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The histone variant H3.3 is deposited across active genes, regulatory regions, and telomeres. It remains unclear how H3.3
interacts with chromatin modifying enzymes and thereby modulates gene activity. In this study, we performed a co-immu-
noprecipitation-mass spectrometry analysis of proteins associated with H3.3-containing nucleosomes and identified the
nucleosome remodeling and deacetylase complex (NuRD) as a major H3.3-interactor. We show that the H3.3-NuRD inter-
action is dependent on the H3.3 lysine 4 residue and that NuRD binding occurs when lysine 4 is in its unmodified state. The
majority of NuRD binding colocalizes with H3.3 and directly correlates with gene activity. H3.3 depletion led to reduced
levels of NuRD at sites previously occupied by H3.3, as well as a global decrease in histone marks associated with gene ac-
tivation. Our results demonstrate the importance of H3.3 in the maintenance of the cellular epigenetic landscape and reveal
a highly prevalent interaction between the histone variant H3.3 and the multiprotein complex NuRD.

[Supplemental material is available for this article.]

The replacement of canonical histones with histone variants influ-
ences transcriptional gene regulation and epigenetic memory
(Henikoff et al. 2004; Jin and Felsenfeld 2007; Jin et al. 2009;
Elsaesser et al. 2010; Hu et al. 2013; Kraushaar and Zhao 2013).
Unlike H3.1 and H3.2, which are expressed and incorporated
into chromatin during S-phase only, H3.3 is deposited into chro-
matin independent of cell cycle stage (Ahmad and Henikoff
2002; Ray-Gallet et al. 2002). H3.3 differs from H3.1 and H3.2 in
five and four amino acids, respectively, and it is these differences
that convey specificity in binding to their respective chaperones
(Tagami et al. 2004; Ray-Gallet et al. 2011). H3.3 is typically deco-
rated with marks that are associated with gene activation, includ-
ing H3K acetylation and H3K4 methylation, and less with marks
related to gene silencing, such as H3K27 trimethylation and
H3K9 methylation (Hake et al. 2006).

Chromatin components are dynamically exchanged during
and outside of DNA replication. H3.3 is deposited by histone chap-
erones including HIRA and the ATRX/DAXX complex, which in-
corporate H3.3 at regulatory sites and heterochromatic sites,
respectively (Goldberg et al. 2010; Lewis et al. 2010; Wong et al.
2010; Szenker et al. 2012). H3.3 incorporation is prevalent across
active genes, as well as intergenic enhancers that are marked
with H3K4 monomethylation and H3K27 acetylation (Goldberg
et al. 2010; Kraushaar et al. 2013). Canonical H3 is replaced by
H3.3 when gene transcription is triggered, with highest enrich-
ment typically at the distal end of coding regions (Tamura et al.
2009). H3.3 becomes displaced and redeposited at different rates
across the genome independent of replication. H3.3 turnover is
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typically well correlated with total H3.3 enrichment, suggesting
that H3.3 deposition is a feature of low nucleosome stability
(Kraushaar et al. 2013; Ha et al. 2014). Indeed, biochemical exper-
iments have shown that H3.3-containing nucleosomes are intrin-
sically unstable and sensitive to salt-dependent disruption (Jin and
Felsenfeld 2007). Other data suggest an active role for proteasomal-
dependent degradation in the eviction and turnover of H3.3 (Maze
et al. 2015).

The nucleosome remodeling and deacetylase complex
(NuRD) is a multiprotein complex exhibiting dual enzymatic func-
tionality in the shape of ATP-dependent chromatin remodeling
and histone deacetylation (Xue et al. 1998; Zhang et al. 1998).
The NuRD complex plays a major role in transcriptional regulation
and DNA damage repair (Torchy et al. 2015; Spruijt et al. 2016;
Gong et al. 2017). The NuRD complex is composed of six subunits
each with multiple isoforms: HDAC1/2, MTA1/2/3, RBBP4/7,
GATAD2A/GATAD2B, MBD2/3, and CHD3/4 (Basta and Rauch-
man 2015; Torchy et al. 2015). Metastasis-associated proteinl
(MTA1) and its homologs MTA2/3 serve as scaffold proteins for
NuRD complex assembly and are up-regulated in various cancer
tissues (Li and Kumar 2015). RBBP4 and RBBP7 are core compo-
nents of NuRD but are present in other Class I HDAC corepressor
complexes such as the Sin3A and PRC2 complexes (Torchy et al.
2015). The NuRD complex triggers gene repression through
changes in histone modifications, most notably H3 lysine deacety-
lation and other chromatin remodeling activities such as histone
variant deposition (Fujita et al. 2004; Kaji et al. 2006; Rais et al.
2013; Yamada et al. 2014; Kim et al. 2015; Yang et al. 2016).
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NuRD interacts with H3.3 at active promoters

In this study, we immunoprecipitated chromatin-associated
H3.3 followed by a mass spectrometry analysis to identify epige-
netic regulators that interact with H3.3 and may shed further light
on the functional role of this histone variant.

