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Abstract

H2A.Z is an essential histone variant that has been implicated to have multiple chromosomal functions. To understand how
H2A.Z participates in such diverse activities, we sought to identify downstream effector proteins that are recruited to
chromatin via H2A.Z. For this purpose, we developed a nucleosome purification method to isolate H2A.Z-containing
nucleosomes from human cells and used mass spectrometry to identify the co-purified nuclear proteins. Through stringent
filtering, we identified the top 21 candidates, many of which have conserved structural motifs that bind post-translationally
modified histones. We further validated the biological significance of one such candidate, Brd2, which is a double-
bromodomain-containing protein known to function in transcriptional activation. We found that Brd2’s preference for
H2A.Z nucleosomes is mediated through a combination of hyperacetylated H4 on these nucleosomes, as well as additional
features on H2A.Z itself. In addition, comparison of nucleosomes containing either H2A.Z-1 or H2A.Z-2 isoforms showed that
significantly more Brd2 co-purifies with the former, suggesting these two isoforms engage different downstream effector
proteins. Consistent with these biochemical analyses, we found that Brd2 is recruited to AR–regulated genes in an H2A.Z-
dependent manner and that chemical inhibition of Brd2 recruitment greatly inhibits AR–regulated gene expression. Taken
together, we propose that Brd2 is a key downstream mediator that links H2A.Z and transcriptional activation of AR–
regulated genes. Moreover, this study validates the approach of using proteomics to identify nucleosome-interacting
proteins in order to elucidate downstream mechanistic functions associated with the histone variant H2A.Z.
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Introduction

H2A.Z is a variant of the canonical histone H2A. Amongst the

different variants of core histones that have been identified to date,

H2A.Z is unique in being the only variant that is essential for

viability and development in a number of organisms [1,2,3,4].

H2A.Z has been implicated to function in multiple cellular

pathways, including maintenance of chromosome stability and

segregation [5,6,7], prevention of the spread of heterochromatin

[8], as well as regulation of transcription (for review see [9,10]).

Currently, the essential function of H2A.Z is unknown. Although

H2A.Z participates in diverse cellular pathways, its functional

mechanisms have yet to be fully elucidated. Like all other histones,

H2A.Z is subjected to post-translational modifications (PTMs),

which may further modulate its function in the different pathways.

For example, acetylation of lysine residues at the N-terminus has

been linked to transcriptional activation [11,12,13,14], whereas

ubiquitylation of the C-terminus is associated with transcription-

ally inactive chromatin [15,16]. These studies have led us, and

others, to propose that H2A.Z physically poises chromatin at

transcription start sites and that PTMs on H2A.Z further specify

its function in transcriptional activation or repression [9,17].

At the amino acid level, mammalian H2A and H2A.Z share

about 60% identity. Knockout of the H2A.Z gene is lethal in mice,

which suggests that the unique regions of H2A.Z are required for

the essential function in complex eukaryotes. Moreover, these

unique regions likely engage effector proteins that mediate H2A.Z-

specific functions. A number of studies have examined and

identified H2A.Z-interacting proteins; however, these studies have

focused on purifying soluble, tagged H2A.Z, often from whole-cell

extracts, to identify proteins interacting directly with this variant

[18,19,20,21]. Not surprisingly, these studies mostly identified

H2A.Z chaperone proteins and chromatin remodeling complexes

that deposit H2A.Z into the chromatin fibre. While these studies

have yielded invaluable information regarding the biology and

regulation of the targeting and incorporation of H2A.Z into

chromatin, they were not as informative in elucidating the

functions of H2A.Z downstream of its deposition. To that end,

we are interested in identifying effector proteins that engage

H2A.Z on chromatin since these proteins likely contribute to the

physiological functions associated with H2A.Z. For this purpose,

we used a mass spectrometry-based approach to identify proteins

that preferentially associate with H2A.Z nucleosomes. We

specifically chose mono-nucleosomes, instead of soluble H2A.Z,
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as the bait for two reasons: First, histones exist in the context of

nucleosomes in vivo and there are now many examples of proteins

that contact multiple sites on nucleosomes to stabilize their

interactions with chromatin (for recent examples see

[22,23,24,25]). Second, we have previously found that the general

H3 methylation status on H2A.Z-nucleosomes is distinctly

different from H2A-nucleosomes [16]. This suggested that

H2A.Z-nucleosomes have unique histone PTM signatures that

could collectively influence the engagement of downstream

effector proteins. This idea is consistent with the concept of

multivalency whereby multiple histone PTMs contribute to the

overall binding and stability of chromatin-binding proteins or

complexes that contain multiple histone PTM-binding motifs [26].

Using our nucleosome purification-mass spectrometry analyses,

we indeed identified a number of proteins that preferentially

associate with H2A.Z-nucleosomes over H2A-nucleosomes. Gene

ontology (GO) analyses showed that the majority of the interacting

proteins are chromosome- or chromatin-associated proteins.

Consistent with the transcription-related functions of H2A.Z,

many of the identified proteins have putative transcription-

associated functions. Of the top 21 identified proteins, we focused

our follow-up studies on Brd2 because of its transcriptional co-

activator function and because it contains bromodomains that

bind acetyl-lysines.

Brd2 belongs to the BET family of proteins, all of which contain

tandem bromodomains in their N-termini and an extraterminal

domain of unknown function in their C-termini [27]. Brd2 has

essential cellular functions as evidenced by the early embryonic

lethality of homozygous null mice [28,29]. Moreover, Brd2

hypomorhpic mice become extremely obese when placed on a

regular diet, and yet they avoid the development of insulin

resistance and diabetic disease [30]. In contrast, over-expression of

Brd2 specifically in the B-cell compartment of mice leads to

development of leukemia [31]. Although the exact role of Brd2 in

these cellular processes is not clear, the importance of its function

may have to do with its ability to act as a transcriptional co-

activator. It has been reported that Brd2 is involved in the

transcriptional activation of cell cycle regulatory genes cyclin A,

D1 and E in combination with Ras or MEKK [32]. Furthermore,

Brd2’s role in transcription is also evidenced by its reported

associations with components of transcriptional machinery such as

E2F, TBP, and the largest subunit of Pol II [33,34,35,36], and it

has also been shown to facilitate transcription through acetylated

chromatin [37].

In this study, we found that Brd2’s association with H2A.Z

nucleosomes is enhanced upon treatment of cells with trichostatin

A (TSA) and is dependent on its bromodomains. Peptide

competition assays suggest that acetylated H4 is the primary site

of interaction between Brd2 and H2A.Z nucleosome and, indeed,

we found that the overall H4 acetylation levels are higher on these

nucleosomes than on H2A nucleosomes. However, experiments

using re-assembled H2A- and H2A.Z-nucleosomes that contain

equivalent amounts of H4 acetylation suggest that additional

features specific to H2A.Z further augment Brd2’s interaction with

nucleosomes. This conclusion is further supported by the fact that

more Brd2 co-purifies with H2A.Z-1, compared to H2A.Z-2, -

containing nucleosomes, even though they both have similar levels

of H4 acetylation. In vivo experiments showed that, following

hormone stimulation, Brd2 is recruited to androgen receptor (AR)-

regulated genes in an H2A.Z-dependent manner. Finally, the

small molecule inhibitor JQ1 blocked recruitment of Brd2 to AR–

regulated genes, prevented transcriptional activation of these

genes, and inhibited prostate cancer cell proliferation. All together,

our analyses identified new biologically relevant interactions

between nuclear factors and H2A.Z nucleosomes, and yielded

insights into how H2A.Z containing-chromatin engages and

recruits Brd2 to mediate downstream functions in transcriptional

regulation.

