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SUMMARY

Polycomb repressive complex 2 (PRC2) regulates pluripotency, differentiation and tumorigenesis
through catalysis of histone H3 lysine 27 trimethylation (H3K27me3) on chromatin. However, the
mechanisms that underlie PRC2 recruitment and spreading on chromatin remain unclear. Here we
report that histone H3 lysine 36 trimethylation (H3K36me3)-binding activity is harbored in the
Tudor motifs of PRC2-associated polycomblike (PCL) proteins PHF1/PCL1 and PHF19/PCL3.
Ectopically expressed PHF1 induced Tudor-dependent stabilization of PRC2 complexes on bulk
chromatin and mediated spreading of PRC2 and H3K27me3 into H3K36me3-containing
chromatin regions. In murine pluripotent stem cells, we identified coexistence of H3K36me3,
H3K27me3, and PHF19/PCL 3 at a subset of ‘poised’ developmental genes, and demonstrated that
PHF19/PCL3 Tudor function is required for optimal H3K27me3 and repression of these loci.
Collectively, our data suggest that PCL recognition of H3K36me3 promotes intrusion of PRC2
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complexes into active chromatin regions to promote gene silencing and modulate the chromatin
landscape during development.

INTRODUCTION

Modulation of the chromatin landscape by covalent histone post-translational modifications
(PTMs) represents a fundamental way of regulating DNA-templated processes such as gene
transcription (Chi et al., 2010; Kouzarides, 2007). Histone H3 lysine 27 trimethylation
(H3K27me3) promotes gene silencing, whereas promoter-associated histone H3 lysine 4
trimethylation (H3K4me3), together with gene body-associated H3 lysine 36 trimethylation
(H3K36me3), demarcates active genes (Mikkelsen et al., 2007). PRC2 complexes are the
major enzymatic machineries responsible for ‘writing” H3K27me3, and PRC2-mediated
gene silencing is involved in various biological processes, including stem cell pluripotency,
differentiation, and cancer progression (Bracken and Helin, 2009; Margueron and Reinberg,
2011). While a reconstituted tetrameric PRC2 core complex (comprising EZH2, EED,
SUZ12 and NURF55/RbAp48) is sufficient to induce H3K27me3 (Cao and Zhang, 2004;
Margueron and Reinberg, 2011), a number of PRC2-associated factors, including EED
(Margueron et al., 2009), JARID2 (Li et al., 2010; Pasini et al., 2010; Peng et al., 2009;
Shen et al., 2009) and non-coding RNAs (Bracken and Helin, 2009; Margueron and
Reinberg, 2011), have recently been identified that either modulate H3K27me3 catalysis or
help to stabilize and tether PRC2 to appropriate genomic regions. Despite these recent
advances, mechanisms responsible for PRC2 targeting and spreading on active chromatin to
promote de rnovo repressed states remain poorly defined.

In this study, we show that two PCL family proteins (PHF1/PCL1 and PHF19/PCL3),
accessory components of the PRC2 core complex (Cao et al., 2008; Hunkapiller et al., 2012;
Sarma et al., 2008), harbor H3K36me3-‘reading’ activity within their N-terminal Tudor
motifs. Biochemical, biophysical and structural analyses reveal tight binding to H3K36me3
through a conserved aromatic ‘cage’ formed by PCL Tudor domains. Our gene regulation
and genomics analysis, using both overexpression and knockdown systems, define the PCL
Tudor-H3K36me3 interaction as critical for both the targeting and spreading of PRC2 into
active chromatin regions, and for the maintenance of optimal repression of “poised’
developmental genes where PCL, H3K36me3 and H3K27me3 co-exist. Our studies shed
important light on the regulation of PRC2 by PCL proteins, implicating H3K36me3
‘reading’ in this process, and contribute to our understanding of the dynamics of gene
expression and chromatin remodeling associated with development and disease (Chi et al.,
2010).

RESULTS

PHF1 directly binds to H3K36me3 through a conserved N-terminal Tudor motif

We began this study by attempting to identify by mass spectrometry H3K36me3-‘reader’
proteins using synthetic histone tail peptides as baits for nuclear extracts. In addition to the
previously identified putative H3K36me3-‘reading’ effectors NSD2 and MSH6 (Vermeulen
et al., 2010), we identified PHF1 (Figure 1A and S1A), a known accessory component of
H3K27me3-promoting PRC2 complexes (Cao et al., 2008; Sarma et al., 2008). PHF1, and
its homologues MTF2/PCL2 and PHF19/PCL3, have several putative chromatin-interacting
domains (Cao et al., 2008), including a highly conserved N-terminal Tudor domain and two
plant homeodomain (PHD) fingers (Figure S1B). In-solution peptide pull-down assays with
recombinant GST-fusion proteins of each of these individual domains of PHF1 indicated
that the Tudor domain facilitated H3K36me3 recognition (Figure 1B and S1C). To confirm
this interaction, we established stable cell lines expressing wildtype or N-terminal truncated
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forms of PHF1 lacking either the Tudor domain or PHD fingers. Indeed, wildtype PHF1, but
not that lacking the Tudor domain, pulled down with H3K36me3 peptides (Figure 1C and
S1D). Furthermore, PHF1 coimmunoprecipitated (Co-1P) with endogenous histones that
contained H3K36me3 in a Tudor-dependent manner (Figure 1D). Collectively, our data
implicated the PHF1 Tudor domain (PHF11,40r) @ an H3K36me3-‘reading’ effector
module.

