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Acetylation of histones triggers association with bromodomain-
containing proteins that regulate diverse chromatin-related pro-
cesses. Although acetylation of transcription factors has been ap-
preciated for some time, the mechanistic consequences are less
well understood. The hematopoietic transcription factor GATA1
is acetylated at conserved lysines that are required for its stable
association with chromatin. We show that the BET family protein
Brd3 binds via its first bromodomain (BD1) to GATA1 in an acetyla-
tion-dependent manner in vitro and in vivo. Mutation of a single
residue in BD1 that is involved in acetyl-lysine binding abrogated
recruitment of Brd3 by GATA1, demonstrating that acetylation of
GATA1 is essential for Brd3 association with chromatin. Notably,
Brd3 is recruited by GATA1 to both active and repressed target
genes in a fashion seemingly independent of histone acetylation.
Anti-Brd3 ChIP followed by massively parallel sequencing in
GATA1-deficient erythroid precursor cells and those that are GATA1
replete revealed that GATA1 is a major determinant of Brd3 re-
cruitment to genomic targets within chromatin. A pharmacologic
compound that occupies the acetyl-lysine binding pockets of
Brd3 bromodomains disrupts the Brd3-GATA1 interaction, di-
minishes the chromatin occupancy of both proteins, and inhibits
erythroid maturation. Together these findings provide a mechan-
ism for GATA1 acetylation and suggest that Brd3 “reads” acetyl
marks on nuclear factors to promote their stable association with
chromatin.

hematopoiesis | posttranslational modifications | gene regulation

Posttranslational acetylation of lysine residues is a widely used
cellular signaling mechanism involving histone and nonhis-
tone proteins. Typically, acetylated lysines (acK) serve as docking
sites for bromodomains that are found in numerous chromatin-
related proteins (1, 2). Thus, bromodomains serve as “readers” of
acK marks in a cascade of signaling events that influence diverse
processes within chromatin. The hematopoietic zinc finger pro-
tein GATA1 was one of the earliest reported acetylated transcrip-
tion factors (3, 4). GATAL1 is a pivotal regulator of the erythroid,
megakaryocyte, and mast cell lineages (5-9). GATALI activates all
known erythroid-specific genes, and mice lacking GATAI1
succumb to anemia due to failed maturation and apoptosis of
erythroid precursor cells (5, 10, 11). GATAL also functions as
a repressor, down-regulating genes associated with the prolifera-
tive, immature state. Mutations in the zinc finger region of
GATA1 underlie congenital anemias and thrombocytopenias
(12), whereas alterations at the N terminus of GATA1 are asso-
ciated with megakaryoblastic leukemias in patients with Down
syndrome (13). Previously, we found that GATA1 interacts with
the acetyltransferase CREB binding protein (CBP) (14) to stimu-
late histone acetylation at GATAL target genes (15, 16). CBP and
its paralog p300 also acetylate GATA1 at two lysine-rich clusters
C-terminal to each of its zinc fingers (Fig. 14) (3, 4). CBP-
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mediated acetylation of GATAL1 can be antagonized by the mye-
loid transcription factor PU.1 (17) that promotes myeloid differ-
entiation at the expense of erythroid development in part by
inhibiting GATA1 (18). The oncogenic fusion protein AMLI-
ETO also inhibits acetylation of GATA1, which might account
for the inhibition of erythroid development associated with
t(8;21) myeloid leukemias (19).

Despite the growing body of data supporting the importance of
GATAL1 acetylation, the functional and mechanistic conse-
quences of this modification have remained unclear. Although
acetylation of chicken GATA1 has been reported to enhance
its affinity for DNA in vitro, little to no effect on DNA binding
was observed with mouse or zebrafish GATA1 (3, 4, 20, 21). It has
been suggested that acetylation of GATA1 promotes its turnover
(22) perhaps involving an interaction with HSP27 (23). However,
when expressed in erythroid cells, mutations of the relevant lysine
residues in GATA1 did not alter steady-state protein levels
nor did they impair nuclear localization of GATA1 or binding
to naked DNA templates in vitro (20). Notably, although
acetylation-defective versions of GATA1 can activate transiently
transfected reporter genes, they fail to stably associate with their
chromatinized endogenous targets in vivo (20). This suggests that
acetylation functions specifically in the context of native
chromatin.

The mammalian BET (Bromodomain Extra Terminal) family
of proteins includes Brd2, Brd3, Brd4, and Brdt, and is charac-
terized by the presence of two N-terminal bromodomains (BD1
and BD2) and an extraterminal protein interaction domain. Bro-
modomains recognize acK in the context of flanking amino acids
that mediate binding selectivity. Brd4 binds to histone H4 in its
di- (K5, K12) or tetraacetylated (K5, K8, K12, K16) forms
(24, 25) although binding to monoacetylated H4K16 and dually
acetylated histone H3K9 and H3K14 has also been observed
(24, 26). In addition to binding acetylated histones, Brd4 recruits
the positive transcription elongation factor b (P-TEFb) to the pro-
moters of active genes (27, 28). Current models suggest that
signal-dependent augmentation in H4 acetylation at inducible
promoters leads to Brd4-mediated P-TEFb recruitment, followed
by phosphorylation of the C-terminal domain of RNA polymer-
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Fig. 1. Brd3is an acetyl-GATA1 associated protein. (A) Schematic of GATA1.
AD, activation domain; gray boxes near the N-terminal (NF) and C-terminal
(CF) zinc fingers represent conserved acetylated motifs. The sequence of the
C-terminal acetylation motif is shown with four major acetylatable lysines in
bold. (B) Colloidal blue stained gel of proteins bound to unmod, ac1, ac4 pep-
tides, or to beads alone (mock). (C) Endogenous Brd3 (Top), stably expressed
HA-Brd3 or HA-Brd4 (Middle), or IVT Brd3 and Brd4 bound to indicated
(Bottom) GATA1 peptides were detected by Western blot or autoradio-
graphy. (D) Immunoprecipitation of GATA1-ER from G1E-ER4 cells followed
by Western blot for GATA1, Brd3, and FOG1. Input equals 2.5%.

ase 2 (pol II) and transitioning to productive transcription elon-
gation (25, 26).

