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Abstract

Polycomb-group proteins are transcriptional repressors with essential roles in embryonic
development. Polycomb repressive complex 2 (PRC2) contains the methyltransferase activity for
Lys27. However, the role of other histone modifications in regulating PRC2 activity is just
beginning to be understood. Here we show that direct recognition of methylated histone H3 Lys36
(H3K36me), a mark associated with activation, by the PRC2 subunit Phf19 is required for the full
enzymatic activity of the PRC2 complex. Using NMR spectroscopy, we provide structural
evidence for this interaction. Furthermore, we show that Phf19 binds to a subset of PRC2 targets
in mouse embryonic stem cells and that this is required for their repression and for H3K27me3
deposition. These findings show that the interaction of Phf19 with H3K36me2 and H3K36me3 is
essential for PRC2 complex activity and for proper regulation of gene repression in embryonic
stem cells.
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Polycomb group proteins have important roles in regulating embryonic development!-2 and
have been implicated in embryonic stem cell pluripotency37. The two Polycomb complexes,
PRC1 and PRC2, have been characterized in depth. The PRC2 complex trimethylates
histone H3 Lys27 (H3K27me3)8, providing a docking site for proteins with a chromobox
(Cbx) domain®. Proteins in the Cbx family are subunits of the PRC1 complex, and they
facilitate PRC1 recruitment to target genes. The two complexes can silence genes either
synergistically or independently of each other. Thus, regulation of H3K27 methylation
represents an essential step in gene regulation by Polycomb proteins. In flies, the Polycomb
complexes are recruited to chromatin at the Polycomb responsive elements (PRE). Although
a few mammalian PRE sequences have been identified1%11, it is still unclear how Polycomb
group proteins are recruited to genome loci. Recent data suggest that mammalian PRC2
preferentially binds to CpG islands!2. Moreover, long noncoding RNAs and transcription
factors have also been implicated in modulating Polycomb group protein occupancy?2.
Among those, Jarid2 has been implicated in regulating the binding of the PRC2 complex to
genomic targets in mouse embryonic stem (mES) cells; however, there are likely to be other
mechanisms for fine-tuning4-17. For example, in Drosophila melanogaster, the Polycomb-
like protein (Pcl) associates with PRC2 and is required for global H3K27
trimethylation1819, A role for Polycomb-like proteins in regulating H3K27 trimethylation
seems to be conserved in higher vertebrates20-23. Notably, all members of the human PCL
family of proteins (Phfl, MTF2 and Phf19) contain several domains that have been
implicated in recognizing methylated histone residues.

In this study, we have investigated the role of Phf19 in regulating PRC2 activity in mES
cells. We report that Phf19 is associated with PRC2 proteins in a complex lacking Jarid2.
Biophysical and structural data show that the Tudor domain of Phf19 binds with high
affinity to methylated H3K36, a characteristic shared by all members of the PCL family.
Depletion of Phf19 caused a global reduction of H3K27me3 and impaired the occupancy of
PRC2 complex genome-wide. We observed similar effects in cells ectopically expressing
Phf19 carrying a point mutation in its Tudor domain. Phf19 knockdown ES cells showed
loss of pluripotency and defects in differentiation. Mechanistically, we further show that
Phf19 has a pivotal role in silencing active promoters by directly targeting the PRC2
complex and H3K36 histone demethylases. Our data indicate that Phf19 is an important
regulator of PRC2 function in mES cells.

Phf19 is a component of the PRC2 complex

We initially purified proteins that associate with Phf19, one of the Pcl orthologs in
vertebrates, from 293T cells using tandem-affinity immunopurification (TAP) followed by
SDS-PAGE and silver staining (Fig. 1a). MS analysis and western blotting of the TAP
purification showed that PHF19 associates with core subunits EZH2, SUZ12 and EED of
PRC2 (Fig. 1b,c). Moreover, we identified the proteins RBBP4 and RBBP7, which are also
part of PRC2 (Fig. 1b,c). We confirmed the interaction of PHF19 with endogenous
components of the PRC2 complex using co-immunoprecipitation (co-IP) experiments in
mES cells (Fig. 1d). Size-exclusion chromatography?# followed by western blotting showed
that the majority of Phf19 co-migrates with the PRC2 (Fig. 1e), indicating that Phf19 is
stably associated with this Polycomb complex. Notably, Jarid2, a protein recently identified
as a PRC2 subunit, did not co-immunoprecipitate with Phf19, and the corresponding elution
profile of Jarid2 peaked at a different fraction by size-exclusion chromatography. This
suggests that Jarid2 and Phf19 reside in different PRC2 subcomplexes. Of note, none of the
previous Jarid2 purifications has identified Phf19 as a subunit of PRC2 (refs. 14-17).
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Polycomb-like proteins are evolutionarily conserved from flies to humans, and they contain
a Tudor domain, two adjacent plant-homeodomain (PHD) fingers and a chromo-like domain
(Fig. 1f). To begin to map the interaction of PHF19 with PRC2, we performed semi-
endogenous co-immunoprecipitation using different parts of PHF19 as bait. We identified
the C-terminal end of PHF19 as necessary and sufficient to co-immunoprecipitate
endogenous SUZ12 (Fig. 1f,g). This suggests that this region facilitates binding to one of the
PRC2 core components. Furthermore, the short isoform of human PHF19 (PHF19s) did not
pull down SUZ12, indicating that it does not interact with PRC2. Further analysis of the
interacting region showed that it is partially homologous to chromodomains first identified
in the HP1 proteins (Fig. 1h). Secondary-structure prediction using PSIPRED25 suggests
that, in contrast to other described chromodomains?, the a-helix of PHF19 is N-terminal to
the B-sheets. We propose, therefore, to call this domain the ‘reversed chromodomain’.
Notably, the a-helix seems to be conserved among Mtf2, Phf19 and the D. melanogaster
homolog Pcl, but it was not predicted for Phfl.

Phf19's Tudor domain binds to di- and trimethylated H3K36

To determine the domains necessary for regulating PRC2 activity at chromatin, we tested
the purified, recombinantly expressed Phf19 domains for binding to a histone peptide
array?’ (Fig. 2a). The Tudor domain of Phf19 bound to dimethylated (me2) and
trimethylated (me3) H3K36, but not to numerous other methylated peptides. Histone peptide
pull-down assays confirmed the specificity of the interaction (Fig. 2b).