PHF11,40r binds specifically and with high affinity to H3K36me3

We next sought to determine the histone-binding specificity of PHF1y,4or in an unbiased
manner by using a recently developed high-density histone peptide microarray platform
(Fuchs et al., 2011; Rothbart et al., 2012b). Arrays were printed with a library of unmodified
and modified peptides (Table S1) containing known single and combinatorial histone PTMs
(methylation, acetylation, and phosphorylation) on all of four core histones (H2A, H2B, H3,
and H4). Interrogation of the GST-tagged PHF11,q4or by peptide arrays (Figure 1E, top
panel) revealed a strong preference for various H3K36me3-containing peptides (Figure 1E
and S1E). In addition, PHF1y,4or displayed weak interactions to other methylated histone
peptides such as H3 lysine 9 trimethylation (H3K9me3) and H3K27me3 (Figure 1F and
S1F-G). Similar results were obtained using another peptide array platform (Figure S1IH-I).
Using isothermal titration calorimetry (ITC), we next quantified these observed interactions.
Consistent with array results and peptide pull-downs, ITC measurements of the PHF1yqor
demonstrated high affinity and specificity for H3K36me3, with a dissociation constant (Ky)
of ~4.2 pM, 19 pM and 38 pM for tri-, di- and mono-methylated H3K36 states, respectively
(Figure 1G, Table 1, and Figure S1L-0). Compared to H3K36me3, interactions to
H3K9me3 and to H3K27me3 were significantly weaker, with a Ky of ~38 pM and ~168 pM,
respectively (Figure S1P-Q and Table 1). We further determined the histone-binding
specificity towards nucleosomal substrates in a GST pull-down assay using GST-PHF11gor
and mononucleosomes purified from 293 cells. Again, PHF1y4or preferentially bound to
nucleosomes containing H3K36me3, but not other examined methylations, including those
marked with H3K27me3, H3K9me3, H3K4me3, trimethylation of H4 lysine 20, or
asymmetric dimethylation of H3 arginine 2 and arginine 17 (Figure 1H, lane of WT).
Collectively, this data showed that PHF11,4or motif demonstrates tight affinity and high
selectivity towards H3K36me3.

Full-length PHF1 localizes exclusively in the nucleus (Figure 3D). We therefore asked
whether association of full-length PHF1 with chromatin is dependent on H3K36me3. To do
this, we diminished global levels of H3K36me3/2 on chromatin by overexpressing an
H3K36me3/2 demethylase IMID2A/KDMA4A in 293 cells stably expressing a FLAG-tagged
form of PHF1. Consistent with previous finding (Klose and Zhang, 2007), we observed a
dramatic reduction in H3K36me3/2 and H3K9me3 after biochemical separation of IMID2A/
KDMA4A-overexpressing cells into chromatin-bound and soluble cytoplasmic/ nucleoplasm
fractions, with no change detected in H3K4me3 or H3K27me3 (Figure 11). Importantly,
compared to control, a reduction was observed in the chromatin-bound fraction of PHF1,
concurrent with an increase in its soluble pool (Figure 11), thus demonstrating that PHF1 is
less stable on chromatin in the absence of global H3K36me3/2. Collectively, our /n vitro and
cellular biochemical data comprehensively showed that PHF11q0r Specifically and strongly
binds to H3K36me3, and this interaction is necessary to target PHF1 to chromatin. In
addition, the PHF11,40or-H3K36me3 interaction represents the first high-affinity effector
interaction to H3K36me3, which is several orders of magnitude tighter than all of the
previously reported H3K36me3-reading motifs (Sun et al., 2008; Vezzoli et al., 2010; Xu et
al., 2008).
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Structural analysis of PHF1y,4or revealed a unique H3K36me3-‘reading’ pocket

To gain insight into the molecular basis for recognition of H3K36me3 by PHF11qor, We
performed NMR spectroscopy and obtained the solution structure of PHF 114y (residues 7—
83) in complex with an H331_41K36me3 peptide. Initial comparison of 1H,1°N-HSQC
spectra of the unbound PHF11q4or With those in the presence of H3K36me3 indicated that,
while the majority of PHF1y4or residues exhibited no detectable change in chemical shifts,
several residues showed a large perturbation, indicating a role for these residues in histone
tail engagement (Figure S2A). The NMR structures of the PHF114o-H3K36me3 complex
revealed residues 31-81 of PHF1yqor adopted a classic Tudor domain fold (Figure 2A and
Table 2), as initially observed in the Survival of Neuron Tudor domain (Selenko et al.,
2001), whereas flanking residues were disordered, evidenced by poor chemical shift
dispersion and lack of NOE connectivity. We also found that the structure of PHF11qqr iS
dominated by a B- barrel formed by five antiparallel p-strands, and that association of
PHF114or With H3K36me3 is mediated by direct contacts to both H3K36me3 and several
surrounding histone tail residues (Figure 2B—C). The trimethylammonium side chain of
H3K36me3 fits into an aromatic ‘cage’ at one end of the B-barrel formed by residues Trp41,
Tyrd7, Phe65, Ser69, Asp67 and Phe71 (Figure 2D). Notably, Trp41 and Phe71 are not
conserved in the Tudor domain of drosophila polycomb-like (Pcl) protein (Figure S2B),
which was reported to lack ability to bind to histone methylation (Friberg et al., 2010),
suggesting the role of these aromatic residues in formation of a closed cage composition.
The overall structure of H3K36me3-binding ‘cage’ found in PHF1qqr is reminiscent of
those previously reported for the BRPF1 PWWP domain (Vezzoli et al., 2010) and the Eaf3
chromodomain (for comparison, see Figure S2C-E) (Sun et al., 2008; Xu et al., 2008).
Several distinct features of PHF 11 qor Were also revealed by our analysis, mainly occurring
at contacts to histone residues surrounding H3K36me3. First, a salt bridge formed between
the H3K37 side chain and the carboxylate of Glu66 of PHF1y4or (Figure 2C, a dashed line).
Second, the H3P38 side chain interacted with a hydrophobic patch generated by Leu38,
Leu46 and Leu48 of PHF1y4or (Figure 2B—C). Third, hydrophobic contacts were observed
between the H3H39 side chain and Leu38 and Leu48 of PHF1yyqor (Figure 2B-C).