Results

H3.3 interacts with the nucleosome remodeling and deacetylase
(NuRD) corepressor complex

In order to identify proteins that physically interact with H3.3 at
the chromatin level, we expressed a HA/FLAG-tagged version of
H3.3 under the control of doxycycline in NIH/3T3 mouse embry-
onic fibroblasts (MEFs), solubilized chromatin with MNase I, and
immunoprecipitated H3.3-containing mononucleosomes with
anti-FLAG antibody, followed by mass spectrometry (Fig. 1A). A
Gene Ontology analysis revealed that protein partners of wild-
type H3.3 are typically associated with chromosome and nucleoso-
mal functions (Fig. 1B). To elucidate the importance of N-terminal
lysine modifications for protein interactions with H3.3, we mutat-
ed lysine residues on amino acids 4, 9, 27, and 36 to arginine.
Mutation of lysine residues to arginine prevented recognition of
HA/FLAG-H3.3 by antibodies specific to H3 lysine methylation,
when wild-type and mutant H3.3 proteins were expressed at com-
parable levels (Fig. 1C). Across HA/FLAG-H3.3 wild-type and
HA/FLAG-H3.3 mutant samples, we identified a total of 114 pro-
teins. Spectral counts provided a semiquantitative measurement
of H3.3-protein interactions between wild-type H3.3 and mutant

H3.3 versions. Mutating lysine 4 had the largest effect, signifi-
cantly reducing the spectral counts of 30 proteins. Mutating lysine
9 resulted in substantially lower spectral counts of 16 proteins, fol-
lowed by relatively small effects of mutating lysine 27 and lysine
36 of HA/FLAG-H3.3 (Supplemental Table S1).

Among interacting protein partners of H3.3, we identified
multiple subunits of the NuRD complex, including MTA1,
MTA2, MTA3, HDAC1, HDAC2, CHD4, GATAD2B, MBD2, and
RBBP4 by mass spectrometry (Supplemental Table S1; Fig. 1D).
The interaction between H3.3 and NuRD subunits was severely
compromised following mutation of lysine 4 to arginine, indicat-
ing a critical role of H3.3K4 in the interaction between NuRD
and the H3.3 histone variant (Fig. 1D).

To further validate the interaction between H3.3 and NuRD as
well as the involvement of H3.3K4, we immunoprecipitated wild-
type and H3.3K4R mutant proteins followed by Western blotting
with antibodies specific to NuRD subunits. Both wild-type H3.3
and H3.3K4R proteins were expressed at similar levels, and the in-
duction of H3.3K4R expression did not change the expression of
NuRD subunits, including MTA1, RBBP4, HDAC1, and HDAC2
(Fig. 2A, lanes 1-4). Although both wild-type H3.3 and H3.3K4R
associated with similar levels of H2A.Z, H3.3K4R nucleosomes
coprecipitated substantially less protein representing NuRD sub-
units compared to wild-type H3.3 (Fig. 24, lanes 5-8).

To assess the role of H3.3K4 recognition in NuRD binding,
pull-down binding assays with biotinylated H3 N-tail peptides
with modified and unmodified lysine 4 were performed. To this
end, whole-cell extract from MEF cells was incubated with
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Figure 1.

A H3.3-containing nucleosome immunoprecipitation followed by mass spectrometry identifies H3.3-interacting proteins. (A) Workflow for the

identification of H3.3-nucleosome interacting proteins using an immunoprecipitation (IP)/mass spectrometry approach. (B) Gene Ontology analysis ap-
plied to the list of proteins coprecipitated with HA/FLAG-H3.3 and identified by mass spectrometry. (C) Western blots with lysate obtained from MEFs ex-
pressing wild-type and mutant versions of HA/FLAG-H3.3. Antibodies specific to histone H3 lysine modifications were used for immunoblotting and
validation of lysine conversion to arginine. (D) Spectral counts associated with NuRD subunits obtained from HA/FLAG-H3.3 and HA/FLAG-H3.3K4R IPs.
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Figure 2. H3.3 interacts with the NuRD complex, and together, H3.3 and NuRD co-occupy many sites in the genome. (A) Validation of H3.3-NuRD in-
teractions by co-immunoprecipitation. Lysate was obtained from MEF cells treated with (+) and without (—) doxycycline. HA/FLAG-H3.3 and HA/FLAG-
H3.3K4R were immunoprecipitated with M2-FLAG resin prior to immunoblotting with antibodies specific to NuRD subunits. Five percent of total lysate
was used as input. (B) Avidin-H3 N-tail peptide, either unmodified or modified at lysine 4, was incubated with MEF cell extract followed by SDS-PAGE
with antibodies specific to various NuRD subunits. Five percent of total lysate was used as input. (C) Sequential FLAG-H3.3-RBBP4 and FLAG-H3.3-IgG
ChIP-gPCR assays. Each gqPCR reaction was performed in triplicate, and enrichment was normalized to input. Values are presented as means + SE.
(D) Mapped reads from individual HA-H3.3 and RBBP4 ChiP-seq assays (top two lanes) as well as sequential FLAG-H3.3-RBBP4 and FLAG-H3.3-IgG ChlIP-
seq assays (bottom two lanes). (E) Correlation plots illustrating the relationship between FLAG-H3.3-RBBP4 and RBBP4 ChlIP-seq levels across the genome.

immobilized H3 peptides. All NuRD subunits examined, with the
exception of HDACI1, coprecipitated preferentially with the un-
modified H3 tail (Fig. 2B). HDACI1 copurified weakly with unmod-
ified H3 and its interaction with H3 became stronger with
K4-methylated H3 indicating that other HDAC1-containing com-
plexes may bind preferentially to modified H3 lysine 4. Together,
these results suggest that lysine 4 is recognized by NuRD in its
unmodified state and that both post-translational modification
and conversion into arginine interfere with NuRD binding.

