GO analysis, the genes in L1 are early differentiation
genes that may be lowly expressed due to heterogeneity in the
ES cultures (Fig. 7C). It is also possible that the Ringlb present
at genes in the L1 cluster may not be sufficient for silencing or
may be acting in a function not related to PRC1. The genes
located in cluster L2 highlight an area where TBP and PRC1
cross-talk may occur. Importantly, the enrichment of Ring1b is
increased in this cluster. Additionally, cluster L2 has the highest
average enrichment for CBX7 (supplemental Fig. S6). Note that
Ringlb enrichment appears to spread more broadly across the
genes in this category and that MED1 binding is greatly reduced
at these genes, possibly due to the higher levels of PRC1 present
(Fig. 7A, supplemental Fig. S6). The GO terms associated with
this category are homeobox genes and developmental proteins,
potentially implicating TBP in helping to poise critical develop-
mental genes for expression upon differentiation.

VOLUME 287+NUMBER 43-OCTOBER 19,2012


http://www.jbc.org/cgi/content/full/M112.397430/DC1
http://www.jbc.org/cgi/content/full/M112.397430/DC1
http://www.jbc.org/cgi/content/full/M112.397430/DC1
http://www.jbc.org/cgi/content/full/M112.397430/DC1

The ability of PRC1 to block Mediator in vitro is reminiscent
of our previous study with a different silencing protein HP1. In
that study, HP1 also blocked most of Mediator and the TAF
subunits of TBP, but unlike PRC1, some components of Medi-
ator, namely MED6, MED23, and MED25, were unaffected
(51). This suggests that the two complexes have similar yet dis-
tinct mechanisms of silencing. This study, along with previous
studies from our laboratory, supports the idea that transcrip-
tional silencers work by targeting critical steps in PIC assembly
(51).
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