To examine the functional relevance of observed contacts to H3K36me3 recognition, we
introduced individual alanine substitutions to each of the H3K36me3-‘caging’ residues. We
found that these single point mutations abrogated the binding of PHF114or to H3K36me3
peptides on arrays (Figure 1E, Y47A, bottom panel), by ITC (Figure 2E; Table 1; Figure
S1R), and by peptide pull-downs (Figure 2F, and Figure S2F, left panel). Point mutations
also abrogated binding of full-length PHF1 to H3K36me3 peptides (Figure 2G) and to
H3K36me3- containing histones as assayed by GST-pull downs (Figure 1H, Y47A) and Co-
IPs (Figure 2H). Furthermore, disruption of the salt bridge to H3K37 by mutating Glu66 of
PHF1T,qor to Lys, also caused a significant reduction in H3K36me3 binding (Kd= ~22.8
UM, Figure S1S and Table 1). Collectively, our structural and mutational analysis
demonstrated that, unlike other known H3K36me3 effector proteins, numerous Van de
Waals contacts and electrostatic interactions contribute to a high-affinity association of
PHF1T,dor With H3K36me3.

PHF11,4or alters localization of PHF1-PRC2 complexes, but not PRC2 core structure

PHF1 was reported to interact with PRC2 core complexes where PHF1 modulates the
enzymatic activity of associated PRC2 core complexes /n vitro (Cao et al., 2008; Sarma et
al., 2008). To determine whether PHF1 primarily associates with PRC2, we used mass
spectrometry analysis to identify PHF1-associated factors from 293 stable cell lines. The top
unique hits of identified proteins were the four subunits of tetrameric PRC2 core complexes
(SUZ12, EED, NURF55/RbAp48, and EZH2 or EZH1) (Figure 3A and Table S2),
consistent with co-migration of PHF1 and PRC2 core components observed in gel filtration
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chromatography analyses (Cao et al., 2008; Sarma et al., 2008). We next sought to
determine whether the PHF 11,40 motif was needed for PRC2 complex formation. Co-1Ps
with EZH2 and SUZ12 in cells stably expressing wildtype or Tudor-mutated forms of PHF1
showed that membership in the PRC2-PHF1 complex was not dependent on PHF1yqor
(Figure 3B and S3A-B). Notably, while JARID2 was previously identified to associate with
the PRC2 core complex (Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et al.,
2009), we did not detect JARID2 in either mass spectrometry analysis (Table S2) or in ColP
experiments with PHF1 (Figure S3C). These results are consistent with previous proteomics
analysis of JARID2-associated complexes that failed to identify PCL proteins such as PHF1
or MTF2 (Shen et al., 2009). These studies collectively indicate that PHF1 primarily
assembles in protein complexes with PRC2, potentially to modulate PRC2 targeting via its
histone-‘reading’ ability, and that PCL proteins and JARID2 reside in distinct PRC2
subcomplexes.

We next sought to determine whether the PHF1yq4or domain was required for PRC2
recruitment to chromatin. To this end, we fractionated PHF1 stable expression cells into
chromatin and soluble fractions, and found that, consistent with our observation following
JMJID2A/KDMA4A overexpression (Figure 11), chromatin association of PHF1 was perturbed
in the absence of Tudor recognition of H3K36 methylation (Figure 3C, lane 1 versus lane 2—
3). Notably, PRC2 association with bulk chromatin was also hindered in the absence of a
functional PHF 11,40, in our PHF1 overexpression system, evidenced by a loss of SUZ12
and EZH2 from the chromatin fraction and a concurrent increased soluble pool of these
PRC2- associated factors (Figure 3C). Consistent with these results, confocal
immunofluorescence microscopy of wild-type PHF1 showed punctate nuclear foci
overlapping with DAPI-dense regions of chromatin, while Tudor mutant forms of PHF1
showed diffuse distribution throughout the nucleus with accumulations in the chromatin-free
nucleoplasm (Figure 3D and Figure S3D). Collectively, our data suggests that PHF1 alters
chromatin localization or stabilization of PHF1 and associated PRC2 proteins via an
H3K36me3/2-recognizing PHF 11,40, @ function separated from assembly of a higher-order
PHF1-PRC2 complex.