To test whether H3.3 and NuRD bind in a coordinate fashion
to the same sites on chromatin, we performed sequential ChIP as-
says by using anti-FLAG antibody (H3.3) for the first ChIP and
anti-RBBP4 antibody for the sequential ChIP. Indeed, both qPCR
analysis for enrichment at select loci as well as NGS sequencing re-
sults confirmed that H3.3 and NuRD share many genomic loci
(Fig. 2C,D). FLAG(H3.3)-RBBP4 levels correlated positively with
RBBP4 ChIP-seq levels, demonstrating that our sequential ChIP-
seq assay accurately captured RBBP4 levels, and also showing
that RBBP4 levels alone can be considered representative of the lev-
el of the H3.3-RBBP4 interaction (Fig. 2E).

Multiple NuRD subunits also coprecipitated with immuno-
purified H3.1 (HA/FLAG-H3.1), suggesting that NuRD can recog-
nize both H3.1 and H3.3 variants (Supplemental Table S2). We
detected no peptides specific to H3.1 variants in HA/FLAG-H3.3
IPs and, vice versa, no peptides specific to H3.3 in HA/FLAG-
H3.1 IPs, suggesting a homologous composition of nucleosomes
in line with a previous report (Tagami et al. 2004). Although, the
H3.3- specific chaperones ATRX and DAXX were found in complex
with H3.3, we did not obtain spectral counts for HIRA peptides,
suggesting that the HIRA chaperone may associate with H3.3 in
a predeposition complex or, alternatively, that HIRA was expressed
at levels too low to be detected by mass spectrometry.

Genome-wide characterization of H3.3-NuRD interactions

Given the physical interaction between H3.3 and the NuRD com-
plex, we set out to characterize their genome-wide distribution.
For this purpose, we performed ChIP-seq assays for HA-H3.3
and NuRD subunits including CHD4, MBD2/3, MTA1, HDACI,
HDAC2, and RBBP4 (Fig. 3A). Analysis of H3.3 peak overlap with
NuRD subunits revealed that around 63%-81% of NuRD-enriched
regions (CHD4: 70%, MBD2/3: 63%, MTA1: 71%, HDAC1: 80%,
HDAC2: 81%, RBBP4: 78% of peak overlap with H3.3) are co-occu-
pied by H3.3 (Fig. 3B). We previously found that H3.3 is rapidly
turned over at promoters and enhancers associated with active
histone modifications H3K4mel, H3K27ac marks, and H2A.Z
(Kraushaar et al. 2013). H3.3-NuRD peaks were numerous at gene
promoters, intronic sites, and intergenic enhancers (Fig. 3C). In
comparison to the total H3.3 distribution, peaks co-occupied by
both H3.3 and NuRD were more prevalent at promoters and
5 UTR regions and less so within introns, 3" UTR regions, and
downstream from promoters within gene body regions. As expect-
ed for a multiprotein complex such as NuRD, the relative enrich-
ment distribution was similar across all NuRD subunits at various
genomic sites (Fig. 3D). Although H3.3-NuRD peaks were numer-
ous at intronic and intergenic sites, NuRD enrichment levels were
only low to modest at these sites. In contrast, promoters co-occu-
pied by H3.3 and NuRD carried high levels of NuRD enrichment.

Density plots across transcription start sites (TSSs) showed
that NuRD subunits are strongly enriched +1 kbp from the TSS,
with highest enrichment over the nucleosome-depleted region.
Density profiles generated from HA/FLAG-H3.3/RBBP4 sequential
ChlIP-seq samples revealed that co-occupancy is highest on either
side of the nucleosome-depleted region (Fig. 3E).

The enrichment levels of NuRD subunits MTA1 and RBBP4 at
promoter sites correlated positively with H3K4me3, H3K9ac, and
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Figure 3. H3.3-NuRD interactions are prevalent at gene promoters. (A) Custom tracks generated from
ChlP-seq data for NuRD subunits. (B) Venn diagrams illustrating overlap of enrichment between H3.3 and
various NuRD subunits with P-value <0.001 for all subunits. (C) Pie chart illustrating the distribution of
H3.3 peaks (i) and H3.3-NuRD peaks (ii) across various functional genomic regions. NuRD enrichment
was defined as MTA1 and/or MBD2/3 peaks that overlap with RBBP4. (D) Bar graph illustrating the rel-
ative distribution of H3.3-NuRD interactions across various functional genomic regions. Enrichment lev-
els were normalized over the total length of the genomic region. NuRD enrichment was defined as MTA1
and/or MBD2/3 peaks that overlap with RBBP4. (£) H3.3 and NuRD subunit enrichment profiles at +3 kbp
of TSSs. Last panel depicts enrichment of H3.3/RBBP4 complexes generated from sequential FLAG-H3.3-

RBBP4 ChlP-seq experiments.