We next asked whether the H3K36 interaction is conserved among proteins of this family,
including the mammalian homologs Phfl (Pcll) and Mtf2 (Pcl2) and D. melanogaster Pcl.
We found that the Tudor-H3K36 interaction is conserved among all proteins of the family,
but D. melanogaster Pcl did not bind H3K36me2 or H3K36me3. Sequence comparison of
the Tudor domain among the Pcl family members showed that several amino acids are
conserved, including a set of aromatic residues (Supplementary Fig. 1a). These amino acids
commonly give rise to the conserved “aromatic cage’ that accommodates methylated histone
residues. Notably, the Tudor domain of D. melanogaster Pcl lacks one of these aromatic
residues and fails to bind methylated H3K36 as an isolated polypeptide (Fig. 2b and
Supplementary Fig. 1a). In line with this, a recently published NMR structure of D.
melanogaster Pcl reveals a lack of a well-defined cage in this protein28. Nevertheless, using
a Pcl Tudor-PHD1 construct, we were able to rescue the binding to H3K36me2 and
H3K36me3 (Fig. 2b). Of note, none of the other Phf19 domains showed detectable binding
to methylated H3K36.

Structural analysis of the Phf19 Tudor domain

We measured the binding of human PHF19-Tudor to an 11-mer H3K36me3-derived peptide
(31-ATGGVKmMe3KPHRY-41) by NMR spectroscopy in 2D 1°N-1H and 2D 13C-1H
correlation spectra (Fig. 3a and Supplementary Fig. 2). Analysis of the ligand concentration—
dependent chemical shift changes gave a K4 for the complex of 29 uM (Fig. 3b), which is in
good agreement with the value derived by calorimetric analysis (data not shown). Similar to
other trimethyllysine-binding domains, including single Tudor domains, double and tandem
Tudor domains, chromodomains and PHD fingers2%-36, the H3K36me3 peptide maps to the
region of the putative aromatic cage. We observed substantial chemical shift changes after
binding for the Hy resonances of residue stretches 65-67 and 72-81, as well as for the
aromatic resonances of Trp50, Tyr56, Phe74 and Tyr80 and for the methyl groups of Leu47
(Supplementary Fig. 2). Titration of Phf19-Tudor with the peptide (31-
ATGGVKKPHRY-41), as well as surface plasmon resonance and pull-down assays with
peptides with H3K36 or a modified H3K36mel, H3K36me2 or H3K36me3 residue, showed
no substantial binding for unmodified or monomethylated peptides, but peptides with either
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di- or trimethylated H3K36 supported the interaction (Fig.2b and Supplementary Fig. 3a,b).
Indeed, NMR analysis with H3K36me2-containing peptide indicated a Ky for the complex
of 295 uM (Supplementary Fig. 3c,d), one-tenth as strong as binding of the H3K36me3
peptide (Kg = 29 pM).

To gain insight into the specificity of the interaction between Phf19-Tudor and the
H3K36me3 histone tail, we solved the solution structure of the complex by NMR (Table 1).
A detailed description of the structure determination and data statistics is found in the
supporting online material. Phf19-Tudor contains five antiparallel 3-sheets, which form the
characteristic B-barrel. Trimethyllysine is inserted into a deep hydrophobic pocket, formed
by the aromatic cage residues Trp50 (B1-p2 loop), Tyr56 (p1), Phe74 (p3) and Tyr80 (34),
with Val82 (B4) delineating the bottom of the pocket (Fig. 3c). In agreement with this, the
WH50A, Y56A, F74A and Y80A mutants were unable to bind the H3K36me3 peptide
(Supplementary Fig. 3e). The trimethyllysine residue was recognized by a classical r-cation
interaction, aided by additional hydrophobic contacts with the floor of the pocket (Val82)
and coulombic interactions with the negatively charged residues at the edge of the pocket
(Asp76 and Ser78 from the 33-f4 loop). Additional negatively charged side chains (Glu75
from the same loop, and Thr51 and Asp52 from the B1-$2 loop) surround the pocket entry
site (Fig. 3c,d) and compensate for the positive charge of the peptide. The mutant D52R did
not bind the H3K36me3 peptide, either because of strong coulombic repulsion with the
positively charged peptide or because of partial occlusion of the methyllysine-binding
pocket by the long arginine side chain.

The peptide exists in an extended conformation, as is often observed for other complexes
involving histone tails (see also Supplementary Note)29:31.33.34.37 The C-terminal half of
the peptide interacts firmly with the Tudor domain, whereas the histone H3 residues 31-34
do not show any NOE connectivities to the protein. Accordingly, a peptide lacking the C-
terminal part but containing the trimethyllysine (H33;_3g) was unable to bind Phf19-Tudor,
whereas the 7-mer peptide histone H335 41 had a similar affinity to the 11-mer histone
H331_41 peptide (Kg = 44 pM, Fig. 3b). Thus, the specificity of Phf19-Tudor for the
H3K36me3 histone tail resides in the amino acid sequence following the methylated lysine.
The side chain of H3K37, which lies next to H3K36me3, is involved in electrostatic
interactions with the side chain of Phf19-Tudor residue Glu75. The rest of the peptide (H3
Pro38-Tyr41) fits snugly to a hydrophobic surface consisting of p1 residue Leu47, 32
residues Leu54, Tyr55, Tyr56 and Leu57, and the C-terminal residue GIn88. H3 Pro38
packs neatly against the side chain of Tyr56 and Leu54, whereas H3 His39 contacts both
Leud7 and Leu57. Accordingly, the methyl resonances of Leu47 show a prominent chemical
shift change upon binding the peptide, and several NOE connectivities to both H3 His39 and
H3 Tyr41 (Supplementary Fig. 2b). H3 Arg340 points away from the protein, whereas H3
Tyr4l interacts with Leu47, Tyr55 and possibly GIn88. Although we observed no NOE
connectivities between H3 Tyr41 and GIn88, the chemical shift change of the GIn88-Hps
upon peptide binding supports this interaction. The Hy of H3 His39 is close to the carbonyl
of Tyr55 in most structures of the ensemble and could further stabilize the complex by an
intermolecular hydrogen bond.