PHF1 induces spreading of PRC2 and H3K27me3 into H3K36me3-marked loci

Our data presented thus far suggest that PCL family proteins may link PRC2 core complexes
to active chromatin via H3K36me3 recognition, and potentially modulate PRC2 stabilization
and spreading during conversion of transcriptionally active/permissive states to repressed
ones — a process often observed in cell differentiation and lineage specification (Mikkelsen
etal., 2007). We next tested this hypothesis in HeLa cells, whose endogenous PHF1
expression is low (Boulay et al., 2011), and asked whether ectopic expression of PHF1 could
shift chromatin boundaries that separate H3K27me3 from established H3K36me3 domains.
Profiling of HeLa cells by chromatin immunoprecipitation coupled with deep sequencing
(ChlP-Seq) revealed that the HOX-B gene clusters, known to be regulated by PRC2 (Cao et
al., 2008), exhibited a bimodal distribution of H3K27me3 and H3K36me3 (Figure 4A).
H3K27me3 covered the distal HOX-B genes (from HOXB13to HOXB7) and H3K36me3
decorated the proximal ones (from HOXB6to HOXBI). We first confirmed this bimodal
pattern using directed ChIPs (Figure S4A-B). In examination of changes in HOX-B gene
expression before and after ectopic PHF1 expression, we found that wildtype and Tudor-
mutant forms of PHF1 demonstrated a chromatin environment-dependent effect on HOX
repression. First, both wildtype and Tudor-mutant PHF1 repressed HOXBY, HOXB8and
HOXB?7, three distal HOXs marked by high H3K27me3 and low H3K36me3 (Figure 4A-B
and Figure S4C). Using ChIP assays, we detected exogenous FLAG-tagged PHF1, as well
as an increase in PRC2 residence and H3K27me3 at HOXB9and HOXB8 (Figure 4C-F and
Figure S4D), suggesting that, independent of the Tudor motif, pre-existing PRC2 may
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recruit PHF1 to H3K27me3-positive regions where PHF1 either enhances PRC2 enzymatic
activities as previously reported (Cao et al., 2008; Sarma et al., 2008), or further stabilizes
the chromatin binding of PRC2. While we detected no change in expression of proximal
HOXGs positioned deep within the H3K36me3 domain, including HOXB4, HOXB3 and
HOXBI (Figure 4A-B), wild-type, but not Tudor-mutant PHF1, was able to repress HOXB6
and HOXB5 (Figure 4B, red line versus green, blue or purple), two HOX genes situated
exactly on the junction of H3K36me3 and H3K27me3 domains (Figure 4A). This data
suggested a Tudor-dependent mechanism for PRC2 targeting to regions of HOXBé6 and
HOXBS5. Indeed, PHF1 residence at HOXB6 and HOXB5 was completely dependent on
Tudor function (Figure 4C), as was the residence of the PRC2 core complex components
EZH2 and SUZ12 and the spread of H3K27me3 into these regions (Figure 4D—-F). No
dramatic change in H3K36me3 was detected at examined HOX-B loci (Figure S4E). A
similar Tudor-dependent H3K27me3 spreading was also observed at PBX1and TADA1/
ADA1, two other developmentally critical genes that also exhibit bimodal distribution of
H3K36me3 (at gene bodies) and H3K27me3 (at promoters) (Figure S4F-G). Taken
together, our data demonstrates that, through Tudormediated recognition of H3K36me3,
ectopically expressed PHF1 is able to mediate targeting and spreading of associated PRC2
core complexes to H3K36me3-demarcated active chromatin regions to modulate gene
expression.

PHF19/PCL3 genetic complementation in murine pluripotent stem cells demonstrates a
Tudor-dependent repression of differentiation-associated genes

We next sought to examine the role of the PCL Tudor motif in PRC2-mediated gene
silencing under physiological conditions. Endogenous expression of PHF1 in HeLa and
HEK?293 cells is low (Boulay et al., 2011), and its knockdown only induced subtle changes
in global H3K27me3 levels and expression of several tested PRC2-regulated genes (data not
shown). Since endogenous PHFI expression was only found highly expressed in germ cells
(Kawakami et al., 1998), we focused on a murine PHF1 homologue, PHF19 (also known as
PCL3) (Figure S1B), which is highly expressed in murine ES cells and an ES cell-like
embryonic carcinoma cell line, F9 (Figure S5A). Importantly, the Tudor motif of PHF19
showed similar preference and affinity towards H3K36me3 and demonstrated a similar
requirement of aromatic ‘caging’ residues for binding to H3K36me3 peptides (Table 1,
Figure S1J-K, and Figure S2F-G), indicating a functional redundancy among these proteins
in recognition of H3K36 methylation. We also found that, unlike a recent study showing that
Phr19knockdown in ES cells also led to down-regulation of Suz12 (Hunkapiller et al.,
2012), Phfi9knockdown in F9 cells did not cause any detectable change in expression of all
examined PRC2 complex genes including £zA2, Suz12and Mtf2/Pcl2 as examined by
RTPCR (Figure S5A) and by immunoblot (Figure S5B). Knocking down PAf19in F9
embryonic carcinoma cells led to derepression of numerous PRC2 direct target genes as
revealed by gene array analysis (Table S3) and RT-gPCR (Figure S5A). Consistent with a
Phf19knockdown experiment performed in E14 murine ES cells (Hunkapiller et al., 2012),
the upregulated, but not down-regulated genes found in PAf19-knockdown cells were
enriched with pathways associated with organismal development and cell differentiation
(Table S3). Among the top 100 up-regulated genes, greater than 40% are H3K27me3
positive at their promoters, demonstrating a significant overlap between H3K27me3 and
Phf19-repressed genes (with pvalue of <2.2e-16, data not shown). Such observed premature
derepression of development programs in pluripotent cells is similar to phenotypes observed
in JaridZ-null ES cells (Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et al.,
2009). Thus, F9 embryonic carcinoma cells serve as a suitable model to study functions of
the Phf19 Tudor motif.
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Previously, it has been shown that Phf19 binding sites strongly correlated to those of PRC2
complexes and H3K27me3 peaks (Hunkapiller et al., 2012). Our analysis of ChlP-Seq
profiling data obtained from murine E14 ES cells (Hunkapiller et al., 2012; Xiao et al.,
2012) further revealed a moderate genome-wide association between Phf19 and H3K36me3,
where higher levels of Phf19 binding were found at promoters of genes with higher levels of
H3K36me3 among genes (n=19,387) containing intermediate to low levels of H3K27me3 at
promoters (Figure S5C). Analyses of these ES cell ChlP-Seq data also revealed a subset of
PRC2-targeted genes marked by H3K36me3 which coexisted with H3K27me3 and Phf19,
as exemplified by Otx2 (see an boxed region, Figure S5D). Using directed ChIP (Figure 5A
and S5E-H) and sequential re-ChlP analyses (Figure 5B), we confirmed such co-existence of
H3K36me3 and H3K27me3 at PRC2 target genes including Otx2, Meis1, Hoxa5and Fgri5,
in both ES and F9 cells. At these ‘bivalent’ PRC-targeted genes, H3K36me3 tends to
increase towards gene bodies at the 3’-end, and H3K27me3 is enriched at promoter regions
in the 5’-end. In addition, H3K36me3 was typically detected to a lesser extent when
compared to that found at a locus of the housekeeping gene Rps19 (Figure S5E). Detection
of such H3K27me3-H3K36me3 “bivalent’ genes is consistent with recent genomic studies
showing co-existence of H3K36me3 and H3K27me3 at ‘multivalent’ development genes in
zebrafish sperm cells (Wu et al., 2011), as well as a proteomic study detecting a small
percentage of H3 containing both H3K27 and H3K36 methylation in mammalian cells
(Voigt et al., 2012).