H3K27ac marks as well as with the histone variants H2A.Z and
H3.3, broadly indicating that NuRD recruitment is linked to gene
activity (Fig. 4A). Direct examination of RNA-seq data confirmed
this assumption and showed a positive correlation between gene
activity and promoter occupancy for every NuRD subunit analyzed
(Fig. 4B). To further investigate gene regulation by H3.3 and NuRD,
we examined gene transcription at sites occupied by either H3.3
with or without NuRD. We observed higher transcription levels

Relative distance from TSS
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sociation of NuRD with nucleosomes is
to some extent dependent on histone
variant deposition. ChIP-qPCR valida-
tion of ChIP-seq results confirmed reduc-
tions in MTA1 and RBBP4 levels at select
sites following H3.3 knockdown (Supple-
mental Fig. S1).

In order to identify gene expression
changes associated with loss of NuRD,
we selected two wild-type and three
H3.3 knockdown clonal cell populations
with varying degrees of H3.3 knock-
down efficiency and called differentially expressed genes based
on changes in gene expression that correlate with the degree of
H3.3 knockdown (Supplemental Fig. S2). Following H3.3 knock-
down, we identified around 250 differentially expressed genes, of
which 137 became down-regulated (Supplemental Fig. S2; Sup-
plemental Table S3). Expression levels of MTA1 and RBBP4 them-
selves did not change substantially between wild-type and H3.3
knockdown cells, suggesting that reduced MTA1 and RBBP4

Relative distance from TSS
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proteins in nuclear extracts of mammali-
an cells (Nishioka et al. 2002; Zegerman
et al. 2002; Wu et al. 2012; Kunowska
et al. 2015). RBBP4 and RBBP7 have
been identified as binding proteins of
H3.3 previously (Goldberg et al. 2010).
Here, we diagnostically identified an in-
teraction between H3.3 and NuRD, in-
cluding NuRD subunits that are shared
between NuRD and other complexes
like RBBP4 but also subunits unique to
NuRD, such as MTA1, MTA2, MTA3,
and MBD2.

Our finding that the K4R conver-
sion on H3.3 abolishes NuRD binding
in vivo indicates a key role for K4 in the
interaction of H3.3 with histone bind-
ing proteins inside the NuRD complex
(Musselman et al. 2009, 2012; Wu et al.
2013). Previous reports that have exam-
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ined NuRD-H3 binding mechanisms
are consistent with our results in that
NuRD binds to unmodified H3 but not
H3 methylated on lysine 4 (Zegerman
etal. 2002; Wu et al. 2013). The inhibito-
ry effect of K4 methylation on NuRD

binding is surprising given our ChIP-seq
results here and other studies that have
shown strong enrichment of NuRD at

20

RNA-seq RPKM
RNA-seq RPKM
RNA-seq RPKM

sites enriched with H3K4me3 (Gunther
et al. 2013; Menafra et al. 2014; Yang
et al. 2016). It is conceivable that ChIP-
seq results confounded by cell and nucle-
osome heterogeneity could falsely lead to
the conclusion that NuRD may directly

Figure 4. H3.3 and NuRD co-occupy promoters of actively transcribed genes. (A) Correlation plots il-
lustrating the relationship between enrichment of RBBP4, MTA1, and levels of various histone marks en-
riched 1 kbp of TSSs. (B) Genes were categorized based on their expression level from low to high using
RNA-seq data. Median promoter enrichment of NuRD subunits was plotted for each category. (C) Box
plots showing median expression levels for genes that are bound by H3.3, H3.3 and NuRD, and NuRD

alone.

enrichment was due to lower levels of recruitment (Supplemental
Fig. $2).

Genes that lost MTA1 and/or RBBP4 following H3.3 knock-
down tended to exhibit lower expression on average, suggesting
that the H3.3-NuRD interaction drives gene activation (Fig. 5D).

bind to H3K4-methylated nucleosomes
in vivo. On the other hand, additional
histone marks and/or chaperones specif-
ic to certain histone variants may over-
ride repulsive signals such as H3K4
methylation and still lead to recruitment
of NuRD, albeit perhaps at lower affinity.
It was recently shown that ZMYNDS8
(zinc finger MYND [Myeloid, Nervy,
and DEAF-1]-type containing 8) selec-
tively recruits NuRD to H3.1K36Me2/H4K16Ac and shows pre-
ference for H3.1 over H3.3, underscoring the importance of
additional histone marks in NuRD recruitment (Adhikary et al.
2016; Spruijt et al. 2016). The exact determinants of NuRD binding
will require further investigation, yet, this study shows that NuRD
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Figure 5. Knockdown of H3.3 leads to changes in global histone marks and a reduction in RBBP4 and
MTAT1 recruitment. (A) qRT-PCR assays allowing for comparison of H3f3a and H3f3b transcript levels be-
tween wild-type (LUC) and H3.3 knockdown cells. (B) Western blot showing changes in levels of histone
modifications following knockdown of H3.3. The H3Kac antibody recognizes H3K9ac, H3K14ac,
H3K18ac, H3K23ac, and H3K27ac. (C) Box plots showing changes in enrichment for MTAT genome-
wide (i) and £1 kbp of TSSs (i), as well as changes in enrichment for RBBP4 genome-wide (iii) and
+1 kbp of TSSs (iv) following knockdown of H3.3. (D) Empirical cumulative distribution for the fold
change of gene expression (shH3.3/shLUC), in FPKM (logy), at sites that showed a decrease (blue line)
or increase (red line) in MTAT1 (i) and RBBP4 (ii) ChIP-seq levels. Genes with MTA1 (i) and RBBP4 (ii) en-
richment +1 kbp from the TSS were included in this analysis. A decrease and increase in ChIP-seq levels
after knockdown of H3.3 were defined as log,FC <—-0.5 and log,FC>0.5, respectively.

