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The bromodomain and extra terminal (BET) protein family member BRD4 is a transcriptional regulator, critical for cell
cycle progression and cellular viability. Here, we show that BRD4 plays an important role in embryonic stem cell (ESC)
regulation. During differentiation of ESCs, BRD4 expression is upregulated and its gene promoter becomes demethyl-
ated. Disruption of BRD4 expression in ESCs did not induce spontaneous differentiation but severely diminished hemato-
endothelial potential. Although BRD4 regulates c-Myc expression, our data show that the role of BRD4 in hematopoietic
commitment is not exclusively mediated by c-Myc. Our results indicate that BRD4 is epigenetically regulated during
hematopoietic differentiation ESCs in the context of a still unknown signaling pathway.

Introduction

The human BRD4 protein is a member of the bromodomain
and extra terminal (BET) family characterized by the presence
of 2 tandem bromodomains capable of binding to acetylated
lysine in histone H3 and H4."? It is a transcriptional regulator of
growth inducing genes that interact with acetylated histones to
enable the recruitment of P-TEFb elongation factor to targeted
loci, which stimulates RNAP II-dependent transcription.’~ The
role of BRD4 in cell cycle progression is well described, and both
overexpression and downregulation of endogenous BRD4 levels
cause G1/S arrest in cultured human cells.*® Also, BRD4 is a
proto-oncogene which is activated by fusion with the nuclear pro-
tein in testis (NUT), causing rare but extremely aggressive car-
cinomas.”'® More recently, BRD4 has been identified as a major
¢-MYC regulator and pharmacological suppression of BRD4 has
shown a strong anti-tumorigenic effect in acute myeloid leuke-
mia.>'"'? Nonetheless, overexpression of BRD4 represses tumor
growth and metastasis in mice models,"*'* and ectopic expression
of BRD4-NUT reduces in vitro proliferation in mouse cells.”
These controversial studies indicate that the role of BRD4 in can-
cer could be more complex than previously anticipated, and not
only restricted to cell cycle progression. In fact, recent studies
have demonstrated that BRD4-NUT protein interferes with the
normal epithelial differentiation in NUT midline carcinomas.'¢

*Correspondence to: Mario F Fraga; Email: mffraga@cnb.csic.es

Besides the role of BRD4 in carcinogenesis, BRD4 deficiency
has also been linked to developmental defects. While BRD4
knockout mice are not viable and die shortly after implantation,
mice carrying a defective copy of BRD4 show post-natal ana-
tomical abnormalities such as head malformations, absence of
subcutaneous fat, low weight, and cataracts, suggesting a possible
developmental role for BRD4.” Here, we analyzed the contribu-
tion of BRD4 to hematopoietic specification from embryonic
stem cells (ESCs) and report that epigenetic modulation of
BRD4 is involved in human hematopoiesis.

Results

Human BRD4 is demethylated and upregulated during
ESCs differentiation

To study the regulation of BRD4 during ESC differentiation
we first analyzed its RNA expression during spontaneous EB
differentiation. We observed that RNA expression significantly
increased upon differentiation of both ESCs and induced plu-
ripotency stem cells (iPSCs) (Fig. 1A). BRD4 RNA levels were
also higher in EB-derived cells obtained after plating of EBs
on an adherent surface (Fig. 1A). Additionally, BRD4 was less
expressed in iPSCs than in the IMR90 fibroblasts from which
they were initially derived (Fig. 1A). Immunofluorescence stain-
ing and western blotting confirmed at the protein level that
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BRD4 is also upregulated in EBs and EB-derived cells as com-
pared with undifferentiated ESCs (Fig. 1B).

Developmental genes differentially expressed during cell
differentiation are often subjected to epigenetic regulation.’®¥
Since we have previously reported that BRD4 is partially reg-
ulated by DNA methylation in cancer cells," we hypothesized
that upregulation of BRD4 during differentiation may be due
to the loss of DNA methylation at its gene promoter. To test this
hypothesis, we analyzed the promoter DNA methylation sta-
tus of BRD4 in ESCs, iPSCs, EBs and EB-derived cells using
bisulfite pyrosequencing. Results showed that BRD4 promoter
underwent demethylation upon differentiation in all cell lines
tested (Fig. 1C). This result was confirmed by bisulfite sequenc-
ing of multiple clones (Fig. S1A). Interestingly, BRD4 promoter
in MSUH-002 cells is highly methylated (78%) as compared
with that in IMRIO0 fibroblasts (4%) (Fig. 1C), suggesting that
cellular reprogramming involves BRD4 DNA re-methylation.
Additionally, ESCs treated with a demethylating agent (5-aza-
2'-deoxycytidine) showed increased BRD4 expression, which
provides further evidence of the role of DNA methylation in
BRD4 regulation in ESCs (Fig. S1B).