Next, we used Phf19-expressing F9 cells to examine the function of the H3K36me3-
‘recognizing’ Tudor motif in regulating these bivalent genes described above. Concurrent
with derepression of these development genes following Phf19 knockdown (Figure S5A),
we detected a significant reduction in levels of H3K27me3 at all examined target genes
(Figure 5C-D). No measurable change in H3K36me3 was found at tested loci
(Supplementary Fig. S51). Similar to PHF1 (Figure 3B) and findings of a previous report
(Hunkapiller et al., 2012), both wildtype and Tudor-mutant forms of PHF19 efficiently
associated with PRC2 complexes (Figure S5J). Introduction of a wild-type hairpin-resistant
PHF19 into F9 cells repressed Otx2and other tested target genes (Meis1, Hoxas, Fgfl5),
either in parental F9 cells (Otx2as tested in Figure 5E) or cells with endogenous Phf19
knocked down (Figure 5F), while the mutants that failed to engage H3K36me3 binding
either led to Ofx2 derepression in a dominant negative fashion in parental F9 cells (Figure
5E) or failed to restored gene repression (Figure 5F). The effect of PHF19 on gene
expression was found correlated to the binding of wildtype but not Tudor-mutant PHF19
(Figure 5G) to all tested genes, the recruitment of PRC2 core components (Figure 5H), and
the level of H3K27me3 (Figure S5K) as examined by ChIP assays. Collectively, our data
suggests that PHF19, another member of PCL family proteins, also regulates repression of
PRC2 targets via a functional Tudor motif that recognizes H3K36me3.

DISCUSSION
PCL family identified as high-affinity H3K36me3 effector proteins

In this study, we have identified the PCL family of Tudor motifs as H3K36me3 effector
modules. Our structural, biochemical and biophysical studies of these Tudor motifs revealed
an aromatic H3K36me3-‘caging’ pocket that forms direct contacts to H3K36me3, as well as
to the surrounding H3 residues, which explained our observed high affinity and selectivity.
In comparison to the previously identified H3K36me3-‘reading’ effectors BRPF1 and
EAF3, whose affinities to H3K36me3 were measured in the high uM to low mM range (Kd
= ~0.3-3 mM), both the PHF1 and PHF19 Tudor motifs bind to H3K36me3 with affinities
in the low uM range (Kd = ~5-7 uM). These Kd measurements are similar to affinities
measured for effectors of other common histone methylation marks, including H3K4me3-
recognizing PHD fingers (Kd=~1-10 pM) (Li et al., 2006; Wang et al., 2009), H3K27me3-

Mol Cell. Author manuscript; available in PMC 2014 February 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caietal.

Page 8

and H3K9me3- recognizing chromo domains (Kd=~5-50 uM) (Bernstein et al., 2006;
Kaustov et al., 2011), and an H3K9me3-recognizing Tudor domain (Rothbart et al., 2012a).
Notably, PCL family proteins also contain two PHD fingers, one of which is in close
proximity to the Tudor motif (Figure S1B), and the histone-binding activities of these
domains, as well as their influence of PCL functions, remains to be determined.

PCL proteins serve as a bridging and/or targeting mechanism for PRC2 to intrude into
active chromatin region

Our collective biochemical and genetic studies demonstrate a PRC2-targeting mechanism
wherein the cofactor PCL proteins either stabilize, tether, or establish intrusion of PRC2
core components into the H3K36me3-containing chromatin via Tudor-mediated recognition
of H3K36me3 and histone H3. Co-IP studies of PHF1 showed this protein associates with
PRC2 core components and assembles a higher-order complex efficiently, a process
independent of the Tudor motif. We further show that PCL proteins promote PRC2
chromatin association and catalysis of H3K27me3, consistent with previous observations
(Cao et al., 2008; Hunkapiller et al., 2012; Sarma et al., 2008). Our studies of ectopic PHF1
expression, modulation of global H3K36me3, as well as knockdown of endogenous Phf19
(without changing PRC2 core complexes per se), demonstrated a role of PCL proteins in the
bridging of PRC2 to H3K36me3-containing nucleosomes, a mechanism that may act
together with those provided by other PRC2-targeting mechanisms such as EED (Margueron
et al., 2009), JARID2 (Li et al., 2010; Pasini et al., 2010; Peng et al., 2009; Shen et al.,
2009) and noncoding RNAs (Bracken and Helin, 2009; Margueron and Reinberg, 2011). As
we did not detect association of PHF1 or PHF19 to non-PRC2 target genes that are highly
H3K36me3- positive (exemplified by CD44in Figure S4H and B-Actinin Figure 5G), an
intriguing model would be that, non-coding RNA, DNA-binding, and chromatin-binding
activities associated with PRC2 complexes and cofactors (for example, EED and JARID?2)
collectively mediate initial PRC2 recruitment to H3K27me3-positive promoters/
nucleosomes, while PCL proteins further modulate PRC2 stabilization and tether PRC2 to
adjacent H3K36me3/2-positive nucleosomes towards gene bodies. Although it has been
previously shown that active histone methylation marks, including H3K36me3, inhibit
PRC2-mediated H3K27me3 (Schmitges et al., 2011; Yuan et al., 2011), our studies
demonstrate that PRC2 spreads and intrudes into active chromatin during gene silencing and
chromatin remodeling, a critical process concurrent with development and differentiation
(Mikkelsen et al., 2007).