recruitment cannot be fully compensated for when H3.3 is lost
altogether.

ChIP-seq experiments with antibodies specific to various
NuRD subunits revealed that the majority of NuRD-enriched sites
are co-enriched in H3.3. Considering the ubiquitous expression of
both H3.3 and NuRD, their functions as gene activators and repres-
sors, respectively, as well as their roles in cancer pathology renders
the H3.3-NuRD interaction of particular importance to the modu-
lation of gene transcription. NuRD activity is generally thought of
as a factor mediating gene repression through histone deacetyla-
tion. Nevertheless genome-wide mapping of NuRD subunits by
us and others have revealed NuRD binding at active promoters.
Menafra et al. (2014) reported binding of tagged MBD2 in MCF-7
breast cancer cells at hypermethylated sites but also a subset of ac-
tive genes transcribed at low levels. It has been claimed that NuRD/
MBD2 binds primarily at repressed and hypermethylated genes
and NuRD/MBD3 predominantly at active genes devoid of meth-
ylation (Gunther et al. 2013). However recent studies have re-
vealed a highly overlapping localization of MBD2 and MBD3
binding sites independent of methylation status in favor of a syn-
ergistic role of MBD2 and MBD3 (Hainer et al. 2016). Our genome-
wide profiling of multiple NuRD subunits showed that NuRD
localizes at moderately to highly transcribed genes that are co-oc-
cupied by H3.3, indicating cell-type-specific differences in NuRD
distribution.

Functional studies that have utilized depletion of MBD2 and
MBD3 failed to unambiguously support a unifying role for NuRD
as a gene repressor. MBD2 knockdown in erythrocytes resulted
in re-expression of the p-globin gene which is methylated and

H3f3a and H3f3b, we only observed mod-
erate changes in the levels of histone
marks as well as in the number of differ-
entially expressed genes, considering the
widespread distribution of H3.3. Studies
that have used H3f3b KO MEFs as well
as HIRA knockout ES cells have also re-
ported moderate changes in histone
modifications and small changes in glob-
al gene expression (Goldberg et al. 2010;
Bush et al. 2013). It seems likely that
post-translational modifications can be
partially maintained and compensated
for by canonical H3. Regardless, we cannot fully rule out the
possibility that the remaining base level of H3.3 protein left fol-
lowing knockdown is sufficient to carry out transcription-related
functions.

In summary, we identified a prominent interaction between
H3.3 and NuRD, which takes place at promoters of actively tran-
scribed genes and regulatory sites occupied by H3.3. We deci-
phered that the physical interaction between H3.3 and NuRD
subunits is critically dependent upon unmodified Lys4 of the
H3.3 N-tail. Furthermore, loss of H3.3 led to a global reduction
in NuRD binding, suggesting that the deposition of H3.3 and
NuRD recruitment are directly linked processes. Deposition of
H3.3 in place of canonical histones may direct NuRD to promoters
of actively transcribed genes and prevent disproportionate Pol II-
dependent transcription.

Methods

Cell culture, cell line derivation, and RNAI

NIH/3T3 Tet-On 3G MEFs (Clontech) were cultured in standard
conditions with medium containing 10% FBS. A modified H3f3b
coding sequence was subcloned in-frame with an HA and FLAG
tag at the C terminus and cloned into the lentiviral pLVX-Tight-
Puro Vector (Clontech). Lysine residues were converted to argi-
nines at amino acid positions K4, K9, K27, and K36, and mutations
were validated by Sanger sequencing.

The RNA interference constructs targeting H3.3 were generat-
ed by inserting H3f3a and H3f3b target sequences into pGreenPuro
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Lentivector (System Biosciences) constructs. The sequences used
to knock down H3f3a and H3f3b were 5-GATACCAATCTGTGT
GCTATCCATGCCAA-3’ and 5-GATACCAATCTGTGTGCCATCC
ACGCCAA-3, respectively.

The control construct was made by inserting a luciferase
sequence 5'-GTGCGTTGTTAGTACTAATCCTATTT-3' into the
pGreenPuro Lentivector. Lentiviral particles were packaged in
293T cells with the psPAX2 packaging plasmid. Subsequently,
we transduced NIH/3T3 Tet-On 3G MEFs (Clontech) and drug-
selected with puromycin for stable integration.