We confirmed this network of intermolecular interactions by inserting point mutations into
histone H3 at amino acids 37-41. Using NMR, we measured the Ky of the complex with
Phf19-Tudor for each of these alanine mutants (Fig. 3b). The H3 R10A mutation did not
increase the complex Kg, in agreement with the idea that its side chain is directed toward the
solvent. In contrast, we observed the most prominent effects for H3 K37A and H3 Y41A,
with K4 values increased by a factor of 2.1 and 1.6, respectively.

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 February 17.
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The network of interactions seen in the complex structure provides a rationale for the
selectivity of the Phf19 Tudor domain for the H3K36me histone tail, as observed in the
peptide array (Fig. 2a). H3K36me3 uniquely contains a long positively charged side chain
(Lys37) and two bulky hydrophobic side chains at the +1, +3 and +5 position from the
trimethyllysine, respectively. A positively charged amino acid occupies position +1 from the
methyllysine in only three histone-derived peptides, H3K36me3, H2AK75me3 and
H2BK23me3 (Supplementary Fig. 1b). However, neither H2AK75me3 nor H2BK23me3
have bulky hydrophobic side chains at either the +3 or +5 position.

Phf19 colocalizes with PRC2 and regulates its occupancy

To investigate the physiological link between H3K36 methylation, Phf19 and PRC2, we first
analyzed the expression profile of Phf19 during mES cell differentiation. Phf19 expression
is downregulated after induction of differentiation by treatment with retinoic acid
(Supplementary Fig. 4a). This pointed toward a potential role for Phf19 in both mES cell
self-renewal and differentiation mechanisms. To identify direct target genes of Phf19 in
mES cells, we performed chromatin immunoprecipitation followed by high-throughput
sequencing (ChlP-seq). We identified 2,334 Phf19 target genes with peaks mostly found in
close vicinity to the transcription start site (Fig. 4a, Supplementary Fig. 4b and
Supplementary Table 1). Consistent with the finding that Phf19 associates with PRC2, 85%
of Phf19 target genes were also bound by the PRC2 subunit Suz12, the vast majority of
which were also decorated with H3K27me3 (Fig. 4b,c). In line with being Polycomb targets,
gene ontology analysis revealed that many genes encoded signaling molecules and
transcription factors required for embryonic development that are normally repressed in
mES cells (Fig. 4d). We validated the ChlIP-seq results and the specificity of the Phf19
antibody by performing ChIP-gPCR in control cells (shRandom) and cells knocked down
for Phf19 (shPhf19). Target genes obtained from the ChlP-seq analysis were also bound in
control cells, but knockdown of Phf19 led to a marked reduction in their occupancy (Fig. 4e
and Supplementary Fig. 4a). Notably, the occupancy of Phf19 was substantially reduced in
differentiated mES cells (Fig. 4f), consistent with its downregulation upon retinoic acid—
induced differentiation of ES cells (retinoic acid treatment 72 h). We then asked whether an
intact PRC2 is required for Phf19 to bind to chromatin. To this end, we performed ChlP-
gPCR in cells in which Eed, a core subunit of the PRC2 (ref. 38), is deleted (Eed™").
Binding of Phf19 to target genes was almost entirely absent in these cells, suggesting that
Phf19 binds to target genes as an integral component of PRC2 (Fig. 4g). To test whether
Phf19 is required for PRC2 binding to target genes, we looked at genome-wide H3K27me3
and PRC2 subunits in cells following Phf19 knockdown. Compared to control cells, Phf19
knockdown cells showed a substantial reduction of Suz12 levels in 82% of the Phf19, Suz12
and H3K27me3 co-targets. Moreover, 71% of the target genes completely lost their
H3K27me3 mark upon Phf19 depletion (Fig. 5a,b). However, in contrast to the effect on the
core subunits of PRC2 (ref. 39), knockdown of Phf19 did not affect the protein levels of
PRC2 components or the stability of the PRC2 complex (Supplementary Fig. 4c).

Overall, these results confirm that Phf19 binds to target genes only in the context of an intact
PRC2 and that it is required for a stable association of PRC2 at target genes. In line with
this, we observed a global reduction of H3K27me3 in three independent Phf19 knockdown
cell lines, with a corresponding increase of H3K27me1l and acetylated H3K27 (H3K27ac,
Fig. 5¢).

These data are in good agreement with the phenotype observed upon loss of Pcl in D.

melanogaster, as well as that observed with deletion of Phfl (Pcl1) in mammals!®22.23 Of
note, it has been recently shown that the loss of Mtf2 (Pcl2) in mES cells leads to enhanced
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pluripotency and to sustained levels of H3K27me3, suggesting functional diversification
among members of the Pcl family?1.

Role of Phf19 in mES cell self-renewal and differentiation

Global mRNA expression analysis using microarrays showed that an approximately equal
number of genes were upregulated and downregulated upon depletion of Phf19 (Fig. 6a,b
and Supplementary Table 2). Of the upregulated genes, 20% were direct Phf19 targets and
44% were PRC2 targets, as determined by Suz12 occupancy (Supplementary Fig. 4d,e). As
expected, gene ontology annotation showed that the genes differentially expressed in the
Phf19 knockdown are highly enriched in developmental regulators (Supplementary Fig. 4f).

Notably, the cohort of downregulated genes in Phf19-knockdown ES cells included those
encoding several pluripotency markers, such as Nanog and KIf4 (Fig. 6b). In agreement with
this, we observed a loss of pluripotency in Phf19-knockdown ES cells, as judged by the
number of alkaline phosphatase—positive colonies (Supplementary Fig. 4g). Although many
cells remained alkaline phosphatase positive (Supplementary Fig. 4g, above), a small but
substantial number of them became alkaline phosphatase negative upon knockdown of
Phf19 (Supplementary Fig. 49, below).