Brd2 and Brd3 associate with acetylated H3K14, H4KS, and
HA4K12 (29). These marks are found in the transcribed portion
of active genes and are thought to contribute to Brd2/3 recruit-
ment in vivo. In vitro, Brd2 and Brd3 facilitate the passage of
pol II through nucleosomal templates in a histone acetylation-
dependent manner (29). Although a single bromodomain usually
interacts with one acK (30), a distinct binding mode was recently
described by which the first bromodomain of Brdt binds to two
acetylated lysines (H4K5 and H4KS8) (31, 32). This expands the
way acK marks are interpreted while providing an additional
layer of specificity.

A complete understanding of the in vivo function of BET pro-
teins was hindered by the early embryonic lethality of Brd2 and
Brd4 nullizygous mice (33, 34). A Brd3 knockout mouse has not
been reported. Very recent studies described highly selective
compounds that specifically interfere with the function of BET
bromodomains by blocking their interaction with acK (35-37).
Interest in these compounds is high given their great potential
as immunomodulatory drugs (35) and anticancer therapeu-
tics (36).

Here, we report the identification of Brd3 as an acetylated
GATAL interacting partner. An intact acetyl-lysine binding site
within BD1 is essential for the physical interaction with acetylated
GATALI and its recruitment to GATA1l-occupied sites (GATA1
OSs) in vivo. Genome-wide ChIP followed by massively parallel
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sequencing (ChIP-seq) analysis revealed that Brd3 is enriched at
GATA1 bound enhancers and promoters but not in the tran-
scribed portion of target genes. Dominant negative forms of
Brd3 or pharmacologic inhibition of GATA1’s interaction with
Brd3 reduce the association of both proteins at key erythroid
genes and impair GATA1-mediated erythroid maturation, closely
phenocopying the erythroid defects observed with GATAL1 acety-
lation site mutants. In concert, these results reveal that Brd3
serves as reader of acK marks on a key hematopoietic transcrip-
tion factor to promote its chromatin binding. Moreover, our
studies reveal that although compounds targeting BET proteins
might be used to manipulate hematopoietic development for
exploratory or therapeutic purposes, their inhibitory effects on
erythroid maturation highlight the need for further improvement
of target specificities.

Results

Brd3 Binds to Acetylated GATA1. GATALI bearing mutations at the
lysine-rich motifs C-terminal to the zinc fingers fails to stably bind
endogenous chromatinized targets in vivo and trigger erythroid
maturation (3, 20). However, acetylation-defective GATAL is
functional in transient transfection assays, suggesting that acety-
lation conveys an activity involving native chromatin. Previously,
in vitro acetylation of murine GATA1 peptides coupled with
Edman degradation identified four acetylatable lysines at posi-
tions 312, 314, 315, and 316 in the C-terminal acetylation motif
(Fig. 14) with K312 being the strongest and K316 the weakest (3).
However, this approach did not address whether multiple resi-
dues could be acetylated simultaneously. Therefore, we investi-
gated by mass spectrometry the CBP-mediated acetylation of
GATALI1 using the entire zinc finger domain as substrate. The
spectra obtained from trypsin-digested material (Fig. S1) re-
vealed that GATA1 can be multiply acetylated at lysines 312,
314, 315, and 316. In addition, lysine 308 was acetylated, consis-
tent with results obtained at the homologous site in chicken
GATAL (4).

To identify proteins that preferentially interact with acetylated
GATA1, we performed peptide affinity purification using nuclear
extract from mouse erythroleukemia (MEL) cells. We generated
three 24 amino acid peptides corresponding to the C-terminal
acetylation motif of GATA1. These were unacetylated (unmod),
monoacetylated (acl), or acetylated at lysines 312, 314, 315, and
316 (ac4) residues that were previously identified as important for
GATAL function (3). The ac4 peptide specifically retained pro-
teins of 110 kDa (Fig. 1B), which were identified by mass spectro-
metry as Brd3 (22 peptides) and lesser amounts of the short
isoform of Brd4 (Brdd4s, 6 peptides).

For our studies of endogenous Brd3 and Brd4, we raised anti-
sera and confirmed their specificity in Western blots and immu-
noprecipitation experiments (see SI Materials and Methods and
Fig. S2). The enrichment of Brd3 in the ac4 peptide bound frac-
tion was confirmed by Western blot. In addition, HA-tagged Brd3
expressed in G1E-ER4 erythroid cells specifically bound the ac4
peptide (Fig. 1C). In contrast, although HA-tagged Brd4 bound
to the ac4 peptide, it also interacted with unmodified and acl
peptides (Fig. 1C). Similar binding profiles were observed when
using in vitro translated (IVT) Brd3 and Brd4 (Fig. 1C), suggest-
ing that the interaction is direct.

To examine whether the Brd3-GATA1 interaction occurs
in vivo, we performed coimmunoprecipitations (co-IP) using
nuclear extracts from estradiol-treated G1E-ER4 cells. G1E-
ER4 cells are derived from GIE cells, GATAl-null murine
progenitors (38, 39) that stably express GATAL fused to the
ligand-binding domain of the estrogen receptor. Estradiol treat-
ment leads to synchronous erythroid differentiation and expres-
sion of all known GATA1 target genes. This powerful system
enables assaying the function of GATA1 in its natural context.
Whole genome expression studies revealed that differentiating
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G1E-ER4 cells mimic the normal erythroid maturation program
with high fidelity (39-42). As shown in Fig. 1D, Brd3 coprecipi-
tated with GATA1, suggesting that GATA1 and Brd3 associate in
vivo. FOG1, a known GATAL1 binding protein, served as positive
control.

To determine whether GATA1 and Brd3 interact in vivo in an
acetylation-dependent manner, we carried out colP experiments
with nuclear extracts from 293T cells transfected with vectors ex-
pressing GATAI1, the acetyltransferase CBP, and HA-Brd3.
GATA1 coprecipitated with wild-type Brd3 (Fig. 24, lanes 3
and 6), but deletion of BD1(ABD1) or both bromodomains
(ABD12) reduced GATA1 binding to background (IgG) levels
(compare lanes 6, 9, 12, and 15). Deletion of BD2 (ABD2)
had little effect. An acetylation-defective mutant of GATA1l
[GATA1 NC(A)] failed to bind Brd3. In summary, the acetylation
dependence of the interaction is supported by the requirement
for intact acetylation sites in GATA1 and an intact first bromo-
domain of Brd3.