Results

Identification of H2A.Z-nucleosome-interacting proteins
To understand the physiological functions of chromosomal

H2A.Z, we took an unbiased proteomics approach to identify

proteins preferentially interacting with H2A.Z-containing nucleo-

somes. To do this, we first transfected 293T cells with Flag-tagged

H2A.Z (or Flag-tagged H2A as a control), digested the chromatin

to mononucleosomes with micrococcal nuclease (MNase) and then

immunoprecipitated intact nucleosomes with anti-Flag antibody.

By this method, we isolated and analyzed the co-purifying proteins

by LC-MS/MS (Figure 1A; see Materials and Methods for details).

Following three independent purifications and MS analyses, the

cumulative data were filtered (see Materials and Methods for

details) to generate a list of proteins that preferentially interact with

H2A.Z nucleosomes (Figure 1B). Gene ontology analysis of the top

21 identified proteins (Figure 1D) revealed that most of the

proteins are chromatin-associated proteins involved in chromatin

organization and transcription. For example, our screen identified

components of the H2A.Z remodeling complex SRCAP, including

DMAP1, RUVB1, RUVB2 and VPS72. In addition, the

transcriptional regulator WDR5 was one of the top hits. WDR5

is involved in transcription via its association with mammalian

H3K4 methyltransferase complexes [38,39,40,41]. Insofar as

WDR5 preferentially binds di- and tri-methylated H3K4 [42],

this is consistent with our previous finding that H2A.Z nucleo-

somes are enriched for di- and tri-methylated H3K4 [16].

Interestingly, many of the other identified proteins have

conserved domains that can recognize various histone PTMs.

For example, PHF6 and PHF14 have PHD fingers, which are

motifs that can recognize methylated lysine residues [43].

Similarly, PWWP2A contains a PWWP domain, which is part of

the Royal Family of domains that also recognize methylated lysine

Author Summary

Within the cell’s nucleus, DNA closely associates with
histone proteins, forming a structure known as chromatin.
Packaging DNA into chromatin allows for efficient storage
of the genome, and it also provides an additional means of
regulating processes, such as gene expression, that require
access to DNA. Two copies each of the four core histones
(H2A, H2B, H3, H4) associate with approximately 150 base
pairs of DNA to make up the basic unit of chromatin, the
nucleosome. In addition to the core histones, variants exist
that have specialized functions within chromatin. One such
variant is H2A.Z, which is essential for cell viability. Here,
we describe an approach by which to characterize proteins
that interact with H2A.Z-containing nucleosomes. Our
findings reveal that many of the identified proteins may
interact with H2A.Z nucleosomes by recognizing specific
chemical modifications uniquely present on H2A.Z nucle-
osomes. One such protein, Brd2, interacted in a manner
dependent on recognition of acetylated histone residues
that are enriched on H2A.Z nucleosomes. Furthermore, this
interaction is required for expression of hormone-respon-
sive genes in prostate cancer cells. By this approach, we
uncovered a key mediator linking H2A.Z to transcriptional
regulation and found a potentially targetable step to
regulate prostate cell proliferation.

Identifying H2A.Z-Nucleosome-Interacting Proteins
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Figure 1. Nucleosome IP/Mass spectrometry approach for the identification of H2A.Z-nucleosome interacting proteins. A. Schematic
of the nucleosome IP & mass spectrometry protocol used. B. Heat map of spectral counts from amalgamated data showing the top 21 protein hits. C.
Venn diagram summarizing the number of unique and overlapping hits between H2A.Z nucleosomes, H2A nucleosomes, and the Flag-tagged GFP
control. D. Gene ontology analysis of the proteins identified in our MS analysis.
doi:10.1371/journal.pgen.1003047.g001
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PLOS Genetics | www.plosgenetics.org 3 November 2012 | Volume 8 | Issue 11 | e1003047



residues [44]. Finally, PHIP and Brd2 both have bromodomains,

which are well-characterized acetyl-lysine binding motifs [45,46].

Given that many of the interacting proteins contain motifs known

to bind post-translationally modified histones, the overall PTM

signature on H2A.Z nucleosomes likely mediates and contributes

to these interactions.

A combination of elements on the H2A.Z nucleosome
stabilizes its interaction with Brd2

Brd2 is a double-bromodomain protein known to be involved in

transcriptional activation. Given that both H2A.Z and Brd2 are

known to have transcription-related functions, we chose to

perform follow-up experiments to further validate and character-

ize the interaction between Brd2 and H2A.Z nucleosomes. First,

we confirmed this interaction by repeating our mononucleosome

IP experiments and compared the amounts of endogenous Brd2

that co-immunoprecipitated with the H2A/H2A.Z nucleosomes

by Western blots (Figure 2A; two additional proteins from our list,

USP39 and PWWP2A, were also validated as shown in Figure S1).

Since Brd2 contains 2 bromodomains [47,48,49,50,51], we next

tested whether hyperacetylating the histones, prior to harvest and

immunoprecipitation, would enhance the interaction between

Brd2 and chromatin. In control cells (treated with DMSO), Brd2

was immunoprecipitated with H2A.Z nucleosomes, whereas no

detectable levels of Brd2 were observed on H2A nucleosomes

(Figure 2A—compare lanes 1 & 3 from IP fraction). Treatment of

cells with the histone deacetylase inhibitor trichostatin A (TSA)

resulted in an overall increase in histone acetylation as confirmed

by acetyl-H4 Western blots (lanes 2 & 4 in both the INPUT and IP

fractions). More importantly, TSA-treatment greatly enhanced the

interaction of Brd2 with H2A.Z nucleosomes. The hyperacety-

lated H2A nucleosomes also pulled down some Brd2 but the

amount is minor compared to that found on H2A.Z nucleosomes

(compare lanes 2 & 4 in the IP fraction). All together, these results

validated our MS data and showed that Brd2 is a novel H2A.Z-

nucleosome-interacting protein. Moreover, this interaction is

enhanced when the histone acetylation levels are increased.

To determine if the enhancement of Brd2 binding to H2A.Z

nucleosomes following hyperacetylation is specific to Brd2, we

compared the binding properties of Brd2 to that of a known

H2A.Z-binding protein, VPS72. VPS72 is the human homologue

of Swc2, which is a component of the H2A.Z deposition complex

Swr1, and directly interacts with H2A.Z, within the Swr1 complex

[52]. We first co-transfected Flag-H2A.Z together with YFP-Brd2

or HA-VPS72, and then performed our mononucleosome IPs.

Like the endogenous protein, YFP-Brd2 was immunoprecipitated

with H2A.Z nucleosomes, and the amount of protein immuno-

precipitated was greatly increased in cells treated with TSA

(Figure 2B). In contrast, the same amount of HA-VPS72 was

immunoprecipitated with H2A.Z nucleosomes regardless of the

acetylation status of the chromatin. Therefore, increased binding

under hyperacetylated conditions is not a general property of

H2A.Z nucleosome-interacting proteins. Interestingly, we also

note that over-expression of the YFP-Brd2 construct increases

levels of H4Ac, which has been reported previously [53].

Since the interaction between Brd2 and H2A.Z nucleosomes

greatly increased when the chromatin is hyperacetylated, this

suggests that the interaction is mediated through the bromodo-

mains of Brd2 and the acetylated lysines on histones. To test this,

we compared the ability of H2A.Z nucleosomes to immunopre-

cipitate wild type (WT) Brd2, to a mutant version (BD) of Brd2

that contains point mutations in each of its bromodomains, which

renders the domains incapable of binding acetylated lysine

residues [53]. Even though the BD mutant expressed at a much

higher level than the WT-Brd2 in the transfected cells (Input panel

in Figure 2C), the BD mutant was not immunoprecipitated with

H2A.Z nucleosomes under basal or hyperacetylated conditions

(compare IP fractions lanes 3 & 4 with lanes 5 & 6 in Figure 2C). It

is noteworthy that endogenous Brd2 was also immunoprecipitated

in both sample sets at comparable levels, as detected by anti-Brd2

antibody. Therefore, the interaction of Brd2 with H2A.Z

nucleosomes is directly dependent on the bromodomains of Brd2.