Coexisting together: how do seemingly biologically opposing chromatin marks work
together in the chromatin landscape?

Our genomics and ChIP analysis revealed that relatively lower levels of H3K36me3 exist in
previously described “poised’ bi- or multivalent chromatin state genes found in ES cells
(Mikkelsen et al., 2007; Xiao et al., 2012). Such detected H3K36me3 may represent residual
species of H3K36me3 docked by Phf19 in processes of PRC2-mediated chromatin
remodeling associated with lineage differentiation and development. Indeed, a recent mass
spectrometry based analysis identified asymmetrically methylated, ‘bivalent’
mononucleosomes that carry H3K36me3/2 along with H3K27me3 (Voigt et al., 2012). We
suspect that these asymmetrically methylated mononucleosomes are more likely to be found
at conjunction regions of H3K27me3 and H3K36me3 in those ‘bivalent’ or ’himodal’ genes
or loci as examined in our study (exemplified by HOX-B gene cluster in Figure 4A, PBX1
in Figure S4F, and Otx2in Figure 5A), where PCL proteins serve a ‘bridging” and
stabilizing mechanism for PRC2 complex encroachment and spreading.

We also observed overall separation of high peaks/domains of H3K27me3 and H3K36me3
in ChIP-Seq as previously reported (Mikkelsen et al., 2007; Xiao et al., 2012) (data not
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shown), and we suspect that PCL proteins may be involved in a dynamic process aimed at
conversion of active chromatin to the poised/repressed one by recruiting additional factors
such as H3K36 demethylases to achieve completion of remodeling. We also hypothesize
that residual H3K36me3 marks retained at these ‘poised’ development genes might serve as
a ‘memory’ of cellular and epigenetic states, a mechanism that separates them from those
silenced permanently. In accordance, expression of PCL family genes is dynamically
regulated during organismal development, with PHF1 specifically expressed in murine germ
cells (Kawakami et al., 1998), and Mtf2/Pcl2 preferentially expressed in undifferentiated ES
cells (Walker et al., 2010). Both PHFI and PHF19were reported to be translocated or
overexpressed in various human tumor types (Micci et al., 2006; Wang et al., 2004).
Collectively, our studies strongly indicate that the chromatin- and H3K36me3- recognizing
activities harbored in mammalian PCL proteins are critical for PRC2 targeting and
regulation of developmentally critical genes. They further shed light on the modulation of
the chromatin landscape and gene expression dynamics during processes of development
and oncogenesis.

EXPERIMENTAL PROCEDURES

Plasmid construction

Plasmids containing cDNA of PHF1 (also known as polycomb-like 1 or PCL1, NCBI
accession NM_024165) and PHF19 (also known as polycomb-like 3 or PCL3, NCBI
accession BC125076) were purchased from Open Biosystems. cDNAs were fused to either
HA-FLAG or 2xFLAG tag by PCR and cloned into MSCYV retroviral expression vectors
(Clontech) and pGEX GST-fusion plasmids (GE Life Science). Deletion and mutation were
introduced by PCR and site-directed mutagenesis. All plasmids used were confirmed by
sequencing.

Recombinant glutathione S-transferase (GST) protein production

GST-fusion proteins were generated and purified as previously described (Ruthenburg et al.,
2011; Wang et al., 2009).

Histone peptide microarrays

Methods for fabrication of the histone peptide array platform (with peptide identities listed
in Table S1) and analysis of effector protein binding were previously described (Fuchs et al.,
2011; Rothbart et al., 2012b). A second histone peptide array platform was also obtained and
used according to the manufacture’s specifications (Active Motif).

Chromatin fractionation

Chromatin and associated proteins were isolated from asynchronously growing 293 cells as
described (Rothbart et al., 2012a).

ChIP and sequential re-ChIP assays

ChIP was performed using a previously described protocol (Wang et al., 2009). ChIP signals
were represented as a percentage of input chromatin, and fold of enrichment was calculated
by normalizing against signals of nonspecific 1gG. Sequential re-ChIP was performed using
a previously described protocol (\Voigt et al., 2012). Information of primers used is
described in Table S4.

NMR spectroscopy

Collection of NMR spectra and structural calculations are detailed in Supplemental
Experimental Procedures.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The N-terminal Tudor motif of PHF1 specifically recognizes H3K36me3

(A) Enrichment of PHF1 in pull-downs using biotinylated histone tail peptides that contain
H3K36me3, as compared to that using unmodified H3K36. See also Figure S1.

(B) Pull-down of GST recombinant proteins fused to different PHF1 domains using
H3K36me3 or non-modified H3K36 peptides (top two panels). Input was shown in bottom

panels.

(C) Immunoblot following H3K36me3 peptide pull-down (top panel) from extracts of cells
transduced with vector or that encoding the full-length PHF1 or deletion forms. Input of
peptides and PHF1 was shown in middle and bottom panels.
(D) Co-immunoprecipitation (ColP) using FLAG antibodies detecting a Tudor-dependent
association of PHF1 (middle) to H3K36me3-containing histones (top) in 293 cells.

(E) Representative scan images of histone peptide microarrays probed with either wild-type
or mutant (Y47A) GST-PHF1 Tudor proteins. Highlighted are positions of H3K36me3-
containing peptides (blue) and IgG control (yellow). See also Table S1.

Mol Cell. Author manuscript; available in PMC 2014 February 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caietal.