We next investigated whether Phf19 has a role during differentiation of mES cells into
embryoid bodies. In Phf19-depleted embryoid bodies, we observed that the pluripotency
markers (such as Oct4 and Nanog) were not completely silenced (Supplementary Fig. 4h), in
agreement with the role of Polycomb complexes in directly regulating repression of these
genes during differentiation®49. Moreover, Phf19-depleted embryoid bodies showed a
differentiation delay, as indicated by the sustained expression of early-differentiation
markers for ectoderm (Fgf5) and mesoderm (Brachyury/T) lineages (Supplementary Fig.
4h). When subcutaneously injected into immunodeficient mice, Phf19-depleted cells
produced teratomas that contained tissues representative of the three germ layers, with an
overrepresentation of ectoderm tissues (Supplementary Fig. 5a—c). Indeed, analysis of the
gene expression profile comparing wild-type and Phf19-knockdown mES cells (Fig. 6a)
indicated that several ectoderm and trophoectoderm markers were upregulated, whereas
endoderm and mesoderm markers were either unaffected or downregulated (Supplementary
Fig. 5d). Notably, the sizes of the PHF19-depleted teratomas were, on average, substantially
smaller than the controls (Fig. 6¢ and Supplementary Fig. 5e).

Phf19 facilitates re-silencing of transcribed genes

It has been recently shown that PRC2 enzymatic activity is inhibited by the presence of the
H3K36me mark on mononucleosome substrates41. This might prevent the spreading of
repressive chromatin states to active promoters. The observation that loss of Phf19 leads to
reduced H3K27me3 levels (Fig. 5¢) prompted us to test whether the Tudor-H3K36me
interaction might relieve the H3K36me2- and H3K36me3-dependent inhibition of PRC2
activity at Phf19 target promoters to facilitate re-silencing of transcribed genes. Unbiased
analysis of Phf19-bound peaks showed an enrichment of H3K36me2 and H3K36me3 marks
when compared to an equal number of random sequences. Validation of Phf19 targets
confirmed an enrichment of H3K36me3 at the transcription start site (TSS) when compared
to the corresponding 2-kb upstream regions (Supplementary Fig. 5f).

The moderate genome-wide overlapping observed between Phf19 and the H3K36me2 and
H3K36me3 marks suggested that H3K36me2 and H3K36me3 histone demethylases
(KDMs) might be involved in Phf19-mediated gene silencing. We therefore analyzed the
occupancy of several H3K36 KDMs at Phf19 target genes. We focused on the KDM4
family, which demethylate H3K9me3 and (with a much lower affinity) H3K36me3, and on

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 February 17.
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the KDM2 family, which has been shown to demethylate H3K36me2 but could theoretically
also act on H3K36me3 (ref. 42). We found that KDM2b occupied several Phf19 target genes
(Fig. 7a). To get further insight into the mechanist links between Phf19, KDM2b and
Polycomb complexes, we triggered ES cell differentiation with retinoic acid and
investigated several promoters whose activity depends on Phf19. In all cases, retinoic acid
administration led to promoter activation, a reduction in Polycomb occupancy concomitant
with Phf19 and KDM2b displacement, and an accumulation of H3K36me2 and H3K36me3
marks. Notably, when Phf19 was knocked down in mEgS cells, the occupancy of KDM2b
was also substantially reduced (data not shown). Together, these data suggest that KDM2b
participates directly in regulating Phf19 target genes, although we cannot exclude the
possibility that other KDMs might also have a role.

The Phf19 Tudor domain is required for PRC2 function

Finally, to show that recognition of H3K36me by the Tudor domain of Phf19 is required for
Polycomb function and for H3K27me3 deposition, we knocked down Phf19 in mES cells
and replaced it with the human form of Phf19 (hPhf19), which is insensitive to the
knockdown shRNA used for the endogenous Phf19. The ectopically expressed human form
of Phf19 was either wild type (WT.hPhf19) or mutated in its Tudor domain (mut.hPhf19),
which rendered it incapable of binding to H3K36me (Supplementary Fig. 3e) but still able to
interact with the PRC2 complex (Supplementary Fig. 5g—i). ChIP analysis indicated that
binding of endogenous Phf19 was diminished in knockdown cells; however, binding of
tagged wild-type human Phf19 was detected in rescued cells and, to a lesser extent, in cells
in which Tudor-mutated Phf19 was re-introduced (Fig. 7b). Notably, the frequencies of
PRC2 binding and H3K27me3 marks were substantially reduced in Phf19 knockdown cells.
Re-expression of the human wild-type Phf19 in knockdown cells rescued PRC2 binding, the
frequency of H3K27me3 marks and promoter silencing; in contrast, this rescue was not
observed in cells expressing Tudor-mutated Phf19 (Fig. 7b,c). Together, these data suggest
that Phf19 facilitates and/or stabilizes binding of PRC2 complex at H3K36-methylated
promoters. Binding of the Phf19 Tudor domain to H3K36me2 and H3K36me3 might serve
to overcome the allosteric inhibition of the PRC2 observed in vitro®, thus facilitating the
recruitment of Polycomb proteins and of KDM2b, which in turn causes gene silencing.

DISCUSSION

In yeast, the H3K36me2 and H3K36me3 marks are implicated in recruiting a histone
deacetylase—containing complex (Rpd3s) during RNA polymerase Il-mediated
transcription, which prevents aberrant transcription initiation within coding sequences. In
higher eukaryotes, methylated H3K36 has been associated with active chromatin and with
alternative splicing, but its potential roles in gene regulation and promoter silencing have so
far been elusive®3. Here we show that Phf19 binds to methylated H3K36 and recruits the
PRC2 complex to promoters for silencing transcribed genes. Previously, it was reported that
the PWWP domain of BRPF1 and the chromodomain of EAF3 (MRG15) bind specifically
to methylated H3K36, but in both cases their affinity for H3K36me2 and H3K36me3 is
much lower than that of Phf19-Tudor37:44. Hence, Phf19-Tudor is by far the strongest and
most specific recognition module for methylated H3K36. Our structural data confirm the
amazing diversity in the binding modes of histone tails containing methyllysines. This
diversity revolves around the trimethyllysine recognition motif (the aromatic cage), which
provides a conserved anchor (Supplementary Figs. 6 and 7). Furthermore, an assorted
ensemble of intermolecular interactions around this anchor provides a means for specific
recognition and regulation.