BD1 Binds to the C-Terminal Acetylation Motif of GATA1. To examine
whether BD1 is sufficient for binding full-length, mammalian-cell
expressed GATAL1, immobilized GST-BD1 was incubated with ex-
tracts from 293T cells transfected with GATA1 alone or together
with CBP (Fig. 2B). Western blots of bound proteins showed that
CBP coexpression was required for GATA1 binding to GST-BD1.
We also assayed binding of GATA1 to GST-BD2 as well as GST-
BD1 bearing a phenylalanine substitution at a conserved tyrosine
residue (Y72) critical for acetyl-lysine binding (43). Neither GST-
BD2 nor mutant GST-BD1(Y72F) showed any interaction. Inter-
estingly, GATA2, which retains the N- and C-terminal acetylation
motifs, also bound specifically to GST-BD1 when coexpressed
with CBP (Fig. S3). Hence, Brd3 may be a widely used partner
for acetylated GATA factors in diverse lineages. Additional evi-
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Fig. 2. Acetylation-dependent interaction of BD1 with the C-terminal acet-
ylation motif of GATA1. (A) Extracts from 293T cells transfected with indi-
cated plasmids were immunoprecipitated with antibodies against HA or
control 1gG, followed by Western blotting with HA or GATA1 antibodies. In-
put equals 2.5%. (B) Immobilized GST-BD1, -BD2, and -Y72F were exposed to
nuclear extracts from 293T cells expressing wild-type GATA1 or indicated
GATA1 mutants with or without CBP, followed by anti-GATA1 Western blot-
ting. Input equals 2.5%. (C) Immobilized GST-BD1, -BD2, and -Y72F were ex-
posed to bulk chromatin from 293T cells, washed with 150 mM NacCl or
450 mM Nadl, followed by anti-acH4 Western blotting. Input equals 2.5%.
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dence supporting the acetylation dependence of the GATA1-BD1
interaction derives from the observation that alanine (A) or ar-
ginine (R) substitutions at the C-terminal acetylation motif [C(A)
mut] or both motifs [NC(A) mut or NC(R) mut] disrupted bind-
ing, whereas alanine substitutions at the N-terminal acetylation
motif (N(A) mut) bound to GST-BDI1 similar to wild-type
GATALI (Fig. 2B).

Because Brd3 has been reported to bind acetylated histone H4
(29), we examined the association of GST-BD1, -BD2, or -BD1
(Y72F) with acetylated histone H4 from nuclear extracts. Using
an antibody against tetraacetyl H4 (K5, 8, 12, 16) we detected
binding to BD1 but not BD1(Y72F) (Fig. 2C). Binding to
BD2 was less avid. Because the GATA1-Brd3 binding studies
were carried out under stringent washing conditions (450 mM
NaCl), we tested acH4 binding under high ionic strength and
found BD1 binding to be dramatically diminished (Fig. 2C).
These results suggest that acH4, like acGATA1, can be bound
by BD1, but that the acH4-BD1 interaction might be less robust.
In summary, BD1 binds the C-terminal acetylation motif of
GATA1, whereas BD2 likely associates with acetylated lysines
present in other transcription factors or histones.

The first bromodomain of Brdt binds to histone H4 when it is
acetylated simultaneously at two lysine residues separated by two
amino acids (31, 32). Therefore, we surmised that BD1 of Brd3
might employ a similar binding mode in the context of acetylated
GATAL. In fact, a GATA1 peptide diacetylated at K312 and K315
bound GST-BD1 almost as avidly as the ac4 peptide, whereas
none of the GATA1 peptides with singly acetylated lysines bound
with high avidity. This suggests that the binding mechanism of
Brd3 BD1 to acetyl-GATAL1 is likely similar to that between Brdt
and acetyl-H4. However, this does not preclude other possible
combinations of acK-BD1 interactions. These data and a detailed
structural and biochemical analysis of the interaction between
acetylated GATA1 and Brd3 are published elsewhere.

Brd3 and GATA1 Cooccupy Chromatin in Vivo. Anti-GATA1 and anti-
Brd3 ChIP experiments were carried out in GIE and GIE-ER4
cells following GATAL1 activation. At the p-globin locus, GATA1
bound to DNase I hypersensitive sites (HS) 1, 2, 3, and 4 of the
locus control region (LCR) and the Hbb-bI promoter (Fig. 34),
consistent with previous studies (44, 45). Notably, Brd3 occu-
pancy increased at all GATA1 OSs but not at sites lacking
GATALl, such as intervening regions (IVR) 1, 2, 3, and 4. Brd3
was also detected at all other examined GATA1 OSs near ery-
throid genes, including Hba-al, Kifl, Eraf, Zfpml, and Slc4al
(Fig. S4) but not in the transcribed portion of the Eraf gene. Total
Brd3 levels did not change significantly upon erythroid differen-
tiation, indicating that recruitment instead of increased produc-
tion is the cause for Brd3 occupancy (Fig. S5). Although Brd4
bound to acetyl-GATA1 peptides in vitro (Fig. 1) its presence
at the p-globin locus correlated poorly with that of GATA1
(Fig. 34). Significant amounts of Brd4 were observed only at
the Hbb-b1 promoter and Hbb-bI intron 2. At the remaining
GATA1-regulated genes, Brd4 was enriched at the Eraf and
Zfpml genes but not the Hba-al, KIfl, and Slc4al genes
(Fig. S4). Because expression of Brd2 and Brdt is low/absent
in these cells (39), Brd3 is likely the most relevant GATA1-bind-
ing BET protein. The anti-Brd3 and anti-Brd4 ChIP experiments
were confirmed by anti-HA ChIP experiments in cell lines stably
expressing HA-Brd3 or HA-Brd4 (Fig. S6A).