Page 15

(F) Scatter plot of two peptide arrays probed with the PHF1 Tudor motif. Peptides are
colored according to the legend. All other peptides are shown in black. Correlation
coefficient was derived from linear regression analysis using GraphPad Prism.

(G) ITC measurements of binding affinities of PHF1 Tudor to H3 peptides containing
different H3K36 methylation states. Insert represents silver staining of input (lane 1) and
pull-down samples of PHF1 Tudor (top panel) using peptides harboring un-, mono-, di-, or
trimethylated H3K36 (lane 2-5, bottom panel).

(H) Immunoblot using various histone methylation antibodies on mononucleosomes pulled
down by either wild-type (WT) or mutant (Y47A) GST-PHF1 Tudor proteins.

(1) Immunoblot of chromatin-bound and soluble cell fractions following 48-hour transient
expression of IMID2A/KDM4A. Mock indicates vector control.
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Figure 2. Structural and biophysical analysis revealed intermolecular interaction between
PHF11ypoRr and H3K36me3-containing histones

(A) Backbone superposition of 20 energy-minimized conformers representing the NMR
structure of PHF1 Tudor in complex with an H3K36me3 peptide. For clarity, residues 1-30
and 82-83 of PHF1 Tudor and 31-34 of H3K36me3 peptide are not shown due to disorder.
The PHF1 Tudor (cyan) and bound H3K36me3 peptide are shown in ribbon representation,
with side chains of H3K36me3-binding cage (red) and H3K36me3 (yellow) in stick
representation. See also Figure S2.

(B) Surface electrostatic representation of PHF1 Tudor bound to H3K36me3 peptide.

(C) Representative structure of PHF1 Tudor-H3K36me3 complex, with side chains involved
in intermolecular contacts. The salt bridge formed between PHF1 Tudor Glu66 and H3K37
is depicted as a red dashed line.

(D) Positioning of the H3K36me3 side chain within an aromatic cage of the indicated
residues (pink) on the surface of PHF1 Tudor.

(E) ITC measurements of binding affinities of wild-type or mutant PHF1 Tudor to
H3K36me3 peptides.

(F) Silver staining of pull-down samples (top panel) of wild-type (WT) or mutant (Y47A
and F65A) forms of PHF1 Tudor using histone tail peptides that harbor either un-, mono-,
di-, or tri-methylated H3K36. Inputs of protein and peptide used were shown in middle and
bottom panels.

(G) Anti-FLAG immunoblot following peptide pull-down (top panel) from extracts of cells
transduced with either empty vector or that encoding a wild-type (WT) or mutant form of
FLAG-tagged PHF1.

(H) Western blots (WB) examining association of PHF1 (top) to endogenous H3K36me3-
containing histones (middle) in HeLa cells that expressed a wild-type (WT) or mutant form
of FLAG-tagged PHF1.
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Protein name Symbol coverage% _ # of unique peptides _total peptide hits

PHD finger protein 1, isoform 2 PHF1, aka PCL1 39.3% 22 119

polycomb protein SUZ12 SuUz12 34.9% 27 121
polycomb protein EED EED 23.2% 1 51
retinoblastoma binding protein 4 NURF55, aka RbBp4/RbAp48 16.7% 8 16
enhancer of zeste 2 EZH2 16.4% 13 36
enhancer of zeste 1 EZH1 7.8% 7 31
histone deacetylase 1 HDAC1 6.8% 3 3
retinoblastoma binding protein 7 RbBp7, aka RbAp46 5.2% 2 5
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Figure 3. PHF11dor alters sub-nuclear localization of PHF1-PRC2 complexes, but not PRC2
core structure formation

(A) Summary of protein peptides identified by mass spectrometry that specifically associates
with Flag-tagged PHF1 complexes purified from 293 stable cell lines. Numbers shown in
the table are those of coverage percentage of amino acid sequences, unique peptides, and
total peptide hits. See also Table S2.

(B) Co-IP of FLAG-tagged wild-type (WT) or Tudor-mutated forms of PHF1 with PRC2
core complex components EZH2 and SUZ12. Bottom panels are immunaoblots of input.
Asterisk represents nonspecific bands. See also Figure S3.

(C) Immunoblot of the indicated FLAG-PHF1 stable expression cell lines separated into
chromatin and soluble fractions.

(D) Representative confocal immunofluorescence images revealing localization of wild-type
versus Tudor mutant form of PHF1 proteins (Flag tagged, green) and chromatin (stained by
DAPI, blue) in transiently transfected 293 cells. Scale bar, 5 micrometer.
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Figure 4. Ectopic expression of PHF1 induced a Tudor-dependent spreading of PRC2 complexes
and H3K27me3 into an adjacent H3K36me3 region within HOX-B gene clusters

(A) ChIP-Seq revealing a bimodal distribution of H3K27me3 and H3K36me3 at HOX-B
gene clusters. Position of each HOXis indicated at the bottom. See also Figure S4.

(B) Change in expression of HOX-B genes in HeLa stable cells with ectopic expression of
either wild-type or Tudor-mutant form of PHF1. Overexpression of the wild-type, but not
Tudor-mutant form of PHF1 led to repression of HOXB5, and HOXB6 (highlighted by a
line on the top), two genes situated at the H3K36me3-H3K27me3 conjunction (panel A).
Data of relative mRNA levels (y axis) from three independent experiments were normalized
against vector control (shown as a dash line), and then presented as mean + SD.

(C-F) ChIP for FLAG-tagged PHF1 (C), EZH2 (D), SUZ12 (E) and H3K27me3 (F) across
different HOX-B genes in HelLa cells overexpressing either wild-type PHF1 or its
Tudormutant form. Data of ChIP signals (y axis) from three independent experiments were
normalized to 1% of input used, data of histone modification (F) further normalized to those
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of total histone H3, and then presented as mean + SD. Statistics shown are t-test

comparisons of ChIP in cells transduced with wild-type (WT) PHF1 to that with control or
the mutant (Y47A) form. *, p<0.05; **, p<0.005; n.s., not significant.