Previously, it has been reported that the bromodomains of Brd2

bind acetylated lysine residues on H4 [47,48,49,50,51]. Inasmuch

as the H2A.Z N-terminal tail also harbours multiple acetylated

lysines at similar intervals as those found on the H4 tail

[11,12,54,55], it is therefore possible that the bromodomains of

Brd2 may also bind acetylated H2A.Z. To test this, we initially

performed peptide pull-down assays using recombinant BD2 of

Brd2 and peptides corresponding to acetylated H4, H2A.Z, and

H2A. However, under our assay conditions, we could not detect

binding of BD2 to any of the tested peptides, including the positive

control H4 peptides (data not shown). It is possible that our

recombinant BD2 did not include enough flanking sequences for

proper folding. Alternatively, the reported binding co-efficient for

Brd2 BD2 binding to AcH4 peptides is in the mM range [47,50],

which suggests that this interaction is very weak and, therefore, our

peptide pull-down conditions may not have been optimized for

efficient detection. As an alternative approach, we used the same

series of peptides in peptide competition assays to ask whether any

of them can compete Brd2 binding from the purified nucleosomes

(see competition scheme depicted in Figure 3A). Consistent with

the reported binding of Brd2 to AcK12 on H4 [47,48,49,50,51],

and the reported preference of Brd2 for tri- or tetra-acetylated H4

peptides [56], the addition of acetylated H4 peptides (K12, or tetra

acetylated at K5, K8, K12, & K16) efficiently competed away

binding of Brd2 to H2A.Z nucleosomes (Figure 3B). However,

neither Ac-H2A.Z nor Ac-H2A peptides were able to disrupt the

interaction between Brd2 and H2A.Z nucleosomes. Therefore,

these data suggest that the acetylated H4 on H2A.Z nucleosomes

is a critical contact site mediating the interaction between Brd2

and H2A.Z nucleosomes.

In light of this finding, we examined the acetylation levels on

H2A.Z and H2A nucleosomes. We immunoprecipited either

H2A.Z- or H2A-nucleosomes and we compared the levels of

acetylated H4 and H3 residues by Western blot. As shown in

Figure 3C, the acetylation level of all residues tested on H4 and

H3 was indeed higher on H2A.Z nucleosomes compared to H2A

nucleosomes. This difference was apparent under both basal

(mock-treated with DMSO), and hyperacetylated (TSA-treated)

conditions, suggesting that H2A.Z nucleosomes inherently have

higher levels of overall acetylation. As histone acetylation is

generally associated with euchromatin (or ‘‘open’’ chromatin) and

transcription, this observation is consistent with our previous work

that showed that the H3 on H2A.Z nucleosomes, compared to

those associated with H2A, have distinct methylation profiles that

correspond to an enrichment of euchromatin and depletion of

heterochromatin [16]. In summary, our data suggest that Brd2

preferentially binds to H2A.Z nucleosomes, and that this

interaction is primarily mediated through the recognition of

acetylated H4 residues in the H2A.Z nucleosome. Furthermore,

the preference of Brd2 for H2A.Z nucleosomes over H2A

nucleosomes is likely due, in part, to the higher levels of acetylated

H4 in the H2A.Z nucleosomes, providing increased binding sites

for Brd2. On the other hand, since H2A nucleosomes also contain

significant levels of H4 acetylation, the much higher preference of

Brd2 for H2A.Z-nucleosomes over H2A-nucleosomes suggests that

Identifying H2A.Z-Nucleosome-Interacting Proteins

PLOS Genetics | www.plosgenetics.org 4 November 2012 | Volume 8 | Issue 11 | e1003047



additional regions of contact or stabilization may be present in

H2A.Z nucleosomes.

To directly test this possibility, we generated H2A- and

H2A.Z-nucleosomes that have equivalent amounts of H4

acetylation and asked whether Brd2 binds differentially to these

modified nucleosomes (Figure 4). In brief, mononucleosomes

harvested from 293T cells were dialyzed into a high-salt buffer

(1.2 M NaCl), causing the H2A-H2B/H2A.Z-H2B dimers to

dissociate from the H3–H4 tetramers. Step-wise dialysis of the

buffer back down to 140 mM NaCl results in random re-

assembly of H2A–H2B and H2A.Z-H2B dimers with H3–H4

tetramers, and thus normalizing the distribution of H3 and H4

PTMs between H2A- and H2A.Z-nucleosomes (see Figure 4A for

flow chart). As shown in Figure 4B, in contrast to mononucleo-

somes not subjected to dialysis (non-scrambled), which show the

expected enrichment of H4K12ac and H3K4me3 on H2A.Z

nucleosomes, dialyzed (scrambled) nucleosomes have comparable

amounts of these two PTMs on the immunoprecipitated H2A-

Figure 2. Interaction between Brd2 and H2A.Z nucleosomes increases following TSA treatment and is dependent on the
bromodomains of Brd2. A. H2A.Z and H2A nucleosomes were purified as described in Materials and Methods and eluted material was used for
Western blot analysis. Prior to harvest cells were treated with TSA or DMSO (vehicle). Brd2 preferentially interacts with H2A.Z nucleosomes and this
interaction increases in TSA-treated cells. Brd2 antibody detects both the long and short isoforms (upper and lower bands, respectively) in the INPUT
fraction. H3 Westerns show that comparable levels of nucleosomes are loaded between samples and Flag blots show the relative expression/levels of
Flag-H2A and Flag-H2A.Z. H4Ac antibody detects the tetra-acetylated form of H4 and is used to show hyperacetylation in TSA-treated samples. B.
Mononucleosome IPs were performed using material from cells expressing Flag-H2A.Z and either HA-VPS72 or YFP-Brd2. Anti-HA and -GFP
antibodies were used to detect HA-VPS72 and YFP-Brd2 proteins, respectively. Whereas hyperacetylation increases interaction of YFP-Brd2 with
H2A.Z nucleosomes, it has no effect on the interaction with HA-VPS72. Total lysates from 293T cells expressing HA-VPS72 and YFP-Brd2 were used to
show total expression of the tagged proteins and acetylation status of H4. C. Mononucleosome IPs were prepared from cells expressing Flag-H2A.Z
alone (UT) or either wild type (WT) YFP-Brd2 or a mutant version of YFP-Brd2, which contains a single point mutation in each of the bromodomains
(BD). Levels of the tagged proteins were detected using both anti-GFP antibody as well as anti-Brd2 antibody (note that the anti-Brd2 antibody
detects both the endogenous and exogenous forms of Brd2). Despite the higher relative expression of BD mutant compared to the wild type version,
the mutant version does not interact with H2A.Z nucleosomes at detectable levels.
doi:10.1371/journal.pgen.1003047.g002