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 February 17.
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Analysis of Phf19 targets indicated that the H3K36me2 and H3K36me3 marks were
enriched at the TSS, although with a lower intensity when compared to the corresponding
coding regions. The high affinity of Phf19-Tudor for H3K36me2 and H3K36me3 might
therefore compensate for a reduced level of H3K36me2 and H3K36me3, whereas the
specificity of binding at the TSS is likely to be provided by other domains of Phf19 for
noncoding RNA molecules or for combinations of histone marks. Notably, all members of
the mammalian Pcl family posses a conserved aromatic cage within the Tudor domain. Our
in vitro experiments further support their ability to recognize methylated H3K36. Thus, it
seems that all mammalian PCL proteins have a pivotal role in silencing active promoters by
directly targeting the PRC2 complex, although with different promoter specificity. In D.
melanogaster, this function is likely to be performed by a dedicated transcription factor,
because the fly Pcl-Tudor does not bind to methylated H3K36, nor to any of the histone
modifications we tested.

Together with the PRC2 complex, Phf19 also recruits a specific demethylase for methylated
H3K36, the KDM2b enzyme. In agreement with our data, it has been reported that KDM2b
associates with Polycomb proteins® and is implicated in regulating senescence®, leukemia
progression?’ and reprogramming?8. The presence of PRC2 complex and KDM2b would
ensure that promoter silencing is achieved by the deposition of repressive marks (such as
H3K27me3), and removal of the H3K36 methylation marks, which are associated with
activation (Fig. 7d). We cannot exclude the possibility that other KDMs might also have a
role.

There is a strong genome-wide overlap between Phf19 and PRC2, with 85% of Phf19 target
genes being co-regulated by PRC2. Deletion of Eed in mES cells, which causes disassembly
and degradation of the PRC2 proteins, led to a strong reduction of Phf19 occupancy to
promoters. This suggests that a stable genome-wide occupancy of Phf19 is achieved only in
the context of an intact PRC2 complex. Conversely, depletion of Phf19 in mES cells has a
strong impact both on global levels of H3K27me3 and on PRC2 occupancy. Taken together,
these data provide evidence for an intricate contribution of Phf19 and PRC2 core
components to proper gene regulation, mES cell pluripotency and lineage choices.

This study thus unveils a previously unanticipated role of methylated H3K36 in modulating
PRC2 function and promoter activity.

METHODS

Methods and any associated references are available in the online version of the paper.

ONLINE METHODS

Antibodies

An antibody against mouse Phf19 was generated by immunizing rabbits with a peptide
corresponding to the N terminus of mouse Phf19 (ETQALEPGTLEAFGATSPNK). Sera
were obtained and the antibody was purified using the same peptide and the AminoLink Kit
(Thermo Scientific) according to the manufacturer’s instructions. For details about other
antibodies, see Supplementary Table 3.

Protein purification

We transfected cells from the human 293T cell line with the pcDNA3-CTAP vector
containing full-length human PHF19. TAP and MS were done as described?®.
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Glutathione S-transferase (GST) fusion proteins were purified from BL21 Escherichia coli
according to the manufacturer’s instructions. Briefly, cells were transformed with the
respective pGEX3 expression vector, and expression was induced with 0.5 mM IPTG for 4 h
at 37 °C.

Gel filtration was done using 1 mg of nuclear extract from 293T cells fractionated on the
AEKTA-Explorer system (Amersham), using a Superose 6 column, followed by western
blotting.

Peptide pull-down assays

For histone peptide-binding assays, 1 jug of biotinylated histone peptide (Yale Peptide
Facility) was incubated with 1 jug of purified GST fusion protein in binding buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% (v/v) NP-40) for 2 h at 4 °C with rotation.
Streptavidin beads (Dynabeads) were added and incubated for 1 h at 4 °C with rotation,
followed by four washes in binding buffer. Bound proteins were analyzed by western
blotting.

Immunoprecipitation

Tap-tagged PHF19 fragments were retrovirally introduced into HeLa-S cells to obtain stably
expressing cells. Whole-cell extracts were made using CHAPS buffer (50 mM Tris-HCI, pH
7.8, 350 mM NaCl, 0.01 M CHAPS, 1 mM DTT). For immunoprecipitation, samples were
incubated with anti-Flag beads (Sigma) for 3 h at 4 °C. After washing the beads with
CHAPS buffer, the precipitated proteins were visualized by western blotting using
antibodies against hemagglutinin (HA) and Suz12.

Biacore analysis

Biacore analyses were performed by immobilizing biotinylated histone peptides to
streptavidin chips, to a response unit (RU) of approximately 300. Purified GST-labeled
Tudor domain was used as an analyte in serial dilution, and Ky values were obtained using
the Biacore analysis software.

Protein expression, purification and sample preparation for NMR experiments

The Tudor domain DNA sequence (residues 37-95) of the hs-Phf19 protein (UniProtKB
Q5T6S3) was amplified by PCR and cloned into the expression vector pET-MCN
(Novagen) using the Ndel-Mfel restriction sites. The resulting construct, encoding an N-
terminal Hisg-tagged Tudor domain with a tobacco etch virus (TEV) protease-cleavage site
between them, was transformed into E. coli BL21 Rosetta2 cells (Novagen). Cells were
grown at 37 °C in M9 minimal medium containing 1°N-labeled NH,CI, 13C-labeled glucose,
33 mg mlI~1 chloramphenicol and 50 mg mI~1 ampicillin. Protein expression was induced
with 0.5 mM IPTG for 20 h at 22 °C. Harvested cells were resuspended in buffer A (50 mM
Tris-HCI, pH 7.5, 30 mM imidazole, 500 mM NaCl) containing 0.2 mg mlI~ lysozyme, 2 U
ml~1 RNase-free DNase (Promega), 10 mM B-mercaptoethanol and EDTA-free protease
inhibitors (Roche) and then lysed by sonication. The lysate was spun down and the
supernatant was loaded onto a His-TRAP FF column (GE Healthcare), washed with buffer
A and buffer B (50 mM Tris-HCI, pH 7.5, 30 mM imidazole, 500 mM NaCl, 2 M LiCl, 5
mM B-mercaptoethanol) and eluted with a gradient of buffer C (50 mM Tris-HCI, pH 7.5,
500 mM imidazole, 500 mM NaCl, 5 mM B-mercaptoethanol). After exchanging to buffer A
containing 1 mM DTT and TEV protease, the N-terminal Hisg tag was cleaved overnight at
room temperature. The uncleaved protein and the TEV protease were removed by reverse
purification with the His-TRAP FF column. The cleaved Tudor domain was further purified
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by size-exclusion chromatography in buffer D (20 mM Tris-HCI, pH 7.0, 200 mM NacCl, 1
mM DTT) using the HiLoad 16/60 Superdex75 gel filtration column (GE Healthcare).
Phf19-Tudor was eluted in 100 ml. Samples for NMR experiments were concentrated to
0.1-0.58 mM.