Mol Cell. Author manuscript; available in PMC 2014 February 07.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Caietal.

A

ChIP signal (% input)
normalized to H3

@

ChlIP signal (% input)
nomalized to H3

()

ChIP signal (% input)

Otx2 1 kb B
— = — _ 3
a b cd ef ) h [0)
2 25 1
401 wa ub .c ud I o
351 we«f “grh 5 20 -
2 - 5
il g
27 £ 10 -
15 [ &
10 1 - @ 5 ns
5 i S
0 - 0
IgG control H3K27me3/H3 H3K36me3/H3
tss  tss
H3K27me3 D
7 kel 129 sux
40 1 ¥ control —
%] B shPhf19/Pcl3 "

o
=]
L

ChIP normalized to
control, then to H3
o
(<]

R~
N

tss

o

4 1

vector WT Y56A F74A D76A

5
o) <
0 25 F Z 451
H Otx2 nE: -
g 2 < 3'2:
x 15 o
€ © 25 A
= ©
— 1 Nl 2_
[
2 s O 154
§ 0. o 1 A
S 2 05
=] w
2 0
w

B shPhf19+vector
M shPhf19+WT-hPHF19
¥ shPhf19+Y56A-hPHF19 T *

xn

19G FLAG IgG FLAG IgG FLAG IgG FLAG IgG FLAG IgG FLAG IgG FLAG IgG FLAG lgG FLAG

ns

exon

H3K27me3

sk

tss

Meis1

H

Page 20
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Figure 5. Phf19/Pcl3 demonstrates a Tudor-dependent repression of differentiation-associated

genes

(A) ChlIP for H3K36me3 and H3K27me3 across the Otx2gene in F9 embryonic carcinoma
cells. The diagram on top depicts the genomic organization of Otx2, with positions of each
ChIP PCR amplicon marked as a to h (not drawn to scale). Data of ChIP signals (y axis)
from three independent experiments were normalized to 1% of input and to histone H3, and

presented as mean + SD. See also Figure S5.

(B) Sequential re-ChlP showing fold of enrichment by comparing ChIP signals of
H3K27me3 over 1gG control in a sequential IP following the first IP using H3K36me3
antibodies. Signal of ChIP (y axis) from three independent experiments were normalized to
those of 1% of input and then to nonspecific 1gG control, and presented as mean + SD.
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Statistics shown are t-test comparisons of each tested loci to three negative control loci, the
transcriptional starting site (tss) of Oct4 and p-Actin, and gene body of Rps19. *, p<0.05;
** p<0.01, ***, p<0.005; n.s., not significant.

(C-D) ChIP examining H3K27me3 levels associated with Otx2 (panel C) and other
examined development genes (panel D) in F9 cells transduced with control or PAf19-specific
hairpins. Data of ChIP signals (y axis) from three independent experiments were normalized
to 1% of input and to histone H3, and presented as mean + SD. eX, exon; tes, transcriptional
ending site.

(E) Real-time PCR detecting Otx2expression levels in F9 cells following overexpression of
wild-type (WT) and Tudor mutant forms of PHF19/PCL 3. Data of relative mRNA levels (y
axis) from three independent experiments were normalized to vector transduced cells and
presented as mean + SD.

(F) Real-time PCR of Otx2, Meis1, Hoxa5, Fgfl5and Oct4 expression in F9 cells following
Phf19knockdown (sh_Phf19) and re-introduction of hairpin-resistant wild-type (WT) and
Tudor mutant forms of FLAG-tagged human PHF19/PCL3 (F-PHF19). Y-axis represents
fold change after normalization of data from three independent experiments to control cells
(presented as mean + SD). See also Table S3.

(G—H) ChIP examining the residence of FLAG-tagged PHF19/PCL3 (panel G) and SUZ12
(panel H) at Otx2, Meis1, Hoxa5 and Fgf15 genes after transduction of hairpin-resistant
wildtype or Tudor mutant PHF19/PCL3 into knockdown cells. Signal of ChIP (y axis) from
three independent experiments were normalized to those of 1% of input and presented as
mean + SD. 1gG and tss of B-Actin were used as antibody and locus control, respectively.
Statistics shown are t-test comparisons of ChlIP in cells transduced with wild-type PHF19 to
that with Tudor mutant forms. *, p<0.01; **, p<0.001, ***, p<0.0001.
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Statistics for the 20 energy-minimized conformers of PHF1,qq/in complex with H331_41K36Me3

Table 2

Distance constraints

Long [(i-j)>5] (intramolecular) 250
Medium [1<(i—j)<5] 106
Sequential [(i—j)=1] 234
Intraresidue [i=j] 462
Intermolecular 38
Dihedral angle constraints (¢ and ) 96
Hydrogen bond constraints 16
Average pairwise R.M.S.D. to the mean structure (A)2
Backbone (C%, C’, N, O) 0.26 +0.05
Heavy atoms 0.72+0.10
Deviations from idealized covalent geometry
Bond (A) 0.008 + 0.002
Angles (°) 0.744 +0.012
Impropers (°) 0.479 £ 0.010
R.M.S.D. from experimental distance restraints (A) 0.032 + 0.001
R.M.S.D. from experimental dihedral restraints (°) 0.578 £ 0.027
Ramachandran statistics (% of all residues)?
Most favored 91.3
Additionally allowed 8.7
Generously allowed 0.0
Disallowed 0.0

aStatistics are given for residues 31-81 of PHF1Tydorand residues 35-40 of the H331_41K36Me3 peptide.

Mol Cell. Author manuscript; available in PMC 2014 February 07.

Page 23