Mononucleosomal immunoprecipitation

HA/FLAG-H3.3-expressing NIH/3T3 fibroblasts (Kraushaar et al.
2013) were cultured with and without 2 pg/mL doxycycline.
1.5 x 108 cells were collected and processed according to Draker
et al. (2012). Briefly, cell pellets were suspended in 5 mL of
Buffer A (20 mM HEPES at pH 7.5, 10 mM KCl, 1.5 mM MgCl,,
0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 5 mM sodium
butyrate, 10 mM NEM, protease inhibitors), pelleted, resuspended
in 5 mL of Buffer A containing 0.2% Triton X-100, and incubated
for 5 min on ice. Nuclei were washed in 5 mL of Cutting Buffer
(10mM Tris-HClat pH 7.5, 15 mM NacCl, sodium butyrate, and pro-
tease inhibitors), pelleted, and subsequently resuspended in
Cutting Buffer plus 2 mM CaCl. Micrococcal nuclease (Roche)
was added at a concentration of 10 units per 107 cells and the reac-
tion incubated for 30 min at 37°C, at which point the reaction was
stopped through addition of EGTA (10 mM final concentration).
The cell suspension was transferred to TE pH 8.0, briefly sonicated,
and incubated for 15 min on ice to induce hypotonic lysis. The salt
concentration of the nuclear suspension was adjusted by adding 3x
Buffer D (60 mM HEPES at pH 7.5, 450 mM Nacl, 4.5 mM MgCl,,
0.6 mM EGTA, 0.6% Triton X-100, 30% glycerol) dropwise with
continuous vortexing. Following centrifugation at 16,000 for
10 min, the supernatant was transferred to a new tube and 300
pL of M2-FLAG resin was added and incubated at 4°C overnight.

Mass spectrometry

Eluted proteins from the M2-agarose beads in 8 M urea buffer were
subjected to an in-solution digestion procedure. Briefly, the pro-
teins were reduced using dithiothreitol (DTT, Sigma 43815) for
1 h at 37°C and then alkylated using iodoacetamide at room tem-
perature (IAA, Sigma 11149). Samples were diluted using ammoni-
um bicarbonate to reduce the urea concentration to <0.8 M and
later digested overnight at 37°C with 2 pg of trypsin enzyme, se-
quencing grade (Promega, V5111). The resulting tryptic peptides
were acidified using formic acid to pH <3 and the samples were de-
salted and concentrated using C18 zip-tips (Millipore Corporation,
ZTC185096).

Liquid chromatography tandem mass spectrometry was per-
formed using an Eksigent nano-LC-Ultra 1D Plus system coupled
to an LTQ-Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific) using CID (collision-induced dissociation) fragmenta-
tion. Peptides were first loaded onto a Zorbax 300SB-C18 trap col-
umn (Agilent) at a flow rate of 6 uL/min for 6 min and then
separated on a reversed-phase Picofrit analytical column (New
Objective) using a 65-min linear gradient of 5%-35% acetonitrile
in 0.1% formic acid at a flow rate of 250 nL/min. LTQ-Orbitrap
Elite settings were as follows: spray voltage, 1.5 kV; full MS range,
m/z 300-2000. The LTQ-Orbitrap Elite was operated in a data-de-
pendent mode, i.e., one MS1 high resolution scan for precursor
ions followed by six data-dependent MS2 scans for precursor
ions above a threshold ion count of 500 with collision energy
of 35%.

Protein identification

The raw files generated from the LTQ Orbitrap Elite were ana-
lyzed using Proteome Discoverer version 1.4 software (Thermo
Fisher Scientific). Data were submitted to the Mascot v2.5.1
(Matrix Sciences) search engine with the following search criteria;
database, Swiss-Prot (Swiss Institute of Bioinformatics); taxono-
my, mouse; enzyme, trypsin; miscleavages, 2; variable modifica-
tions, oxidation (M), deamidation (NQ), methylation (K); fixed
modification, carbamidomethyl (C); MS peptide tolerance
20 ppm; MS/MS tolerance 0.8 Da. The resulting data file was
loaded into the Scaffold software (version scaffold_4.3.4,
Proteome Software, Inc.) to filter and quantitate the peptides
and proteins. For protein identification, filters were set to at least
one unique peptide identified per protein with an FDR setting of
0.5%. Data analysis and clustering were performed in the Scaffold
software. Relative quantification was done in a label-free ap-
proach with the setting Quantitative Value (Normalized Total
Spectra). For comparison, the total number of spectral counts
identified for each protein was visualized and compared to the
counterpart. Spectral counts of the control (minus doxycycline)
samples were considered background and were used to remove
false positive protein identifications. For semiquantitative com-
parison across samples, spectral counts were normalized to total
nucleosome content based off histone H4 spectral counts.
Duplicate analyses for HA/FLAG-H3.3 wild-type and HA/FLAG-
H3.3 mutants were compared and only proteins with differences
in spectral counts greater than twofold in both data sets were
considered as differential interactions, given a minimum spectral
count of 2 in wild-type samples.