BRD4 deregulation does not induce spontaneous differen-
tiation of ES cells

To further explore the role of BRD4 in ESCs differentiation,
we stably upregulated and downregulated BRD4 levels in ESCs
verifying BRD4 expression by real-time PCR, immunofluo-
rescence (Fig. 2A) and western blot (Fig. S2). Flow cytometry
analysis showed that neither overexpression nor downregulation
of BRD4 induced a clear loss of expression of the pluripotency
markers OCT4 and TRA-1-60 (Fig. 2B). Because SSEA4 levels
were apparently reduced in shBRD4 cells (Fig. 2B), we analyzed
expression of the ST3 B-galactoside -2, 3-sialyltransferase 2
(ST3GAL2), which is an indicator of SSEA4 synthesis,” by
quantitative PCR, although we did not observe gene expression
changes (Fig. S3). Thus, the current data do not clearly sup-
port the notion that BRD4 is regulating SSEA4 expression in
ESCs. In line with this, mRNA levels of the pluripotency mark-
ers OCT4, NANOG, and DNMT3b were not affected either
(Fig. 2C). As BRD4 activity has previously been associated
with proliferation and cell cycle progression in cancer cells, we
examined whether BRD4 is also regulating cell cycle in ESCs.
Super-BRD4 cells proliferated at a similar rate to control cells.
However, shBRD4 ESCs showed a proliferation rate slightly
slower than control cells, albeit the difference was statistically
significant (Fig. 2D). FACS analysis of DNA content showed
the greatest accumulation of cells at G1 phase in shBRD4 ESCs
(71%) as compared with super-BRD4 cells (60%) and to control
cells (52%) (Fig. 2E). Inhibition and downregulation of BRD4
has previously been shown to exert a pro-apoptotic effect on can-
cer cells. Using annexin V staining we observed a slightly higher
incidence of both early and late apoptotic cells in shBRD4 ESC
cultures but it was not was statistically significant (Fig. 2F).

BRD4 expression affects mesodermal differentiation of
ESCs

Because pluripotency markers were not affected by BRD4
regulation, we wanted to study in greater detail the functional
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role of BRD4 during differentiation. We induced EB formation
and analyzed the emergence of developmental markers dur-
ing spontaneous differentiation (Fig. 3). Alteration of BRD4
levels showed no effect on neuroectodermal markers (PAXG6,
NEURODI, NESTIN, and B-III-TUBULIN), and only one
endodermal marker (SOX17) was significantly affected. In
contrast, all the mesodermal markers analyzed were affected by
BRD4 expression: TAL-1, HOXA9, and BRACHYURY were
upregulated in super-BRD4 cells, while BRACHYURY, CD31/
PECAM, and CD34 were downregulated in shBRD4. These
results indicate that BRD4 might play an important role during
mesodermal specification.

Downregulation of BRD4 reduces early mesodermal speci-
fication and hemogenic potential