Peptides for NMR studies were dissolved in buffer D or buffer E (20 mM D,-Tris-DCI, pH
7.0, 200 mM NaCl, 1 mM DTT, in H,0 or D,0).

Peptides used were as follows: 31-ATGGV-Kme3-KPHRY-41 (H3K36me3); 31-
ATGGVKKPHRY-41 (H3K36me0); 1-ART-Kme3-QTARK-9 (H3K4me3); 31-ATGGV-
Kme3-K-37, 34-GV-Kme3-KPHRY-41; 31-ATGGV-Kme3-KPHDY-41 (H3K36me3-
R40D); DANIK-Kme3-AMACI (random sequence); 34-GV-Kme3-APHRY-41
(H3K36me3-K37A); 34-GV-Kme3-KAHRY-41 (H3K36me3-P38A); 34-GV-Kme3-
KPARY-41 (H3K36me3-H39A); 34GV-Kme3-KPHAY-41 (H3K36me3-R40A); 34-GV-
Kme3-KPHRA-41 (H3K36me3-Y41A).

Samples for protein and peptide (H3K36me3) resonance assignment and protein-detected
NOESY experiments were prepared with different molar ratios of protein to peptide (1:0.5,
1:1,1:1.3,1:2, 1:5).

Samples for hydrogen—deuterium (H-D) exchange experiments were prepared by
lyophilizing free Tudor and Tudor-peptide complex followed by dissolving in D,0.

NMR experiments

NMR experiments were performed on Bruker Avance 111 600 MHz and 800 MHz
spectrometers equipped with HCN triple-resonance cryo-probes. Spectra were acquired at a
temperature of 298 K. Protein backbone assignments for free Phf19-Tudor and the Phf19-
Tudor-H3K36me3 peptide complex were obtained using a combination of triple resonance
HNCAS30-52 HNCACB®3>4 and CBCA(CO)NH?> experiments. Protein side chain
resonances in both free Phf19-Tudor and the complex were assigned from (H)CCH-TOCSY
and H(C)CH-TOCSY>! spectra, and amide-detected (H)CC(CO)NH-TOCSY and
H(CCCO)NH-TOCSY?8:57 experiments. For the Phf19-Tudor-H3K36me3 peptide complex,
(HB)CB(CD)HD and (HB)CB(CDCE)HE experiments®® were performed to aid assignment
of aromatic protein resonances.

Peptide resonances in the Phf19-Tudor—-H3K36me3 peptide complex were assigned from
double-12C 1*N-filtered 2D NOESY (v, = 120 ms) and double-12C,14N-filtered 2D TOCSY
spectra®®.

The binding of the peptides was monitored by simultaneous 2D 13C/1°N HSQC correlations.
The dissociation constants of different peptides were obtained following chemical shift
perturbations of the Hy, resonances upon addition of the ligand.

Analysis of the chemical shift index®? and NOE cross-peak pattern allowed identification of
secondary-structure elements. Distance constraints were collected from 3D 1°N-NOESY (ty,
=150 ms), 3D 13C-edited NOESY (ty, = 130 ms), 3D 13C-edited/*2C-filtered NOESY (t =
150 ms), aromatic 3D 13C-HMQC-NOESY and double-12C,14N-filtered 2D H-1H NOESY
spectra in H,0 and in D50 (v, = 150 ms)®°.

H/D experiments allowed us to detect amides involved in the formation of hydrogen bonds.
The 2D 1H-15N HSQC spectra were recorded immediately after dissolving lyophilized
samples in D,0. Data were processed with NMRPipe8 and analyzed using NMRView®2,
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Structure calculation and refinement

The experimentally determined distance and dihedral angle restraints were applied in a
simulated annealing protocol with CNS/ARIAL.2 (refs. 63,64) with modified annealing
protocols®®. All NOE connectivities were manually assigned and automatically calibrated
using 8 iterations, calculating 20 structures in iterations 1-7 and 100 structures in iteration 8.
In the spectra, we did not observe the NMR resonances of the He and the methyl hydrogens
of the H3K36me3 residue. This is due to exchange broadening, as a consequence of the
conformational exchange process between the bound and free form of the peptide in
conjunction with the large ring-current shift imposed to the He and methyl hydrogens of
bound H3K36me3 by the presence of the aromatic cage. In the absence of NOE
connectivities between the H3K36me3 methyl hydrogens and the rest of the protein,
H3K36me3 occupies the binding pocket of the aromatic cage, but its position is not well
defined. To overcome this problem, we added four additional ambiguous interaction
restraints between all aromatic carbons of the exchange-broadened residues Trp50, Tyr56,
Phe74 and Tyr80 and the N of H3K36me3 of 4.0 + 1 A, respectively. These
nonexperimental restraints are justified by the large chemical shifts experienced by the
aromatic side chains of Trp50, Tyr56, Phe74 and Tyr80, which clearly indicate their
involvement in binding H3K36me3. The CNS Egpe function was used to simulate van der
Waals interactions with an energy constant of 25.0 kcal mol~ A=4, using ‘PROLSQ’ van
der Waals radii®®. Distance restraints were used with a soft square-well potential, using an
energy constant of 50 kcal mol=* A=2, For hydrogen bonds, distance restraints with bounds
of 1.8-2.3 A (H-O) and 2.8-3.3 A (N-O) were imposed for slowly exchanging amide
protons. Dihedral angle restraints derived from TALOSS” were applied to ¢ and v backbone
angles using energy constants of 200 kcal mol~1 rad=2. The final ensemble of NMR
structures was refined in a shell of water molecules®8:69, Of 100 structures calculated in the
last iteration, 30 were refined in explicit water. The Ramachandran statistics for the ten
lowest-energy structures including residues 40-90 of PHF19-Tudor and residues 35-41 of
H3K36me3 peptide are 94% in core, 5.3% in allowed, 0.2% in generous and 0.6% in
disallowed regions (Table 1). Structural quality was analyzed using PROCHECK "0 and
WHAT IF"1, and accessed through the icing web server (http://nmr.cmbi.ru.nl/icing).