Identifying H2A.Z-Nucleosome-Interacting Proteins
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and H2A.Z-nucleosomes (compare lanes 2 & 3 with lanes 5 &6,

right panel, Figure 4B). We then incubated the scrambled and

non-scrambled nucleosomes with nuclear lysates containing

endogenous levels of Brd2, and measured the amount of Brd2

that binds to these nucleosomes. Consistent with our previous

experiments, Brd2 shows preferential binding to H2A.Z nucle-

Figure 3. Acetylated H4 lysines are the primary binding sites for Brd2 and are enriched on H2A.Z nucleosomes. A. A schematic
depicting the experimental design of the peptide competition assay. B. Western blots of eluted material from H2A.Z mononucleosome IPs performed
in the presence of various competing peptides—sites of acetylation of the various peptides are indicated (UN, unacetylated peptide). H4 peptides
acetylated at K12 alone or at K5, K8, K12 and K16 (Tetra) were able to efficiently compete away Brd2 binding to H2A.Z nucleosomes. C. H2A and
H2A.Z nucleosomes were immunoprecipitated following treatment with DMSO or TSA—eluted material was analyzed by Western blot for various
acetylation marks on H4 and H3. H2A.Z nucleosomes contain higher levels of acetylated H3 and H4 under both basal and hyperacetylated conditions.
AcLys, an anti-pan-acetyl lysine antibody, which detects both acetyl H4 and H3 bands in our Western blot, was used as indicated.
doi:10.1371/journal.pgen.1003047.g003

Identifying H2A.Z-Nucleosome-Interacting Proteins
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osomes in the non-scrambled mononucleosome preparations

(Figure 4B, lane 3 versus lane 4 in the IP panel). More

importantly, in the ‘‘scrambled’’ nucleosome preparation, where

H4 acetylation levels are normalized between H2A- and H2A.Z-

nucleosomes, Brd2 showed a small yet still distinct preference for

H2A.Z nucleosomes. This suggests that Brd2 recognizes addi-

tional properties on H2A.Z that augment its interaction with

H2A.Z nucleosomes.

Figure 4. Additional elements of the H2A.Z nucleosome contribute to the interaction with Brd2. A. Schematic workflow of nucleosome
preparation used to randomly re-assemble H2A–H2B and H2A.Z-H2B dimers with H3–H4 tetramers, generating H2A- and H2A.Z-nucleosomes with
comparable levels of H3 and H4 PTMs. B. Western blot comparison of ‘‘scrambled’’ versus ‘‘non-scrambled’’ nucleosomes for H3 and H4 PMTs and
Brd2 binding. Immunoprecipitated nucleosomes subjected to re-assembly via high-salt/low-salt dialysis (scrambled) show comparable levels of H4
acetylation and H3 methylation compared to non-scrambled control nucleosomes, which show an enrichment of these marks on H2A.Z nucleosomes.
Consistent with previous experiments, Brd2 shows preferential enrichment on H2A.Z nucleosomes in the non-scrambled control samples. Brd2 still
shows a slight preference for H2A.Z nucleosomes, compared to H2A nucleosomes even when levels of H4 acetylation are comparable in the
scrambled nucleosomes. The dashed lined between the two Flag blots is to indicate that a single membrane was cut and therefore Flag-NLS-GFP and
Flag-H2A/H2A.Z blots are shown as separate panels. C. Comparison of Brd2 interaction with mononucleosomes containing the different isoforms of
H2A.Z. Mononucleosomes IPs were performed as described in Materials and Methods, using cells expressing either Flag-H2A.Z-1 or Flag-H2A.Z-2.
Although comparable levels of H4 acetylation are present on H2A.Z-1- and H2A.Z-2-nucleosomes, Brd2 is preferentially enriched on H2A.Z-1
nucleosomes, under both DMSO- and TSA-treated conditions.
doi:10.1371/journal.pgen.1003047.g004

Identifying H2A.Z-Nucleosome-Interacting Proteins

PLOS Genetics | www.plosgenetics.org 7 November 2012 | Volume 8 | Issue 11 | e1003047



Recent studies found that there are in fact two isoforms of

H2A.Z (H2A.Z-1 and H2A.Z-2) that differ by 3 amino acids

[57,58,59,60]. One of these studies also suggested that, within the

nucleosome context, these two isoforms are associated with

histones that have slightly different PTM levels [58]. To test

whether either or both isoforms of H2A.Z associate with Brd2, we

expressed Flag-H2A.Z-1 and Flag-H2A.Z-2 in separate pools of

293T cells and performed the same mononucleosome IP analyses.

Interestingly, in spite of the high degree of identity between the

two isoforms, significantly more Brd2 co-immunoprecipitated with

H2A.Z-1 than H2A.Z-2 nucleosomes under both basal (DMSO-

treated) and hyperacetylated (TSA-treated) conditions (Figure 4C).

This finding is particularly intriguing given that the H2A.Z-1 and

H2A.Z-2 nucleosomes have comparable levels of H4 acetylation

(both H4K12Ac and tetra-acetylated H4, Figure 4C). Therefore, it

corroborates our earlier conclusion that Brd2’s preference for

H2A.Z nucleosomes is mediated not only through the hyperace-

tylated H4, but also through additional factors unique to H2A.Z

(more specifically H2A.Z-1). At present, the exact molecular

determinant that mediates Brd2’s preference for H2A.Z-1 over

H2A.Z-2 nucleosomes is not known, but will be the subject of

future investigation. Nevertheless, this result raises the possibility

that these two isoforms can engage nuclear factors differently,

leading to distinct downstream functions.

Brd2 and H2A.Z cooperate in the transcriptional
activation of AR–regulated genes

To test the biological significance of the interaction between

H2A.Z nucleosomes and Brd2, we examined their relationship in

the context of androgen receptor (AR)- regulated genes since we

and others have previously reported that H2A.Z is required for the

full activation of AR-regulated genes in the prostate cancer cell

line LNCaP [15,61]. First, we tested and confirmed that the

interaction between Brd2 and H2A.Z nucleosomes is conserved in

LNCaP cells (Figure S2). Next, we tested whether Brd2 is also

recruited to AR-regulated genes in a hormone-dependent manner.

We focused on the enhancer and promoter regions of the PSA

gene since we previously found H2A.Z enriched at these elements,

and we also included a control region that is located between the

promoter and enhancer (approximately 2 kilobases upstream of

the transcriptional start site). By ChIP analyses, we examined the

recruitment/enrichment of AR, H2A.Z, H4Ac and Brd2 to these

regulatory regions over a time period of 120 minutes following

hormone stimulation (Figure S3 and Figure 5B). In agreement

with our previous study, a net loss of H2A.Z occurs at the PSA

promoter, but not at the enhancer, following hormone stimulation

of the cells. Analysis of AR recruitment during this process reveals

a previously well-characterized pattern: Namely, AR is rapidly

recruited to the enhancer and promoter, initially peaking at

60 minutes, followed by a second peak at 120 minutes ([62] and

Figure S3). Analysis of Brd2 revealed that it is recruited to the

hormone-activated PSA gene, with specific enrichment at the

enhancer and promoter elements, and its recruitment follows a

similar pattern as AR, with two peaks of enrichment at 60 minutes

and 120 minutes post-stimulation (Figure 5B). Since Brd2 binds to

acetylated H4 (see Figure 2B and [56]), we also examined the

dynamics of this histone modification throughout our ChIP time-

course experiment. Although H4Ac levels generally increased

during gene activation, the most significant increase occurred after

the 30-minute time point, suggesting that the gene activation

process involves the recruitment of one or more histone

acetyltransferases (HATs).

As we discovered that Brd2 is recruited to AR-regulated genes

upon hormone activation, we next asked whether this recruitment

is dependent on H2A.Z. To that end, we examined Brd2

recruitment by ChIP analysis in the H2A.Z knockdown cells that

we have previously generated [15]. Also, we focused our analysis

on the enhancer and promoter regions at the 60 minutes post-

treatment time point since that corresponds to the first peak of

Brd2 recruitment and H4 acetylation. Finally, we examined two

AR-regulated genes, PSA and KLK2, to test for consistency. As

shown in Figure 6B, compared to the cells expressing a control

shRNA, knockdown of H2A.Z reduced recruitment of Brd2 to

both the promoter and enhancer regions. Similarly, enrichment of

the H4Ac mark was also reduced at both regions in the H2A.Z

knockdown cells. The reduction of Brd2 recruitment and H4Ac

levels we observe by ChIP analyses is not due to reduced overall

levels in H2A.Z knockdown cells, since total levels of Brd2 and

H4Ac by Western blot were comparable in control and H2A.Z

KD cells (see Figure 6A). Overall, these findings provide biological

validation of the biochemical interactions we identified earlier in

this study.