To examine the generality of the combined presence of Brd3
and GATA1 on cellular chromatin, we performed ChIP in the
erythroid cell line MEL before and after DMSO-induced ery-
throid differentiation. Again, a tight correlation was found be-
tween Brd3 and GATAL1 at the p-globin locus as well as at the
Eraf promoter (Fig. S6B). Brd3 and GATAI also cooccupied
GATAL1 target genes in the megakaryocytic cell line L8057
(Fig. S6C), indicating that the Brd3-GATALI interaction occurs
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Fig. 3. Cooccupancy of Brd3 and GATA1 at active and repressed target
genes. (A) ChIP-gPCR with indicated antibodies or control (IgG) in G1E
(—GATA1) and estradiol-treated G1E-ER4 (+GATA1) using primers specific
for the p-globin locus. G1E-ER4 cells are definitive erythroid cells expressing
adult (Hbb-b1) but not embryonic (Ey, bh1) globin genes. (B) ChIP-gPCR as in
A using primers specific for the Kit locus. The data shown are the average of
3-6 experiments. Asterisks indicate p < 0.05. ns, not significant. Error bars
represent standard deviation.

in distinct cell lineages. To confirm our findings in primary cells,
ChIP was carried out in E14.5 fetal liver erythroblasts. Brd3 was
detected at high levels at four GATA1 OSs (HS2, HS2, and the
promoters of Hbb-bI and Slc4al) but not a control region 1kb
upstream of the Hbb-bl promoter (Fig. S6D). Taken together,
these results demonstrate that GATA1 and Brd3 cooccupy chro-
matin in vivo.

Brd3 Recruitment Correlates with GATA1 but Poorly with Histone Acet-
ylation. The activation of GATA1 target genes is associated with
increased histone acetylation (15, 16). Because Brd3 has been re-
ported to bind acetylated histones, in particular acH4KS and
acH4K12 (29), its recruitment could be an indirect consequence
of GATA1l-induced transcription. Therefore, we examined
acH4KS and acH4K12 levels by ChIP at the p-globin locus. In
general, both the pattern and dynamics of these histone marks
correlated poorly with those of Brd3 at the locus (Fig. 34).
For instance, although Brd3 was high at the Hbb-bl promoter
and low at Hbb-b1 intron 2, the converse was found for acH4KS5.
Almost opposite patterns of Brd3 and acH4KS were observed
across the LCR (Fig. 34). Additional results obtained with
di-acH3 (K9/14) and tetra-acH4 (K5/8/12/16) antibodies con-
firmed the relatively poor correlation between histone acetylation
and Brd3 occupancy after GATAL1 activation. (Fig. S6E). Finally,
acH4KS5 and acH4K12 also displayed profiles distinct from Brd3
at the Hba-al, Kifl, Eraf, Zfpml, and Silc4al genes (Fig. S4).
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GATAL1 functions as a direct repressor of genes associated with
the immature, proliferative state, such as the Kit cytokine recep-
tor gene (46, 47). Repression is associated with reduced histone
acetylation, thus providing an opportunity to distinguish whether
Brd3 recruitment is controlled by acetylated GATAL1 or histones.
We measured Brd3 and GATA1 occupancy across the Kit locus.
GATAI1 was detected at sites —114, +5, +58, and +73 kb with
respect to the transcription start site, consistent with previous ob-
servations (47). Notably, following GATA1 induction, Brd3 occu-
pancy increased at the +5, 458, and +73 sites and remained high
at —114 (Fig. 3B). The levels of acH4K5 and acH4K12 tended to
decline, albeit not dramatically, following GATA1 activation. Im-
portantly, the overall patterns of these modifications were distinct
from that of Brd3. Interestingly, acH4K12 not only marked the
distal —114-kb enhancer but also the transcribed portion of the
gene that extends up to approximately 80 kb (Fig. 3B) (47).
acH4K12 might thus play a role in transcription elongation
(48). Additional points deserve comment. First, Brd3 was found
at the —114-kb region prior to GATA1 induction. This could be
due to the presence of substantial amounts of GATA?2 at this site
(47). Second, Brd3 was also found at the Kit promoter that lacks
high levels of GATA1. This clearly indicates that, not surprisingly,
Brd3 can be recruited by additional, GATAl-independent me-
chanisms. Third, although Brd3 has been implicated in transcrip-
tion elongation (29) there was a trend toward increased Brd3 in
the body of the Kit gene during repression. Fourth, Brd4 was un-
detectable at the Kit locus even under conditions of high Kit ex-
pression. Thus, the presence of Brd4 is neither correlated with
GATAL nor does it appear to be universally associated with active
genes. Finally, we also examined Brd3 and Brd4 recruitment at
two additional GATA1 repressed genes, LylI (39, 49) and Gata2
(50). Consistent with the results at the Kift locus, Brd3 but not
Brd4 was inducibly recruited by GATA1 while acH4KS and
acH4K12 declined (Fig. S6F). In summary, Brd3 recruitment
at GATA1 OSs appears to be largely independent of the gene
expression state and histone acetylation.

BD1 of Brd3 Is Necessary and Sufficient for Recruitment to GATA1 Tar-
gets. To determine whether GATA1 acetylation is required for
Brd3 recruitment in vivo, we performed ChIP of HA-tagged,
stably expressed Brd3 proteins with mutations in the bromodo-
mains in G1E-ER4 cells before (—E2) or after activation of
GATA1 (+E2). All constructs were expressed comparably
(Fig. 44, Inset). Deletion of BD1 (ABD1) or both bromodomains
(ABD12) almost completely abrogated Brd3 recruitment to all
examined GATA1 OSs, including those where GATA1 functions
as an activator (HS2, HS3, Zfpm1, Hbb-b1, and Eraf) and repres-
sor (Kit) (Fig. 44). Importantly, the effects of the Y72F substitu-
tion were tantamount to the loss of the entire BD1 (Fig. 4B). In
contrast, deletion (ABD2) or mutation (Y347F) of BD2 had no
effect. Combining both point mutations in Brd3 (2YF) produced
the same effects as Y72F or ABD1.