For validation by co-immunoprecipitation, protein was elut-
ed with SDS sample buffer and run on a 10% SDS-gel. Antibodies
used for immunoblotting: HDAC2 (Abcam, ab7029), HDAC1
(Abcam, ab7028), RBBP4 (Abcam, ab79416), MTA1 (Santa Cruz,
sc-9446), HA (Roche, 11666606001), FLAG (M2, Sigma, F1804),
MBD2/3 (Abcam, ab45027), H3.3 (Millipore, 09-838), H3K4me3
(Millipore, 17-614), H3K9ac (Abcam, ab4441), H3K27ac (Abcam,
ab4729), H3Kac (Abcam, ab47915), H3K27me3 (Millipore, 07—
449), H3K36me3 (Abcam, ab9050), H2A.Z (Abcam, ab4147),
H3K9me3 (Abcam, ab8898), H4 (Abcam, ab7311). Histones
were isolated by acid extraction as described in Shechter et al.
(2007) prior to immunoblotting against H3.3 and histone
modifications.

Histone peptide pull-down assay

One hundred micrograms of lyophilized histone peptides
(H3K4ac, Epicypher; unmodified H3, H3K4mel, H3K4me2,
H3K4me3; Millipore) were dissolved in 400 pL of PBS. 1x10%
MEFs were hypotonically lysed with Buffer A (10 mM HEPES at
pH 7.9, 1.5 mM MgCl,, 10 mM KClI, freshly added protease inhib-
itors and DTT to 1 mM) before nuclear extract was isolated with
Buffer C (20 mM HEPES at pH 7.9, 25% v/v glycerol, 420 mM
KCl, 1.5 mM MgCl,, 0.2 mM EDTA, freshly added protease inhib-
itors and DTT to 1 mM) and the salt concentration lowered to 150
mM using Buffer D (20 mM HEPES at pH 7.9, 20% v/v glycerol, 0.2
mM EDTA, 0.2% Triton X-100). Following mechanical lysis by son-
ication, 50 pL of prewashed avidin-histone peptide slurry was add-
ed to precleared lysate and incubated overnight at 4°C. After
washing of the avidin beads, SDS sample buffer was added and
samples were boiled for 5 min and subsequently run on a 10%
SDS gel. The following antibodies were used for the histone pep-
tide pull-down assay: mSin3A (Abcam, ab3479), CoREST
(Millipore, 07-455), HDAC2 (Abcam, ab7029), HDAC1 (Abcam,
ab7028), RBBP4 (Abcam, ab79416), MTA1 (Santa Cruz, sc-9446).
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ChIP and deep sequencing library preparation

ChlIP-seq experiments were performed as described previously
(Barski et al. 2007) with the following antibodies: MBD2/3
(Abcam, ab45027), CHD4 (Abcam, ab70469), HDAC2 (Abcam,
7029), HDAC1 (Abcam, ab7028), RBBP4 (Abcam, ab79416).

For sequential ChIP, 4 x 107 cells were lysed, and crosslinked
DNA was subjected to immunoprecipitation with 50 pL of
M2-FLAG agarose (Sigma). Agarose beads were washed twice with
RIPA buffer, resuspended in 100 pL TE, followed by elution of
the immunocomplexes with 3 pL of 5 pg/pL FLAG peptide
(Sigma-Aldrich, F3290) at 4°C for 2 h. The supernatant was trans-
ferred and re-immunoprecipitated with RBBP4 antibody (Abcam,
ab79416) immobilized to Dynabeads Protein A (Thermo Fisher
Scientific) before crosslinking was reversed and protein digested
with Proteinase G.

ChIP material was blunt-ended and phosphorylated with the
End-it-Repair kit (EPICENTRE). Illumina genome sequencing
adaptors were ligated with T4 DNA ligase (New England BioLabs)
after addition of adenosine nucleotides, using exo-Klenow. Sam-
ples were PCR-amplified with multiplexed Illumina genomic
DNA sequencing primers. PCR products (250 to 450 bp in size)
were gel-purified and submitted for Illumina deep sequencing.

For RNA-seq library construction, polyadenylated RNA was
isolated from 5 pg of total RNA isolated using the Dynabeads
mRNA Direct kit (Invitrogen). Double-stranded cDNA was generat-
ed with the Double-stranded cDNA synthesis kit (Invitrogen), son-
icated, and subsequently processed exactly like ChIP DNA.

qRT-PCR

Total RNA was isolated using the RNeasy kit (Qiagen), and cDNA
was made from 1 pg of total RNA using the SuperScript III First-
Strand Synthesis System (Invitrogen). RT-PCR was performed
with the following primers: H3f3a (F): TTTTTCCATGGGGTCA
AAGG; H3f3a (R): TCACACACAAATGAACGTGG; H3f3b (F): CAC
TCAGGATGAATGGGAAGA; H3f3b (R): CCCATCCCTTCTGCGT
ATTA.