The protein structure can be determined with high precision (backbone r.m.s. deviation,
r.m.s. deviation = 0.33 A), whereas the peptide is less well defined (backbone r.m.s.
deviation = 0.85 A) (Table 1 and Supplementary Fig. 5). This is due to the low affinity of
the complex (Kq in the micromolar range), which reduces the number of intermolecular
distances that can be collected. Nevertheless, the position of the H3K36m3 peptide on
Phf19-Tudor is very well-defined and unique.

Embryonic stem cells

mES cells (E14 clone) were grown and differentiated as described®. mES cell differentiation
was performed by addition of all-trans retinoic acid (1 pM) for 72 h. shRNA-mediated
knockdown was performed using pIKO.1 vectors obtained from Sigma.

Gene expression analyses

RNA was extracted using the RNeasy mini kit (Qiagen) and transcribed to cDNA by reverse
transcription using the first-strand cDNA synthesis kit (Fermentas).

Real-time PCR analysis was performed using SYBR Green | PCR Master Mix (Roche) and
the Roche LightCycler 480. Expression values were normalized to the housekeeping gene
Rpo. Primer sequences are given in Supplementary Table 3. Microarray analysis was
performed using Agilent Mouse Gene Expression Microarrays, and genes with fold change
> 1.5 and adjusted P < 0.01 were considered to be significantly expressed. We used biomaRt
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(Bioconductor package) to convert both unique Affymetrix IDs into MGI (Mouse Genome
Informatics) IDs. We used a Bioconductor annotation packages
(MmAgilentDesign026655.db) to convert unique Agilent probe IDs into MGI IDs.

Chromatin immunoprecipitation and chromatin immunoprecipitation—sequencing

ChIP was carried out essentially as described®. ChIP-seq was performed using 10 ng of
immunoprecipitated DNA from each sample, followed by library amplification and
sequencing on the Solexa system.

Mice injection
Cells were collected and resuspended in cold 0.25% (w/v) Matrigel (BD Biosciences)/PBS.

Swiss Nude mice were injected at two flanks with 1 x 106 cells per flank. Two weeks after
the injections, the mice were killed and their tumors were collected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Phf19 is a component of the PRC2 complex. (a) SDS-PAGE followed by silver staining of

TAP-purified PHF19 (TAP-PHF19) in 293T cells. TAP—, TAP-empty. (b)
peptides identified by MS in eluates from TAP-PHF19 purification. emPA

Summary of
I, experimentally

modified protein abundance. (c) Western blot analysis of eluates from TAP-PHF19
purification confirming the specific association with the PRC2. Note that the PRC1 subunit
RING1b does not interacts with PHF19. (d) Endogenous co-immunoprecipitation (IP) in
mES cells of Phf19 with PRC2 components. Note that Jarid2 is not present in Phf19-PRC2

complexes. (€) Size-exclusion chromatography of 293T nuclear extracts fo

llowed by

western blotting. Note that PHF19 and JARID2 co-migrate with components of the PRC2
complex but elute at different size fractions—around 790 kDa and 1.4 mDa, respectively. (f)
Schematic representation of the domain architecture of human PHF19, depicting the Tudor
domain, two plant homeodomain (PHD) fingers, the extended homology (EH) domain, and a
chromo-like domain. (g) The chromo-like domain is necessary and sufficient to co-
immunoprecipitate the endogenous PRC2 core component SUZ12. (h) Predicted secondary
structures of the chromo-like domains compared to the first chromodomain of the HP1

proteins.
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PHF19-PHD1 *=

PHF19-Tudor g

PHF1-PHD1 &=
PHF1-Tudor e
MTF2-PHD1 | s
MTF2-Tudor g

Pcl-PHD1 gup

Pcl-Tudor = em

Pcl-Tudor-PHD1 = e

Binding of Phf19-Tudor to methylated H3K36. (a) Histone peptide array showing specific
binding of GST-labeled Phf19-Tudor to H3K36me2 and H3K36me3 peptides. aa, amino

acids. (b) Histone peptide pull-down assay using recombinant Phf19, Phfl, MTF2 and Pcl
domains with methylated histone peptides. Phf19-Tudor, Phf1-Tudor and MTF2-Tudor all
bind to H3K36me2 and H3K36me3 peptides. D. melanogaster Pcl-Tudor, which lacks an
otherwise conserved aromatic amino acid, requires the addition of the PHD1 for binding.
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Figure 3.

NMR-based structural analysis of the complex between Phf19-Tudor and an H3 peptide
methylated at Lys36. (a) NMR 2D 1°N-1H correlation spectrum showing the chemical shift
changes of the Hy resonances of Phf19-Tudor upon addition of the 11-mer H3K36me3
peptide (31-ATGGVKme3KPHRY-41; from blue to red). The protein concentration was 0.2
mM. Amino acid single-letter code is used for brevity. (b) Plots of the changes in chemical
shifts induced upon complex formation as a function of the concentration of the H3K36me3
wild-type (amino acids 31-41) and mutant peptides for the amide resonance of Asp76. The
values of K, are calculated as average values for 8 to 14 well-resolved Hy resonances of the
complexes. (c) Ribbon representation of the lowest-energy structure of the Phf19-Tudor
complex with the H3K36me3 peptide. Phf19-Tudor side chains in contact with the
H3K36me3 peptide are shown as sticks. Phf19-Tudor: C, violet; O, red; N, blue. H3K36me3
peptide: C, green; O, red; N, blue. Amino acids of Phf19-Tudor are labeled in black and
those of the H3K36me3 peptide in green (PDB 4BD3). (d) Surface representation of the
Phf19-Tudor domain colored by electrostatic charge. White, neutral; blue, positive; red,
negative. Side chains of the protein in contact with the peptide are shown in violet. Only
residues 35-41 are shown for the histone H3K36me3 peptide. Phf19-Tudor: C, violet; O,
red; N, blue; H3K36me3 peptide: C, green; O, red; N, blue.
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Figure4.