To test whether BD1 is sufficient for recruitment to GATA1
targets, we expressed HA-tagged BD1 or BD2 in G1E-ER4 cells
(Fig. 4C). Anti-HA ChIP revealed that HA-BD1 is recruited to
GATALI1 targets. Interestingly, HA-BD2 was also found at GATA1
OSs, albeit at lower levels. Because BD2 does not bind acetylated
GATALI, this association might be mediated by acetylated his-
tones or other nuclear factors in the vicinity of GATAL. Thus,
BD1 is the major binding determinant, whereas BD2 might con-
fer some target specificity. Because it is difficult to directly com-
pare the recruitment levels of HA-BD1 and full-length Brd3,
these experiments do not rule out a role for other domains of
Brd3 in stabilizing the interaction with chromatin. Nevertheless,
these results are in agreement with the binding experiments
above and strongly suggest that in vivo, acetylation of GATA1
contributes to the normal recruitment of Brd3 via BD1.

Lamonica et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1102140108/-/DCSupplemental/pnas.1102140108_SI.pdf?targetid=SF6

SIS

Z |

B [] - E2/1gG
2383 m
035 2323 - E2/0HA
03 | + E2/19G
<025 A + E2/aHA
3
< 02 ;
5
§0.15 0
g 0.1 i
fre f
0.05- f / ! i i
0T oo [aTeo Ty e e [ ey [T ool oy e Ted [ oy [ e [ Ty T 8 [ Ta [
§B8Eo0E 88058854888 08880888088 320
< %) ) a o ) [2} a
;<<l<.§<1<<§.<<<l.§<<<.§<<<‘§<<<§<<<
HS3 HS2 Hbb-b1 Eraf Zfpm1 Kit IVR2
prom prom intron1 +5kb
o
° w
B w a & 5 uw
RS [ - E219G
5
o + E2/aHA
50.03
c
o
50.02
o
0.01] 7f y f ¢
o It /e | i Hf . ; i i i 14 f .
RS IR R S G
grgivarighak gt aRgtalgtal ghak gn
H H >t > H s > .7 & >
HS3 HS2 Hbb-b1 Eraf Zfom1 Kit CD4
prom prom intron 1 +5kb
w < b N
C = - E2/IgG
of £8 8 Cl=
e I - E2/aHA

E2 -+ -+ -+
HA-BD1/
HA-BD2

+ E2/aHA

/

’
a
o

Il I ‘ AR 5 A A (\I ST —
@ a A x o a X ook O xXx oo xaoa
UE o WRBEBWRE UDEYWEOYEQWao Wa
W o Waeg W g W@ agl LW g g w <
o r T O T T 5 I I O I T o T T T o I T ) el
HS3 HS2 Hbb-b1 Eraf  Slc4al  Zfpm1 Kit Zfom1

prol prom prom Intron 1 +5kb  upstream

Fig. 4. Association of Brd3 with GATA1 target sites requires acK binding by
BD1. (A) Anti-HA ChIP of G1E-ER4 cells expressing HA-Brd3 or versions lack-
ing BD1, BD2, or both bromodomains before or after estradiol (E2) treat-
ment. (B) ChIP as in A in G1E-ER4 cells expressing HA-Brd3 with Y72F and/
or Y347F substitutions. (C) BD1 is sufficient for recruitment by GATA1. HA-
BD1 or HA-BD2 expressing G1E-ER4 cells were analyzed by anti-HA ChlIP be-
fore and after treatment with E2. All constructs were expressed at compar-
able levels (Insets). Negative controls include 1 kb upstream of Hbb-b1 (IVR2),
the 5’ transcribed region of CD4, or upstream of the Zfpm1 promoter. The
data shown are the average of three to five experiments. All error bars re-
present standard deviation.

Brd3 Occupies GATA1 Targets Genome-Wide. To measure Brd3 chro-
matin occupancy in an unbiased fashion, we carried out anti-Brd3
ChIP-seq in G1E cells with or without active GATA1. ChIP ma-
terial was analyzed by single molecule deep sequencing using the
Helicos platform, which yielded approximately 21 x 10e6 and ap-
proximately 11 x 10e6 aligned reads each in GATA1 null and
GATAL1 replete conditions, respectively.

The correlation between GATA1 and Brd3 occupancy was ex-
amined by placing the number of raw Brd3 sequencing reads into
500-bp genomic bins and multiplying the number placed into
each bin by a constant to account for the differences in total num-
ber of sequence reads between the two datasets (with or without
GATA1). This enabled us to quantify Brd3 binding at roughly
15,000 GATA1 OSs (41) and compare counts to the same sites
before and after GATA1 occupancy. We observed a highly signif-
icant increase of Brd3 at GATA1 OSs in induced G1E-ER4 cells
when compared to G1E cells (Fig. 5, compare Fig. 5 C and D) or
at randomly chosen sites (compare Fig. 5 A and B). We next
separated the GATA1 OSs into those that are near active or re-
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Fig. 5. GATA1 occupancy is a major determinant for Brd3 occupancy
genome-wide. The distributions of levels of Brd3 occupancy as determined
by genome-wide ChIP in cells with or without active GATA1 are shown as box
plots. Black bars denote the median number of normalized read counts, and
boxes denote interquartile ranges (IQR). Whiskers demarcate the range of
values excluding outliers as conventionally defined by >1.5 x IQR. Statistical
significance of difference was estimated by applying the Mann-Whitney U
test on a random subset of data points (n = 400). “ns” indicates not signifi-
cant; * indicates p < 0.05; ** indicates p < 10~%; *** indicates p < 10~'°.

pressed genes. Because the latter generally display lower histone
acetylation levels (15, 47, 50), it allowed us to evaluate the con-
tribution of histone acetylation in Brd3 recruitment. At both ac-
tivating (Fig. 5 E and F) and repressive (Fig. 5 G and H) GATA1
OSs we found a highly significant increase of Brd3 with a slight,
albeit significant, preference for activating sites (median of 13 vs.
11 normalized counts). This supports the results obtained by
ChIP-qPCR showing that GATAL is a critical recruiter of Brd3
regardless of the state of transcription. We stress that although
the large majority of GATA1 OSs had elevated read counts
for Brd3, a substantial fraction of Brd3-occupied sites were de-
void of GATAI, consistent with GATA1-independent modes of
recruitment.