The recruitment of Brd2 to AR-regulated genes has not been

reported before. Moreover, we discovered that the recruitment is

dependent on the presence of H2A.Z. To test the importance of

Brd2 in the transcriptional activation of AR-regulated genes, we

initially attempted to generate stable Brd2 knockdown LNCaP

cells using Brd2-targeting shRNA constructs. However, cells that

showed good knockdown of Brd2 also displayed growth defects,

which confounded the AR-activation studies. Brd2 is an essential

gene and published literature has alluded to the fact that studying

Brd2 function by shRNA knockdown is problematic [63]. To

address this question using a different approach, we took

advantage of the recently developed small molecule inhibitor

JQ1, which specifically binds the bromodomains of BET family

members and interferes with their binding to acetylated lysines

[64]. By pre-treating the hormone-stimulated cells with JQ1, we

could disrupt Brd2 binding to chromatin and ask whether this

would also affect AR-regulated gene expression. To first confirm

that JQ1 perturbs interaction between Brd2 and H2A.Z nucleo-

somes, we performed H2A.Z mononucleosome IPs from cells

treated with JQ1 or vehicle control (DMSO) and compared the

levels of Brd2 immunoprecipitated between the two sample sets.

As seen in Figure 7A, pre-treatment of cells with JQ1 prior to

immunoprecipitation reduces the amount of Brd2 associated with

H2A.Z nucleosomes.

Given that JQ1 disrupts the interaction between Brd2 and

H2A.Z nucleosomes, we next tested whether JQ1 also blocks

recruitment of Brd2 to the AR-regulated genes. Analysis of whole-

cell lysates from LNCaP cells showed that JQ1 treatment does not

affect total levels of Brd2, AR, or H2A.Z, and only causes a slight

reduction in total levels of acetyl H4 (Figure 7B). ChIP assays

showed that pre-treatment of DHT-stimulated LNCaP cells with

JQ1 significantly reduced binding of Brd2 to both PSA and KLK2

enhancers and promoters at the 60 min peak of Brd2 recruitment

(Figure 7C). JQ1 treatment also resulted in a small reduction of H4

acetylation levels at these genes (Figure 7C), but it is unclear

whether this is a secondary effect upon reduction of Brd2

recruitment. To test the effects of JQ1 treatment on androgen-

stimulated gene expression, we examined the accumulation of PSA

and KLK2 mRNA by quantitative RT-PCR. As shown in

Figure 7D, pre-treatment of LNCaP cells with JQ1 prior to

hormone stimulation greatly reduced expression of both PSA and

KLK2 in a dose-dependent manner. Finally, given that AR

regulates growth and viability of prostate cells, we also examined

the effects of JQ1 on the proliferation of LNCaP cells by MTS

assay. As shown in Figure 7E, JQ1 inhibited LNCaP cell

proliferation in a dose-dependent manner as well. Taken in sum,

Identifying H2A.Z-Nucleosome-Interacting Proteins

PLOS Genetics | www.plosgenetics.org 8 November 2012 | Volume 8 | Issue 11 | e1003047



Identifying H2A.Z-Nucleosome-Interacting Proteins

PLOS Genetics | www.plosgenetics.org 9 November 2012 | Volume 8 | Issue 11 | e1003047



these results show that JQ1 has profound effects on the expression

of AR-regulated genes and proliferation of LNCaP cells. We note

that JQ1 inhibits the binding of all BET family members to

acetylated histones and, therefore, the observed effects of JQ1 may

not be completely attributable to Brd2 function alone. Indeed, we

found that Brd4 is also normally recruited to AR-regulated genes

and also shows a preferential interaction with H2A.Z nucleosomes

(Figure S4). Nevertheless, these results provide the first evidence

that BET family members have critical functions in AR-regulated

gene expression and raise the possibility that chemical inhibition of

their recruitment to chromatin may have therapeutic potential in

blocking prostate cancer cell growth.

Discussion

In order to gain a deeper understanding of the physiological

functions of H2A.Z, we reasoned that proteins acting downstream

of H2A.Z must first engage this histone variant in the context of

chromatin. Therefore, we specifically chose to perform a

proteomics screen to identify proteins that preferentially associate

with H2A.Z nucleosomes, as compared to nucleosomes containing

the core histone H2A. This is a departure from previously

published approaches that focused on identifying and character-

izing soluble H2A.Z-interacting proteins, which led to the

identification of histone chaperones and remodeling complexes,

such as the Swr1 complex, which deposits H2A.Z into chromatin

[18,19,20,21]. Our approach is also different from the recent study

by Zlatanova and colleagues whereby they reconstituted H2A.Z

nucleosomes using recombinant histones that lacked any PTMs,

and incubated them with cell lysates to identify proteins that

associate with the in vitro reconstituted nucleosomes [65]. The top

proteins identified by our screen represent mostly chromosomal

proteins and a number of them are either known regulators of

transcription, or are predicted to be involved in the regulation of

gene expression. Moreover, many of the proteins contain

conserved structural motifs that are predicted to recognize and

bind histone PTMs, which is consistent with the idea that these

proteins are recruited to H2A.Z-containing chromatin to mediate

downstream functions. The concept of histone modifications

acting to recruit downstream effector proteins/complexes to

mediate specific biological outcomes was the basis for the proposed

histone code hypothesis [66]. While the use of the word ‘‘code’’ in

this context has been a matter of debate, it is nevertheless clear

that specific combinations of PTMs do cluster and function

together. Moreover, many examples have shown that effector

proteins can engage chromatin in a multivalent manner,

recognizing multiple PTMs and multiple histone proteins at once

[22,23,24,25]. Previous work from our lab has shown that H2A.Z

nucleosomes contain a unique set of methylation marks on H3,

compared to H2A nucleosomes [16]. In the current study, we have

expanded this observation and showed that H2A.Z nucleosomes

are also enriched for various acetylation marks on H3 and H4.

Furthermore, earlier structural studies of the H2A.Z nucleosome

revealed that the presence of the H2A.Z-H2B dimer altered the

docking domain with the H3–H4 tetramer, and the H2A.Z-H2B

dimer contains an extended acidic patch, which is displayed on the

surface of the octamer and could serve as a unique site of

interaction with other proteins [67]. Taking all these findings

together, we propose that H2A.Z nucleosomes display a combi-

nation of unique surfaces, sequences, and PTMs that together

recruit and stabilize the binding of downstream effector proteins.

In support of this multivalency model, we found that the

binding of Brd2 to H2A.Z-nucleosomes is primarily mediated

through the interactions between the bromodomains on Brd2 and

the high levels of H4 acetylation on H2A.Z nucleosomes. In

addition, there are likely other non-H4-acetylation-dependent

contact points. This conclusion is based on two separate lines of

evidence: First, using high salt/low salt dialysis to re-assemble

nucleosomes that have randomly mixed histone compositions, we

found that even though these H2A/H2A.Z nucleosomes now have

almost equivalent amounts of H4 acetylation, Brd2 still shows a

small but distinct preference for H2A.Z-containing nucleosomes.

Second, significantly more Brd2 co-purified with H2A.Z-1

nucleosomes, compared to H2A.Z-2 nucleosomes, even though

both types of nucleosomes have similar levels of H4 acetylation.