0
Kif4 Tbx3 Gdnf Fgf5 Nrp1 Pax7 Bmp6 Pitx2

Kif4 Tbx3 Gdnf Fgf5 Nrp1 Pax7 Bmp6 Pitx2

Phf19 is in integral part of the PRC2 complex in mES cells. (a) Histogram showing the
distribution of Phf19 ChlP-seq peaks relative to the TSS. Almost all (93%) of Phf19 peaks
were found within £10 kb of a known TSS. (b) Venn diagrams showing the overlap of
Phf19, Suz12 and H3K27me3 target genes in mES cells. () Suz12, Phf19 and H3K27me3
occupancy in Phf19 binding sites are plotted as the average profile of ChlP-seq reads (read
density per base pair) around the summit of Phf19 peaks. (d) Gene ontology analysis of
Phf19 target genes in mES cells. (e—-g) ChIP-gPCR assays using an antibody anti-Phf19 and
IgG as negative control. Results are presented as a percentage of the input material. Values
represent the average and s.d. of three independent experiments. (€) Validation of Phf19
target genes. Phf19 knockdown cells showed reduced binding, demonstrating the specificity
of the antibody. KIf4 and Thx3 served as negative controls. (f) ChIP-qPCR analysis shows a
reduced Phf19 binding to target genes after differentiation induction by all-trans retinoic
acid (RA) supplemented at 1 x 1076 M for 72 h. (g) ChIP-gPCR analysis in cells deleted for
Eed, a core subunit of the PRC2, indicates that Phf19 binding is dependent on a functional

PRC2.n=3ineg.
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Phf19 is required for PRC2 binding to target genes. (a) Changes in H3K27me3 and Suz12
levels evaluated by ChIP-seq analysis in Phf19, H3K27me3 and Suz12 co-targets following
Phf19 knockdown (KD). (b) ChIP-qPCR analysis shows that binding of the PRC2
component Suz12 is reduced in Phf19 knockdown cells. Data represent average and s.d. of

three independent experiments. (c) Western blot analysis of histone modifications in Phf19

knockdown cells shows a global reduction of H3K27me3 and a concomitant increase in
H3K27mel and H3K27ac. Two different Phf19-depleted cell lines were analyzed (shPhf19-
3 and shPhf19-4) (left). Expression levels of Phf19 were determined by RT-qPCR in the
wild type and in the cell lines depleted of shPhf19-3 and shPhf19-4. Data represent the

average and s.d. of three independent experiments (right).
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Figure®6.

Role of Phf19 in pluripotency. (a) Microarray expression analysis of Phf19 knockdown
cells. In cells maintained under pluripotency conditions (~RA), 734 genes were upregulated
and 861 were downregulated (fold change >1.5 and adjusted, P < 0.01). After treatment with
all-trans RA (1076 M) for 72 h, 441 genes were upregulated and 965 were downregulated
(fold change >1.5 and adjusted, P < 0.01). (b) Expression levels of pluripotency genes and
several Phf19 target genes were determined by RT-gPCR under the experimental conditions
described in a. Two different Phf19-depleted cell lines were analyzed (shPhf19-3 and
shPhf19-4). Expression levels were normalized to the those of Rpo housekeeping gene. Data
represent the average of three independent experiments (n = 3). (c) Control ES cells (shRd)
or cells depleted of Phf19 (shPhf19) were injected into Swiss Nude mice at two flanks (1 x
108 cells per flank). Two weeks after injection, mice were killed and tumors were collected.
The tumor weights for both sets of teratomas are shown. The differences in size were
statistically significant (n = 8, Student’s t-test, P < 0.05).
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Figure7.

Molecular mechanism of Phf19-mediated gene repression. (a) ChIP-gPCR analyses were
performed in mES cells maintained under pluripotency conditions (—-RA) or after treatment
with all-trans RA (+RA), supplemented at 1 x 1076 M for 5 d. Data represent the average
and s.d. of three independent experiments (n = 3). (b) ChIP-qPCR experiments in control
and Phf19 knockdown cells, and in knockdown cells stably transfected with the Flag-tagged
human wild-type Phf19 (WT.hPhf19) or with Phf19 mutated (mut.hPhf19) in the Tudor
domain (mutation W50A, which renders it unable to bind H3K36me3). Amplification of the
Oct4 promoter was used as a negative control. Data represent the average and s.d. from
triplicate experiments. (c) Expression levels of Phf19 target genes were determined by RT-
gPCR under the experimental conditions described in b. Data represent the average and s.d.
from triplicates. (d) Phf19 facilitates and/or stabilizes binding of the PRC2 complex at
H3K36-methylated promoters. Binding of Phf19-Tudor to H3K36me2 and H3K36me3
mediates the recruitment of Polycomb proteins and of the H3K36 demethylase KDM2b,
which in turn causes gene silencing.
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Table 1

NMR and refinement statistics for H3 K36me3-PHF19-Tudor

H3 K36me3 bound to PHF19-Tudor

NMR distance and dihedral constraints

Distance constraints
Total NOE
Intra-residue
Inter-residue
Sequential (i —j|=1)
Medium-range (|i —j| < 4)
Long-range (|i = j| > 5)
Intermolecular
Hydrogen bonds
Total dihedral angle restraints
4
4
Structure statistics
Violations (mean + s.d.)
Distance constraints (A)
Dihedral angle constraints (°)
Max. dihedral angle violation (°)
Max. distance constraint violation (A)
Deviations from idealized geometry
Bond lengths (A)
Bond angles (°)
Impropers (°)
Average pairwise r.m.s. deviation™” A
Heavy

Backbone

1,762
720

267
157

598
34
20

49
49

0.008 + 0.001
0.30 +£0.06
2.2
0.24

0.0035 + 0.0001
0.410 +0.008
0.98 +£0.08

0.73+0.16
1.39+0.24

*%

Pairwise r.m.s. deviation was calculated for residues 40-90 of PHF19-Tudor and 35-41 of H3K36me3 among 10 refined structures.
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