It has been suggested that Brd3 broadly “coats” the transcribed
portion of active genes (29). Therefore, we determined the num-
ber of Brd3 reads in the center of the transcribed portions of the
top 5% most highly expressed genes in the absence of GATAL.
Notably, there was no statistically significant enrichment of Brd3
at these regions when compared to random genomic sites (com-
pare Fig. 5 4 and I). To further examine the distribution of Brd3
along the bodies of transcribed genes, we generated composite
profiles of Brd3 binding along the top 1%, 5%, or 25% expressed
genes extending one gene length upstream and downstream in
cells with or without active GATAL. Strikingly, Brd3 was enriched
around the transcription start site (TSS) but relatively depleted
throughout the gene body (Fig. S7).

To rule out the possibility that Brd3 binds near the TSS indir-
ectly, for example via acetylated histones or other transcription
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factors, we divided active promoters into those bound by GATA1
and those that are not. Brd3 occupancy was markedly higher at
the former (compare Fig. 5 J and K). In summary, these data
strongly suggest that GATAL, instead of acetylated histones, is
a major determinant of Brd3 occupancy on a genome-wide scale.
However, this does not rule out a partial contribution of acety-
lated histones for Brd3 binding to chromatin.

Brd3 Is Required for GATA1 Chromatin Occupancy and Normal Ery-
throid Maturation. Several attempts to stably knock down Brd3
in erythroid cells were unsuccessful. Knockdown of Brd3 has pre-
viously been reported to impair growth and viability of some cell
types (29, 51). Therefore, we aimed to more specifically target the
GATA1-dependent functions of Brd3, which might be less detri-
mental than global loss of Brd3. To interfere with the GATAL1-
Brd3 interaction in vivo we stably expressed HA-BD1 and
HA-BD2 in G1E-ER4 cells (Fig. 4C). HA-BD1, and to a lesser
extent HA-BD2, impaired the transcriptional up-regulation of
several GATAL target genes, including Hbb-b1, Eraf, and Slc4al
(Fig. 6B). ZfpmI was affected to a lesser extent. Overexpression
of either bromodomain did not impact steady-state levels of
GATAL1-ER (Fig. 64). HA-BD1 expression reduced Brd3 chro-
matin occupancy by 2- to 3-fold at GATA1 target sites (Fig. 6C).
HA-BD2 expression also reduced the amounts of Brd3 on chro-
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Fig. 6. Effects of BD1 or BD2 on GATA1 function. (A) Control Western blot
showing that expression of HA-BD1 or HA-BD2 does not affect GATA1-ER
levels. (B) gRT-PCR measuring fold induction of indicated GATA1 target genes
in G1E-ER4 cells expressing HA-BD1 or HA-BD2 before and after E2 treat-
ment. Data are the average of five independent experiments. (C) Anti-
Brd3 ChIP in parental G1E-ER4 cells (Top) or cells expressing HA-BD1 (Middle),
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matin, suggesting that BD2-interacting partners contribute to
stable Brd3 chromatin association. If acetylation facilitates
GATAL1 chromatin binding via Brd3, HA-BD1 is expected to re-
duce chromatin occupancy of GATALI. Indeed, ChIP showed re-
duced association of GATAL1 with its targets in cells expressing
HA-BD1 (Fig. 6D). The effects were modest likely because high
BD1 expression levels could not be achieved. Because HA-BD1
affected GATA1 chromatin occupancy to a lesser degree than
GATAL target gene expression (Fig. 6B), this suggests additional
roles for Brd3 in GATA1-dependent gene expression. BD2 over-
expression also led to reduced erythroid maturation. Because
BD2 does not strongly interact with acetylated GATAI, this is
likely an indirect effect of reduced Brd3 occupancy. As additional
control we attempted to express HA-BD1 carrying the Y72F
mutation. However, this protein could not be expressed at detect-
able levels likely as a result of instability.

To avoid possible toxicities due to prolonged disruption
of Brd3 function, we used the pharmacologic compound
GW841819X (hereafter called 19X), which is virtually identical
to the recently described compound I-BET in its binding profile
and affinity toward BET proteins (35, 37). 19X specifically targets
both bromodomains of BET family proteins with affinities ran-
ging from approximately 50 nM to approximately 60 nM, but does
not bind to bromodomains from other classes of molecules, in-
cluding p300/CBP and P/CAF (35, 37). 19X is also extremely
similar in structure and function to the compound JQ1, which
also targets BET proteins in vitro and whole animals (36). At con-
centrations ranging between 1 and 10 pM, 19X inhibited binding
between full-length GATA1 and GST-BD1 (Fig. 74), HA-Brd3
and the ac4 GATAL1 peptide (Fig. 7B), GST-BD1 and the ac4
GATAL peptide (Fig. 7C), and full-length GATAL1 and Brd3 in
co-IP experiments (Fig. 7D).

We next determined the effects of 19X on erythroid differen-
tiation and GATAL target gene transcription by exposing G1E-
ER4 cells to the compound for 7 and 24 h. At both time points,
19X inhibited in a dose-dependent fashion the expression of
Hbb-b1, Eraf, and Slc4al. However, 19X did not measurably alter
Zfpml induction by GATA1, nor did it affect the mRNA levels of
the housekeeping gene Pabpcl or Brd3 itself (Fig. 7E and
Fig. S84). Importantly, Brd3 and GATAL1 protein levels were un-
affected by the presence of 19X (Fig. S8B).

Using ChIP, we examined the chromatin occupancy pattern of
Brd3 and GATA1 in G1E-ER4 cells in the presence or absence of
19X. 19X diminished both endogenous Brd3 and HA-tagged
Brd3 from positive-acting GATAL sites, including the Hbb-bl
promoter, HS3, HS2, HS1, Slc4al, and Eraf (Fig. 7F). Remark-
ably, the reduction in Brd3 occupancy was accompanied by a sub-
stantial reduction of GATAL1 at these sites. 19X also disrupted
Brd4 binding to the promoters of Hbb-b1 and Eraf, perhaps by
inhibiting its interaction with acetylated histones (Fig. S8C). Im-
portantly, although 19X targets Brd2, Brd3, and Brd4, its effects
on GATA1 occupancy can be largely attributed to Brd3 because
several GATAL sites (e.g., HS1, HS2, and HS3 of the LCR) are
not occupied by Brd4, and Brdt as well as Brd2 are absent or ex-
pressed at low levels in G1E cells (39). Thus, Brd3 is the major
BET protein that is required for optimal GATA1 chromatin bind-
ing in erythroid cells.