To study the potential role of BRD4 in mesodermal specifica-
tion in more detail, we co-cultured shBRD4 and super-BRD4
ESCs on OP9, which has been shown to induce mesodermal
differentiation.” We then analyzed the levels of early embry-
onic hematoendothelial progenitors expressing CD31 (PECAM)
and CD34 but negative for CD45 (Fig. 4A and B), which are
responsible for endothelial and hematopoietic development
during ESC differentiation.?* After 6 d of differentiation,
CD34*/CD31*/CD45  population was significantly under-
represented in shBRD4 cells (1.4%) compared with control
cells (3.25%) or super-BRD4 cells (2.72%) (P < 0.05) (Fig. 4A
and C). This hemogenic population progressively decreased over
time and after 18 d of differentiation, it was almost completely
absent in shBRD4 cells (>0.3%) although still notably present
(>1%) (P < 0.01) in controls and super-BRD4 ESCs. Primitive
blood cells CD45*/CD34*did not emerge prior to day 6. After
12 d, the percentages of CD45*/CD34* cells in control cells was
around 0.74%, notably higher than in super-BRD4 (0.32%)
and shBRD4 cells (0.15%) (P < 0.05). At day 12 of OP9 differ-
entiation, mature blood cells, represented by the CD45*/CD34-
population, were found at similar levels in control (0.46%)
and super-BRD4 cells (0.39%) but were considerably lower in
shBRD4 (0.19%) (P < 0.01). The percentage of CD45*/CD34-
cells increased at 18 d but differences between control (1.01%)
and shBRD4 (0.32%) cells were maintained (P < 0.01), and no
significant difference were observed between control and super-
BRD4 cells (0.97%) (Fig. 4B and C). To further confirm a role
for BRD4 in hematopoietic differentiation, we analyzed the dif-
ferentiation potential of hematopoietic progenitors derived from
transfected ESCs by quantitative colony forming unit (CFU)
assay (Fig. 4D). The number of CFUs derived from control
ESC-hematopoietic derivatives was on average 4-fold higher
than that generated from shBRD4 ESC-hematopoietic deriva-
tives (P < 0.05). Nonetheless, the CFU potential of hematopoi-
etic derivatives obtained from control ESC and super-BRD4
ESCs was very similar. In order to confirm the specificity of
BRD4 in mesodermal differentiation, we next induced dif-
ferentiation of ESCs into early neuroectodermal progenitors
by EB formation and quantified neural colony emergence on
MS-5 co-culture (Fig. S4). We did not observe either differen-
tial expression of neural markers after neural induction or sig-
nificant changes in the neural potential on MS-5 cell co-culture,
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Figure 1. Human BRD4 is demethylated and its expression upregulated during spontaneous differentiation of ESCs. (A) BRD4 expression in undifferenti-
ated ES cells and embryoid bodies (EBs) at 10 and 20 d of differentiation and, EB-derived cells obtained by attachment of EBs on gelatin-coated plates.
The iPSC line MSUH-002 and the somatic cell line originally reprogrammed (IRM90) were also included. BRD4 mRNA levels were analyzed by qRT-PCR
and are represented as the mean value * SD of three independent experiments (**P < 0.01). (B) Immunofluorescence staining for BRD4 (red) in ES cells
and EB-derived cells. Nuclei were labeled with DAPI (blue). Lower panel shows western blot analysis of BRD4 expression in undifferentiated ES cells and
20-d-old embryoid bodies. (C) Pyrosequencing analysis of DNA methylation in the BRD4 promoter region. Six CpG sites located approximately 600 bp
upstream of the transcription initiation site were analyzed.

Figure 2 (See opposite page). BRD4 alteration affected cell cycle progression but it did not induce spontaneous differentiation. (A) BRD4 mRNA levels
analyzed by gRT-PCR and semi-quantitative PCR in shBRD4 and super-BRD4 ESCs. Lower panels show immunofluorescence staining for BRD4 (red).
Nuclei were labeled with DAPI (blue). (B) Flow-cytometric analysis for OCT4, TRA-1-60, and SSEA4 in shBRD4 and super-BRD4 cells. (C) gRT-PCR analy-
sis of OCT4, NANOG, and DNMT3b in undifferentiated ES cells, EBs at 10 and 20 d (control, shBRD4, and super-BRD4 cells). (D) Proliferation of shBRD4
and super-BRD4 cells compared with control cells, analyzed by MTT assay and represented as the mean value + SD of three independent experiments
(**P < 0.01). (E) FACS analysis of DNA content in undifferentiated ESCs. (F) Apoptosis analysis by FITC-Annexin V staining. Left panels show representative
dot plots. Graphs show mean values + SD of three independent experiments.
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Figure 2. For figure legend see page 568.
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suggesting that neuroectodermal differentiation is not affected
by BRD4 disruption.

To further investigate the role of BRD4 in hematopoiesis, we
analyzed BRD4 methylation and expression in human CD34*
hematopoietic stem and progenitor cells (HSPCs) derived from
cord blood and in both myeloid and lymphoid fractions (Fig. 5A).
BRD4 promoter was more highly methylated in CD34* HSPCs
(84%) than in terminally differentiated myeloid (53%) and lym-
phoid cells (27%). Finally, to determine the relationship between
DNA methylation and gene expression we used qRT-PCR to ana-
lyze the BRD4 levels in these same samples and found very low
BRD4 expression in CD34* HSPCs and high expression in the
both myeloid and lymphoid fractions, showing a good correlation
with methylation status (R? = 0.906) (Fig. 5B) which points to
DNA methylation indeed playing a role in BRD4 regulation in
somatic hematopoiesis.