Therefore, these findings strongly suggest that additional features

or surfaces on H2A.Z (H2A.Z-1 in particular) provide further

interaction sites to stabilize the binding of Brd2 to H2A.Z

nucleosomes.

At present, we have not characterized, nor identified, the exact

determinants that result in the differential binding of Brd2 to the

H2A.Z-1 and H2A.Z-2 nucleosomes. This finding is intriguing

given that the two isoforms differ only by 3 amino acids.

Nevertheless, it is not without precedence since H3.3 and H3.1

only differ by 4 amino acids and yet they are physically associated

with distinct chaperone complexes [68,69,70,71]. Moreover, the

few publications specifically examining these isoforms of H2A.Z

suggested that there may be subtle differences in the PTMs either

on the two isoforms or on the other histones within the

nucleosome context [58,60]. Therefore, these variations could

also influence the binding of Brd2. The possible functional

differences between these H2A.Z isoforms are unknown and

currently under investigation. Characterization studies showed

that there is extensive overlap between the isoforms in terms of

their nuclear localization, association with the SRCAP chaperone

complex, and sites of acetylation. However, since the original

lethal phenotypes of the H2A.Z gene knockouts in Drosophila and

mice were specific to H2A.Z-1, this suggests that there are non-

redundant functional differences between the isoforms. Also, a

recent study examining the effects of knocking out H2A.Z-1 or

H2A.Z-2 in chicken DT40 cells showed that they have differential

effects on the regulation of at least one candidate gene [60].

Therefore, our finding that the two isoforms may recruit different

amounts of Brd2 suggests that differential recruitment of

downstream effector proteins could contribute to their functional

differences. Finally, it has recently been reported that there is also

a splice variant of the H2A.Z-2 mRNA in mammalian cells [72].

The H2A.Z protein encoded by this splice variant has a shorter C-

terminal tail and forms highly unstable nucleosomes. The biology

associated with the H2A.Z variant is clearly complicated and the

functional distinctions of these isoforms are currently not well

defined. Our approach of purifying nucleosomes of the transfected

Figure 5. Brd2 is recruited to AR–regulated genes in hormone-stimulated cells. A. A schematic of the prostate specific antigen (PSA) gene.
Arrows indicate approximate positions of primers used for qPCR analysis. ‘‘(2)2 Kb’’ represents the region in between the enhancer and promoter
and was used as a negative control region, which is approximately 2 kb upstream of the transcription start site. B. ChIP analysis of the PSA gene
following a time-course of androgen stimulation (10 nM)—antibodies used for immunoprecipitation are shown on the left. H2A.Z and H4Ac (tetra-
acetylated H4) ChIP data were normalized to total H3 signal (data not shown) to account for changes in nucleosome density and are therefore
presented as ‘‘H2A.Z/H4Ac enrichment’’. Each qPCR reaction was performed in triplicate with each experiment repeated at least three times
independently. Values are presented as means, 6 standard deviation.
doi:10.1371/journal.pgen.1003047.g005
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Figure 6. H2A.Z influences H4 acetylation and Brd2 recruitment at AR–regulated genes. A. Western blot analyses of whole-cell lysates
from LNCaP cells stably expressing either a scrambled control shRNA or an shRNA targeting H2A.Z-1 mRNA. H2A.Z knockdown does not significantly
affect the protein levels of AR or Brd2, nor does it reduce global levels of tetra-acetylated H4 (H4Ac). Tubulin and H3 are shown for the purpose of
loading controls. B. ChIP analysis of Brd2 and tetra-acetylated H4 at the PSA and KLK2 genes. Knockdown of H2A.Z reduces the recruitment of Brd2 as
well as the acetylation of H4 at AR-regulated genes following hormone stimulation for 60 minutes. The data represent the fold-enrichment in
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H2A.Z variants to study the associated histone PTMs within the

nucleosome context and also to identify nucleosomal binding

partners could easily be applied to these different isoforms. Such

future studies could be highly informative of their respective

biological functions.

In addition to characterizing Brd2 as an H2A.Z nucleosome-

binding protein, we also demonstrated that Brd2 is a novel

regulator of androgen responsive genes in LNCaP cells. Our ChIP

analyses of the PSA gene in LNCaP cells showed that Brd2 is

recruited to the promoter and enhancer regions following

stimulation of cells with hormone. More importantly, we found

that recruitment of Brd2 is dependent on H2A.Z since knockdown

of H2A.Z resulted in reduced levels of Brd2 recruitment, as well as

H4 acetylation levels, at the enhancers and promoters of PSA and

KLK2 genes. We note that the knockdown construct we used is

designed to target H2A.Z-1, and it is unlikely that this shRNA also

targets H2A.Z-2 since the DNA sequences of the two genes are

quite divergent. Nevertheless, given that Brd2 preferentially

associates with H2A.Z-1 nucleosomes, the effects seen with just

knocking down H2A.Z-1 is not surprising. Currently, there are no

antibodies, nor shRNAs, developed that are specific for the

H2A.Z-2 isoform. Once such reagents are available, it would be

interesting to test whether H2A.Z-2 has a functional role for the

expression of AR-regulated genes.

Prior to this study, the role of Brd2 in AR-regulated gene

expression had not been reported. The importance of Brd2, and

possibly other BET proteins, in this process is supported by our

studies using the small molecule inhibitor JQ1. JQ1 treatment not

only disrupted binding of Brd2 to H2A.Z nucleosomes, but also

strongly affected the expression of AR-regulated genes and

proliferation of LNCaP cells. We note that JQ1 inhibits other

BET family members as well [64] and, therefore the JQ1 effects

we observed could be due to its inhibition of multiple BET

proteins. Indeed, we tested the recruitment of Brd4 to PSA and

KLK2, and found a similar trend observed for Brd2 (Figure S4).

Furthermore, we also found that Brd4 shows a clear enrichment

on H2A.Z nucleosomes compared to H2A nucleosomes. However,

since we have not identified Brd4 in our proteomics screens, it is

possible that Brd4 is enriched on H2A.Z nucleosomes through

indirect interactions. Future studies further clarifying the roles and

recruitment of individual BET proteins in AR-regulated gene

expression will be highly informative. As JQ1 has such a dramatic

effect on AR-regulated transcription, and LNCaP cell prolifera-

tion, these findings further raise the potential of therapeutic use of

this compound in the treatment of prostate cancer. The use of JQ1

has already shown great promise in the treatment of leukemia and

other cancers [73,74]. Therefore, the usefulness of JQ1 under-

scores the importance of further understanding how various

docking domains of effector proteins engage chromatin and

nucleosomes as a mechanism for translating cell signalling

pathways to nuclear functions.

Our data all together led us to propose a model whereby, at

AR-regulated genes, H2A.Z establishes a unique platform for the

recruitment of transcriptional co-activators, such as Brd2 (see

Figure 8 for model). The recruitment of Brd2 to H2A.Z

nucleosomes depends on the recognition of acetylated lysines;

however, a complex multivalent interaction is likely involved in

vivo. Indeed, recent studies have reported that bromodomains

often exhibit low affinities for their acetylated targets [75,76]. As

suggested by Voigt and Reinberg [77], a chromatin template

within the cell nucleus could provide local high concentrations of

PTMs. In turn, this could enhance the binding of low affinity

interactions, yet would maintain their dynamic nature and

therefore allow for rapid response to cellular signals. Therefore,

we hypothesize that the unique binding surfaces of H2A.Z

nucleosomes act as multivalent platforms for early critical

nucleation events, such as the recruitment of transcriptional co-

activators. Based on our data, H2A.Z nucleosomes may provide

localized sites of H4Ac, for example, for the early recruitment of

factors such as Brd2, and this interaction is stabilized by additional

elements on the H2A.Z nucleosome. It has previously been

reported that Brd2 is associated with acetyltransferase activity

towards H4 and H2A [36]. Therefore, additional recruitment of

histone acetyltransferases (HATs) would then allow for subsequent

increases and spreading of histone acetylation, which would

provide a positive feedback loop to promote further recruitment of

Brd2 and other factors. Indeed, Brd2 (and Brd3) has been reported

to bind hyperacetylated chromatin, facilitating transcription by

RNA pol II [37]. This model would be compatible with our

observation that there is a loss of H2A.Z at the promoters of AR-

regulated genes following hormone stimulation.