19X treatment did not affect all GATAL targets equally. The
induction of ZfpmI was normal in the presence of the compound,
and repression of Kit was only affected moderately or not at all
(Fig. 7E and Fig. S8D). This response profile largely reflected the
effects of 19X on chromatin occupancy by GATA1 and Brd3
(Fig. 7F and Fig. S8D). Brd4 occupancy was also refractory to
19X at Zfpml but not at Hbb-bl (Fig. S8C). What explains
the differential sensitivity to 19X? First, it is possible that the
strength of the Brd3-GATA1 interaction varies between sites.
Second, it has been reported that genes that are already primed
for activity are refractory to I-BET (35). ZfpmI, Kit, and house-
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Fig. 7. 19X disrupts the interaction between Brd3 and acetylated GATA1, blocks erythroid maturation, and impairs GATA1 binding to chromatin. (A) GST-BD1
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Input equals 4%. (D) Anti-HA immunoprecipitation of nuclear extracts from 293T cells expressing GATA1 and HA-Brd3 in the presence of 19X, followed by
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experiments. Asterisks indicate p < 0.05. ns, not significant. All error bars denote standard deviation.

keeping genes are expressed at significant levels prior to GATA1
activation and thus are bound by transcription factor complexes
and have high levels of activating histone marks, such as acetyla-
tion. It is possible that following their initial recruitment, Brd3
and Brd4 are retained by mechanisms unrelated to GATAI or
GATA2. In summary, the use of 19X and dominant interfering
versions of Brd3 establish a role for Brd3 in chromatin occupancy

Lamonica et al.

of acetylated GATA1, which is critical for execution of the tran-
scriptional program of erythroid maturation.

Discussion

The discovery that nonhistone nuclear factors can be acetylated
has revealed a distinct layer of nuclear signaling and has been
likened in its impact to phosphorylation (52). Yet our knowledge
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of the mechanistic consequences is still relatively sparse. Acetyla-
tion of GATA1 was described over 10 years ago, but the role of
this modification has remained unclear. In prior studies, we found
that acetylation of GATAL is required for its stable association
with chromatin in vivo but not purified DNA templates in vitro
(20). In search of a mechanism, we found that acetylated lysine
residues near the C-terminal zinc finger serve as a docking site for
Brd3 and that this interaction is crucial for GATA1’s stable asso-
ciation with chromatin. The specificity of the interaction is under-
scored by our observation that other bromodomain-containing
proteins such as p300 and Brgl were not bound by acetylated
GATALI1 peptides. Brd4s was also enriched in the GATAL1 peptide
affinity purification, which is not surprising given the similarity
between their bromodomains. Nevertheless, the in vivo genomic
distributions of Brd4 and Brd3 are remarkably distinct, indicating
that domains outside BD1 contribute to binding selectivity in
vivo. In contrast to Brd4, Brd3 was found by ChIP-gPCR at all
examined GATA1 OSs. Likewise, in genome-wide studies
GATA1 emerged as a key determinant of Brd3 binding, indicating
that Brd3 is the most relevant BET family protein with regard to
GATAL function.

A major unmet challenge has been the identification of the
exact acetylated lysine residues of endogenous GATALI in vivo.
However, there is strong evidence supporting the importance
of GATA1 acetylation in vivo: First, binding of GATA1 to
BD1 is stimulated by CBP. Second, co-IP of GATA1 and Brd3
requires intact GATAL1 acetylation sites. Third, the interaction
between GATA1 and Brd3, as well as the recruitment of Brd3
by GATAL1 in vivo, depends on an intact BD1, specifically the con-
served acK-binding residue Y72. Of note, BD1 binding to GATA1
requires at least two acetylated residues, K312 and K315. This is
only the second example of a single bromodomain contacting
more than one AcK residue in cis (31, 32). However, it is possible
that other combinations of diacetylated forms of GATA1 might
also be capable of binding to BD1, especially because in vivo,
protein—protein interactions are influenced by their molecular
surroundings, such as the presence of cofactor complexes. De-
tailed biochemical and structural studies on this interaction
are reported elsewhere.

An open question is the mechanism by which the other major
acetylation motif near the N-terminal zinc finger of GATA1 con-
tributes to GATAL activity (3). The spacing of the acetylated
lysines would suggest a different mode of interaction with bromo-
domain-containing proteins. For example, in the case of Brd4,
both bromodomains contribute to the binding of a single acety-
lated residue of the NF«B subunit RelA (53) and histone H4 (54).
Thus, despite the similarities between Brd3 and Brd4, distinct
binding mechanisms might govern the selectivity of interactions
with acetylated nuclear factors or histones. More generally, it is
becoming clear that there exists a significant degree of ligand se-
lectivity among BET family proteins and their bromodomains
with regard to the combination and spacing of acetyl-lysine resi-
dues (55).

Our genome-wide analysis revealed several important aspects
of Brd3 recruitment. First, Brd3 is enriched at GATA1-occupied
genomic segments when compared to random sequences, con-
firming ChIP-qPCR experiments. Second, Brd3 recruitment oc-
curred at GATA1 sites near both active and repressed genes,
supporting a model in which acetylated GATAL1, but not neces-
sarily histone acetylation, is critical for Brd3 recruitment. This
also suggests that Brd3 is versatile in nature, occupying both tran-
scriptionally active and inactive euchromatin. Third, Brd3 is
found at sites that are not occupied by GATAL1. This agrees with
ChIP-qPCR results showing that Brd3 can be found at the Kit
promoter, which is devoid of GATAL. A meaningful estimate
of the number of Brd3 peaks was not obtainable because the
signal-to-noise ratio of the Brd3 ChIP was not as high as that
of GATAL1 (41). This is likely due to multiple factors, including