ChIP-qPCR signals were calculated as percent input with error
bars representing standard errors (n=3). ChIP-PCR was performed
with the following primers: Ichr8 Forward: AAGGGGCCTCTGC
TTAAAAA, Ichr8 Reverse: AGAGCTCCATGGCAGGTAGA; Pmp22
Forward: CAGACTCAATCAGCCTCTTTACG, Pmp22 Reverse: CT
ATCCCTTGGTTGCTGCTG; Cnnm3 Forward: CCGGCACTGTCC
TAGACTTC, Cnnm3 Reverse: AGAGCATGTCCACGATGTTG;
Fzd2 Forward: ATCTCCATCCCGGACCAC, Fzd2 Reverse: CTGGT
TGTAGGCGATGTCC; Svepl Forward: ACGACTCGTCCACCAG
GA, Svepl Reverse: AGCAGGGAGCAAAGTGGA; Atoh8 Forward:
TGTGTCCTGTCCCGAAGC, Atoh8 Reverse: AACTTTCCGATTGG
ACTTGG; Dock8 Forward: CGCTCAAGATCAACAGGTAAGA,
Dock8 Reverse: CAAGAGGACGAGAATGAGTCG.

Genome mapping, peak calling, and annotation

ChlIP-seq reads of each library were mapped to the mouse genome
(UCSC mm9) (Kent et al. 2002) from the Illumina iGenome
database (http://support.illumina.com/sequencing/sequencing_
software/igenome.html) using Bowtie (Langmead et al. 2009).
Redundant mapped reads were removed. The Model-based
Analysis of ChIP-Seq (MACS) (Zhang et al. 2008) version 1.4.2
was used to call peaks with default parameters of model fold be-
tween 10 and 30 and a P-value cutoff of 1.00 x 10~°. Overlapping
peaks of NuRD subunits and H3.3 were merged using the Merge
function of the BEDTools package (Quinlan 2014) in order to gen-
erate a reference peak set. Then, each reference peak was annotated
to a certain genomic category if its center overlapped with a certain

RefSeq genomic region, i.e., exon, intron, promoter (3 kbp up-
stream of TSS), 3’ UTR, § UTR, and downstream regions (5
kbp downstream from transcription end site, TES). The RefSeq ge-
nomic annotation of mm9 was downloaded from the UCSC
Genome Browser.

ChlIP-seq enrichment calculation

A 1 kbp window table for all chromosomes of the mouse genome
was generated using the Makewindows function of the BEDTools
package. A 1 kbp window table for each TSS was generated using
the Makewindows and Slop functions of the BEDTools package
along with a TSS location table downloaded from the UCSC
Genome Browser. The tag count for each window was then calcu-
lated using the IntersectBed function of the BEDTools package.
Finally, the RPKM value for each window was generated with the
tag count normalized against the number of total mapped reads
of the corresponding ChIP-seq library.

TSS profile generation

Using the foregoing methods, +3 kbp windows on all TSS regions
were generated. Then, each TSS window was divided into 50-bp
bins. The coverage level of each bin was calculated by adding up
the number of mapped reads for all gene isoforms at the same rel-
ative location for each ChIP-seq library using the IntersectBed
function of the BEDTools package.

Gene expression analysis

The reads from RNA-seq libraries were mapped to the mouse
genome (mm?9) using TopHat (Trapnell et al. 2009). The gene ex-
pression level for each gene and gene isoform was then measured
with the expected number of fragments per kilobase of transcript
sequence per millions base pairs sequenced (FPKM) using
Cufflinks (Trapnell et al. 2012). Differentially expressed genes
were identified with the following criteria: FPKM (shLUC #1) <
FPKM (shH3.3A/B #1) <FPKM (shH3.3A/B #2) <FPKM (shH3.3A/
B #3) and FPKM (shLUC #2)<FPKM (shH3.3A/B #1) <FPKM
(shH3.3A/B #2) <FPKM (shH3.3A/B #3) or FPKM (shLUC #1) >
FPKM (shH3.3A/B #1) > FPKM (shH3.3A/B #2) > FPKM (shH3.3A/
B #3) and FPKM (shLUC #2)>FPKM (shH3.3A/B #1)>FPKM
(shH3.3A/B #2) > FPKM (shH3.3A/B #3).

Conjoint analysis of gene expression and RBBP4/MTAI ChlP-seq
levels in wild-type and H3.3 knockdown samples

The FPKM value for each gene isoform was evaluated using
Cufflinks for shLUC #1/2 and shH3.3A/B #3 RNA-seq libraries.
RBBP4 and MTA1 ChlIP-seq levels were calculated as RPKM values
at each £1kbp TSS region as above using the BEDTools package.
The cumulative density curves were each generated for gene iso-
forms that displayed an increase or decrease in ChIP-seq levels at
their TSS regions.

Data access

ChIP-seq and RNA-seq level data from this study have been sub-
mitted to the NCBI Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo) under accession number GSE110
382. Sequence data from this study have been submitted to the
NCBI Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.
gov/sra) under accession number SRP133189. Sanger sequencing
data for cDNAs have been submitted to the NCBI GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) under accession num-
bers MH899003, MH899004, MH899005, MH899006, and
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MH899007. Mass spectrometry data from this study have been
submitted to the Peptide Atlas (http://peptideatlas.org) under ac-
cession number PASS01232.
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