In conclusion, our study has provided novel insights into the

physiological functions of H2A.Z and its ability to engage

chromatin-binding proteins through its influence on PTMs within

the nucleosome. Our characterization of the interaction between

Brd2 and H2A.Z nucleosomes also furthered our understanding of

the role H2A.Z plays in promoting AR-regulated transcription in

prostate cancer cells, yielding potential new molecular targets for

therapy. The data generated from our MS analysis of proteins

binding to H2A.Z nucleosomes will serve as a useful tool in future

studies of H2A.Z’s role in various chromatin-templated processes.

Materials and Methods

Cell culture, reagents, plasmids, and antibodies
293T cells were grown in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum. LNCaP cells were

obtained from ATCC and were grown in RPMI 1640 media

supplemented with 10% fetal bovine serum. For culturing in the

absence of hormone, cells were grown in phenol-red free RPMI

1640 supplemented with 5% charcoal-stripped fetal bovine serum

(Invitrogen) for 72 hrs prior to treatment with hormone.

Dihydrotestosterone (DHT) was obtained from Sigma and re-

suspended in absolute ethanol; DHT was added to cells at a final

concentration of 10 nM, or for control samples, an equivalent

volume of ethanol was added. For treatment of cells with

trichostatin A (TSA), cells were treated with TSA (200 nM) or

an equivalent volume of DMSO for 2 hours prior to harvest. The

JQ1 reagent was kindly provided by Dr. Jay Bradner, Dana-

Farber Cancer Institute. All transfections were carried out using

Lipofectamine 2000 (Invitrogen). All expression constructs used

were based on the pcDNA 3.1 (+) (Invitrogen) backbone with the

Flag tag cloned in-frame. H2A.Z antibody directed against the L1

loop was described previously [16], and the H4 tetra acetyl

antibody was a kind gift from the lab of C. David Allis. Other

antibodies were obtained as follows: H3 (ab1791) and Brd2

(ab3718) were from Abcam; GFP was from Santa Cruz (sc-8334);

H4K12ac, H3K9ac, and H3K14ac were from Upstate; pan-acetyl

hormone-stimulated cells relative to respective ethanol-treated controls (vehicle control). H4Ac ChIP was also normalized to H3 to account for
changes in nucleosome density. Each qPCR reaction was performed in triplicate with each experiment repeated at least three times independently.
Values are presented as means, 6 standard deviation.
doi:10.1371/journal.pgen.1003047.g006
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Figure 7. In vitro and in vivo effects of bromodomain inhibition by JQ1 treatment. A. H2A.Z mononucleosome IPs were performed using
cells pre-treated with DMSO or the small molecule inhibitor JQ1. Starting input material (prior to adding beads) and eluted material (post IP) was
analyzed by Western blotting. Both concentrations of JQ1 (125 nM and 250 nM) were able to reduce the amount of Brd2 immunoprecipitating with
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was from Cell Signaling; AR antibody (PG-21) was from Millipore;

and Flag M2 monoclonal antibody was from Sigma.

Mononucleosome immunoprecipitation
Generation of mononucleosomes was performed as described

previously [16] with slight modifications. 293T cells were grown in

15 cm-diameter plates and transfected with a construct that

expresses either Flag-H2A or Flag-H2A.Z. 48 hrs following

transfection, cells were trypsinized, counted, and washed in 16
PBS. Cellular pellets were resuspended in Buffer A (20 mM

HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose,

10% glycerol, 1 mM dithiothreitol, 5 mM sodium butyrate,

10 mM NEM, and protease inhibitors), pelleted and then

resuspended in buffer A containing 0.2% Triton X-100 and

incubated on ice for 5 min. The nuclear suspension was

centrifuged at 13006g; nuclei were then washed once in Cutting

Buffer (10 mM Tris-HCl, pH 7.5, 15 mM NaCl) then resus-

pended in Cutting Buffer with 2 mM CaCl2. Microccocal nuclease

(MNase; Worthington) was added at a concentration of 10 units/

1.06107 cells the incubated at 37uC for exactly 30 min. The

reaction was stopped by the addition of EGTA to a final

concentration of 10 mM. The MNase-digested nuclei were

centrifuged at 13006g and then subjected to hypotonic lysis by

resuspension in TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM

EDTA). Samples were incubated on ice for 30 min, with

occasional mixing by pipette. The suspension was then centrifuged

at 16 0006g and the supernatant was transferred to a new tube.

Salt was adjusted to 150 mM NaCl by adding 36 Buffer D

(60 mM HEPES, pH 7.5, 450 mM NaCl, 4.5 mM MgCl2,

0.6 mM EGTA, 0.6% Triton X-100, 30% glycerol) dropwise,

with constant mixing on a vortex set to low speed. Insoluble

material was pelleted via centrifugation. The clarified supernatant

was then used for immunoprecipitation by adding M2-agarose

beads and incubated overnight at 4uC on an end-over-end rotator.

Beads were washed 4 times in 16Buffer D, followed by 3 washes

in 16 Buffer D containing 0.5% Triton X-100. Proteins were

eluted from the beads by resuspension in 26 SDS sample buffer

and boiled for 10 min. For Western blot analysis, samples were

run on SDS-polyacrylamide electrophoresis gels according to

standard practices. Due to a difference in expression between Flag-

H2A.Z nucleosomes. A slight reduction of Brd2 in the INPUT fraction is also observed following JQ1 treatment, as well as a slight reduction in the
levels of H4Ac in the IP fraction (see main text for discussion). H3 and Flag blots are shown for loading purposes. B. Whole-cell lysates of LNCaP cells
treated with JQ1 (125 nM or 250 nM) or DMSO were analyzed by Western blot. JQ1 treatment does not reduce total levels of Brd2, AR or H2A.Z
although a small decrease in total levels of H4Ac are observed (see main text). Alpha tubulin and H3 are shown as loading controls. C. PSA and KLK2
regulatory regions were analyzed by ChIP for Brd2 recruitment and H4 acetylation (tetra-acetylated) in cells stimulated with ethanol or DHT (10 nM)
for 60 minutes. JQ1 treatment reduces the recruitment of Brd2 to both the enhancer and promoter regions of PSA and KLK2 and reduces the H4
acetylation levels to a lesser extent. The data represent the fold-enrichment in hormone-stimulated cells relative to respective ethanol-treated
controls (vehicle control). H4Ac ChIP was also normalized to H3 to account for changes in nucleosome density. Each qPCR reaction was performed in
triplicate with each experiment repeated at least three times independently. Values are presented as means, 6 standard deviation. D. RT-qPCR
analysis of LNCaP cells pre-treated with JQ1 or DMSO for 24 hrs then stimulated with 10 nM of androgen for 24 hrs. Analysis of both the PSA and
KLK2 genes showed a dose-dependent decrease in expression in cells pre-treated with JQ1. E. MTS proliferation assay of LNCaP cells treated with
various concentration of JQ1, or an equivalent volume of DMSO, for 24 hrs. Absorbance values were normalized to non-treated control wells and
presented as ‘‘Proliferation Index’’. Assay wells were prepared in triplicate and the experiment was repeated three times independently. Values are
presented as means, 6 standard deviation.
doi:10.1371/journal.pgen.1003047.g007