E166 | www.pnas.org/cgi/doi/10.1073/pnas.1102140108

a broader genomic distribution, the indirect association of Brd3
with DNA, which reduces cross-linking efficiency, and possible
differences in antibody affinities. As a result, depending on
the threshold settings, the number of called peaks varied signifi-
cantly. Thus, the exact number of Brd3 occupied sites devoid of
GATAL1 is not provided here. However, we were able to bypass
this obstacle and obtain solid datasets of Brd3 and GATA1 occu-
pancy by assessing the number of Brd3 reads at GATA1-occupied
and -depleted sites. It remains to be determined what additional
factors and mechanisms specify Brd3 enrichment at GATAI1-
depleted sites. Fourth, on a genome-wide scale, Brd3 is signifi-
cantly enriched at promoters favoring those occupied by GATA1
over those devoid of it. This clearly indicates that Brd3 recruit-
ment is not simply the consequence of high-level transcription.
Fifth, despite a recent report that Brd3 coats the transcribed por-
tion of active genes (29), our analysis did not reveal a substantial
Brd3 enrichment throughout the bodies of highly transcribed
genes despite the presence of acetylated histones. Even at the
top 5% most highly expressed genes Brd3 enrichment in the
middle of the transcribed domain was only minimally elevated
over random sequences and much lower when compared to
GATA1 occupied sequences. The reasons for this discrepancy in-
clude possible differences between cell lines and genes analyzed.
In addition, the results from LeRoy et al. (29) are based on the
overexpression of Brd3 in 293T cells. We noticed that forced ex-
pression of HA-Brd4 produced a broader genomic occupancy
pattern when compared to endogenous Brd4, highlighting the im-
portance of appropriate expression levels when examining the
distribution of BET proteins.

The biological relevance of Brd3 binding to GATA1 is under-
scored by experiments in which the interaction has been dis-
rupted by forced expression of BD1 or 19X. Both approaches
produced similar results, including impaired erythroid matura-
tion, lack of activation of GATAI target genes, and reduced
chromatin occupancy by GATA1 and Brd3. Although it remains
possible that off-target effects involving other BET proteins con-
tributed to the observed phenotypes, we studied genomic sites
where Brd3 but not Brd4 is present together with GATA1. This
permits the conclusion that at these sites, the BD1- or 19X-
induced loss of GATA1 binding to chromatin specifically results
from perturbation of Brd3 (expression of Brdt and Brd2 are
absent/low in these cells). Because compounds such as 19X
and JQ1 bind to both bromodomains of BET proteins, their
phenotypic effects should be interpreted with caution. In light
of the growing appreciation of the distinct acK-binding modes
of the BET family bromodomains, more selective ligands with di-
minished pleiotropism may be developed. This holds the promise
of improved therapeutic compounds for the treatment of diseases
in which chromatin-related pathways are perturbed (35-37). Our
study underscores the need to further improve the binding site
selectivity of pharmacologic compounds to increase their thera-
peutic benefit and lower the potential for unwanted side effects,
such as the potential impairment of erythroid maturation. Struc-
tural analysis of the acetyl-GATA1-BD1 interaction will be im-
portant in this regard.

Acetylation site mutations or disruption of its interaction with
Brd3 diminish GATA’s ability to associate with chromatin. What
is the mechanism by which Brd3 facilitates the binding of GATA1
to chromatinized targets? One highly speculative model invokes
the ability of BET proteins to bind to mitotic chromatin (24, 56).
This contrasts with most transcription factors and coregulators,
which are dispersed into the cytoplasm after mitosis (57, 58).
The reassembly of transcription factor complexes at the appro-
priate time and location upon mitotic exit thus presents a chal-
lenge to the newly emerging daughter nuclei. Retention on
condensed mitotic chromosomes of “bookmarking” proteins
might facilitate this process by directing nuclear factors to the
genes they control to stably transmit transcriptional programs
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through mitosis. For example, Brd4 is required to recruit the tran-
scription elongation factor P-TEFb to sites of transcription in ana-
phase (59). Brd3 might perform a similar function for GATAL.
Loss of Brd3 function would result in diminished chromatin oc-
cupancy in stable cell lines with cells continuously dividing and
failure of GATAL to efficiently reassociate with chromatin. This
might also explain why in transient transfection assays using epi-
somal plasmids and nondividing cells this function might be dis-
pensable. Future experiments are aimed at testing this model by
determining the mitotic occupancy of GATAI and Brd3. In ad-
dition, Brd3 might stabilize chromatin binding of GATA1 by me-
chanisms unrelated to the cell cycle. Because transcription factors
typically nucleate large multiprotein complexes, disruption of
any protein interaction could lead to reduced association with
chromatin. Indeed, numerous mutations in GATAL1 that impair
distinct functions are associated with reduced chromatin occu-
pancy (60-62).

Of course, Brd3 might serve additional functions related to
transcription and chromatin remodeling as has been proposed
for Brd4 (55). In one scenario, BD1 might recruit Brd3 to GATA1
OSs, whereas BD2 or other domains of Brd3 might connect to
components of the transcription machinery.

In summary, our work reveals that a pivotal hematopoietic
transcription factor involved in tissue specification associates with
Brd3 in an acetylation-dependent manner to facilitate stable as-
sociation with chromatin. The interaction occurs via recognition
of multiply acetylated lysine residues, which sets it apart from the
great majority of acK-bromodomain interactions. In light of the
great therapeutic promise afforded by pharmacologic compounds
that target BET proteins (35, 36), this work together with future
studies on the structural and biochemical features of this type of
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interaction might aid in the production of more selective com-
pounds with more targeted therapeutic effects.

Experimental Procedures

Protein Binding Studies. Details on the conditions for all binding
studies can be found in SI 7ext.

Chromatin Immunoprecipitation. ChIP was performed as described
(15). Primer sequences are listed in SI Text.

ChIP-Seq Analysis. Anti-Brd3 ChIP material from G1E or induced
GI1E-ER4 cells was sequenced on a HeliScope Single Molecule
Sequencer (Helicos). Details of the analysis are described in
ST Text.

qRT-PCR. RNA was extracted with Trizol reagent (Invitrogen). Re-
verse transcription reactions were performed using Superscript 11
(Invitrogen). Results were quantified by real-time PCR on an
ABI Prism 7900 system using SYBR Green dye.

Supplemental Data Supplemental experimental procedures and
eight figures are available online.
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