Figure 8. A model of Brd2 recruitment to AR–regulated genes. Following hormone stimulation, Brd2 is recruited to H2A.Z nucleosomes
containing acetylated H4 lysines. Association of Brd2 with histone acetyltransferase (HAT) activity promotes acetylation of neighboring nucleosomes.
Recruitment of chromatin remodeling activity causes eviction of H2A.Z nucleosomes, which promotes the recruitment of DNA-binding transcription
factors, such as AR, and spreading of the acetylated H4 mark promotes a subsequent spreading of Brd2.
doi:10.1371/journal.pgen.1003047.g008
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H2A and Flag-H2A.Z, immunoprecipitated samples were nor-

malized by total nucleosome content using H3 Western blotting

for mass spec analysis. Consequently, an equivalent of approxi-

mately 3.06106 cells were loaded on NuPAGE Novex 4–12% Bis-

Tris (1.5-mm thick, 10-well) pre-cast polyacrylamide gels, and

separated by molecular mass. Gel lanes were cut into 10 gel blocks

of equal size and in-gel digested as previously described [78].

Extracted peptides were C-18 purified using Varian OMIX

cartridges (Mississauga, ON, Canada) and analyzed by 1D-LC-

MS/MS on a LTQ-Orbitrap XL as previously described [79].

Mass spectrometry analysis and protein identification
Raw data was converted to m/z XML using ReAdW and

searched by X!Tandem against a locally installed version of the

human UniProt complete human proteome protein sequence

database (release date 2009, 20,323 sequences). The search was

performed with a fragment ion mass tolerance of 0.4 Da and a

parent ion mass tolerance of 610 ppm. Complete tryptic digest was

assumed. Carbamidomethylation of cysteine was specified as fixed

and oxidation of methionine as a variable modification. A target/

decoy search was performed to experimentally estimate the false

positive rate and only proteins identified with two unique high

quality peptide identifications were considered as previously reported

[79] (FDR,0.5%). An in-house protein-grouping algorithm was

applied to satisfy the principles of parsimony [80,81]. A data ranking

strategy was applied to select to most promising candidates for

biochemical/functional validation. First, semi-quantitative spectral

counts were used to remove proteins found in the control (GFP)

sample. Triplicate analyses of GFP and H2A.Z were compared, and

only proteins with a 10-fold increase in spectral counts in the H2A.Z

sample were selected. Next, only proteins detected in at least two out

of three MS analyses were considered—72 proteins passed these

criteria. This strategy was then repeated on the 72 proteins in

comparing H2A.Z versus H2A samples. In comparing H2A.Z and

H2A samples, only proteins with a two-fold increase in H2A.Z,

compared to H2A, samples, and detected in at least two out of three

runs, were considered—21 proteins passed these criteria.

Peptide competition assays
IPs were performed essentially as described above, with the

following modification: Peptides were added to the input material

giving a final peptide concentration of 30 mg/ml, then incubated

at 4uC with rotation for 30 min. M2-agarose beads were then

added as described above.

Normalization of H3 and H4 PTMs between H2A- and
H2A.Z-nucleosomes by random re-assembly of
nucleosomes through sequential high-salt and low-salt
dialysis

293T cells were transfected with a construct expressing Flag-

H2A, Flag-H2A.Z, or GFP-NLS, as described previously.

Mononucleosomes were prepared as described above, and

dialyzed against 1.2 M NaCl, 10 mM Tris pH 8.0, 0.2 mM

EDTA, 1 mM DTT, 5 mM sodium butyrate overnight at 4uC.

Nucleosomes were then reconstituted in the same buffer by salt-

gradient dialysis at 4uC as follows: 0.9 M NaCl, 2 h; 0.6 M NaCl,

2 h; 0.3 M NaCl, 2 h. The final dialysis was for 3 h against

140 mM NaCl, 20 mM Tris pH 7.6, 5 mM sodium butyrate. Flag

immunoprecipitation was carried out as described. Following

washes, nucleosomes bound to Flag beads were subsequently

incubated overnight at 4uC with salt-extracted nuclear lysates

prepared as described in [16]. Following a second round of

washes, eluted material was analyzed by Western blot.

Stable knockdown of H2A.Z in LNCaP cells
Cells stably expressing the H2A.Z (cagctgtccagtgttggtg) shRNA

target sequence were generated as described previously [15]. Cells

were maintained in media as described above, with the addition of

puromycin (0.6 mg/ml).

RT–qPCR analysis and chromatin immunoprecipitation
(ChIP) assays

RT-qPCR or ChIP analysis of LNCaP cells was performed as

previously described [15].

Proliferation assay
LNCaP cells were seeded into 96-well tissue culture plates and

grown for 24 hrs as described. Cells were treated with various

concentrations of JQ1, or an equivalent volume of DMSO, for

24 hrs, followed by the addition of CellTitre 96 AQueous One

Solution reagent (Promega) according to manufacturer’s instruc-

tions. Absorbance was measured at 490 nM using a Synergy H4

Hybrid Microplate Reader (BioTek).

Supporting Information

Figure S1 Validation of H2A.Z nucleosome-interacting proteins

identified by mass spec. Two proteins identified in our mass spec

analysis, USP39 (A) and PWWP2A (B), were validated by

generating HA-tagged expression constructs of each and co-

transfecting the construct with either Flag-H2A, Flag-H2A.Z, or

Flag-NLS-GFP. Mononucleosomes were harvested from the

transfected cells as described in Materials and Methods and

eluted proteins were subjected to analysis by SDS-PAGE and

Western blotting with anti-Flag and anti-HA antibodies. As

shown, both HA-USP39 and HA-PWWP2A show preferential

interaction with H2A.Z nucleosomes (lane 2), compared to H2A

nucleosomes (lane 1).

(TIF)

Figure S2 Validation of the interaction between Brd2 and

H2A.Z nucleosomes in LNCaP cells. Mononucleosome IPs were

performed as described in Materials and Methods using transiently

transfected LNCaP cells expressing either Flag-H2A, or Flag-

H2A.Z. INPUT and eluted material was analyzed by Western

blotting. Consistent with data from 293T cells, H2A.Z nucleo-

somes show both an enrichment of H4 acetylation and Brd2

binding, compared to H2A nucleosomes. Flag and H3 blots are

shown for loading purposes.

(TIF)

Figure S3 AR ChIP in LNCaP Cells. ChIP was performed using

chromatin from LNCaP cells as described in Materials and

Methods. Due to the large difference in %INPUT values, data

from the Enhancer region was plotted separately from the control,

(2)2 Kb, and Promoter regions. Each qPCR reaction was

performed in triplicate with each experiment repeated at least

three times independently. Values are presented as means, 6

standard deviation.

(TIF)

Figure S4 Brd4 interacts with H2A.Z nucleosomes and is

recruited to the PSA gene in a manner that is inhibited by JQ1. A.

Mononucleosomes were isolated from cells expressing either Flag-

H2A or Flag-H2A.Z, and treated with TSA or vehicle control

(DMSO)—see Materials and Methods. Eluted material was

subjected to analysis by SDS-PAGE and Western blotting. Like

Brd2, Brd4 shows preferential interaction with H2A.Z nucleo-

somes, particularly under conditions of hyperacetylation (TSA-
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treated cells). B. ChIP analysis of Brd4 reveals recruitment to the

PSA enhancer and promoter following stimulation of LNCaP cells

with DHT (see Materials and Methods for details). DHT-

stimulated recruitment of Brd4 is inhibited by pre-treatment of

cells with JQ1.

(TIF)
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