Disruption of BRD4 in ESCs is associated with ¢-MYC
expression

To investigate the molecular mechanism by which epigen-
etic regulation of BRD4 modulates hematopoiesis, we focused
our attention on ¢-MYC, a known BRD4 target that has previ-
ously been shown to play an important role in hematoendothe-
lial specification.?*=*® The BRD4 mRNA and protein levels in
shBRD4 cells were 21% and 69% that of normal cells, respec-
tively (Fig. 6A). To establish a functional relationship between
BRD4 and ¢-MYC in the ESCs, we used chromatin immuno-
precipitation (ChIP) to assess c-MYC promoter occupancy by
BRD4. We analyzed 8 DNA regions of around 200 bp (Fig. 6B)
distributed between 2700 bp upstream (6) and 1100 bp down-
stream (2) of the c-MYC TSS. We found BRD4 enrichment in
control vs. shBRD4 cells in the 5" region of the TSS and also at
200 bp of the TSS in the 3'region (Fig. 6B). These results sug-
gest that BRD4 directly binds c-MYC promoter region in ESCs
and that the role of BRD4 in hematopoiesis could be mediated,
at least in part, by c-MYC. In order to explore this possibility, we
used a doxycycline-inducible c-MYC expression system packed in
a lentiviral vector. Lentivirus particles generated with this vector
efficiently infected ESCs (up to 60% of transduction efficiency)
and overexpressed c-MYC in response to doxycycline (Fig. S5A
and B). Additionally, upon doxycycline treatment, shBRD4-
c¢cMYC ESCs showed an improved proliferation rate, similar to
that found in wild type cells (Fig. S5C), indicating that prolifera-
tion impairment was mostly mediated by ¢-MYC downregula-
tion. To test the role of ¢-MYC in hematopoietic specification,
ESCs were infected 3 times with 12 h intervals to achieve an
infection efficiency of around 60%. Human c-MYC overexpres-
sion was induced 12 h after plating on OP9 stromal cells and was
maintained for 18 d (Fig. 6C). In wild type cells, c-MYC overex-
pression did not impair or even slightly promoted the appearance
of early CD34*/CD31* hemoendothelial progenitors at differ-
ent time points but impaired robustly the generation of CD45*
blood cells (Fig. S6). Furthermore, overexpression of c-MYC in
shBRD4 cells neither improved the emergence of hematopoi-
etic cells (Fig. 6D and E) nor CFU generation (Fig. 6F). Thus,
c-MYC overexpression in shBRD4 ESCs did not rescue on its
own the hemogenic/hematopoietic potential, indicating that
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BRD4 repression-mediated hematopoietic impairment from
ESCs is not exclusively owing to c-MYC downregulation.

Discussion

In this work, our aim was to study the possible role of the
BET family member BRD4 in ESC differentiation. Although
BET proteins are essential for many biological processes and tis-
sue homeostasis their contribution to early embryonic develop-
ment remains elusive. Recent work has identified a diverse range
of in vivo target genes and specific cell functions that suggest that
BET proteins may act as key regulators of cell cycle and differ-
entiation. For instance, it has recently been reported that BRD3
associates with acetylated GATAL1 to promote erythroid differ-
entiation.?” Additionally, BRDT, BRD2, and BRD4 knockout
mice have been generated and a possible developmental role for
these BET proteins has been suggested in each case. Indeed,
BRDT null mice exhibit defects in male germ cell differentia-
3031 while BRD2 knockout mice show neural tube abnor-
malities linked to neuroepithelial differentiation.* Furthermore,

tion

complete elimination of BRD4 in mice leads to early death after
implantation. Nonetheless, mice carrying one single functional
copy of BRD4 show developmental abnormalities which are
initially associated with a lower proliferative potential in vivo,’
although defects associated with deregulation of developmental
genes cannot be ruled out. The role of BRD4 on cell differen-
tiation is further supported by the role of BRD4-NUT fusion
protein in NUT-midline carcinomas, which inhibits the associa-
tion of wild type BRDA4 to the ¢-fos promoter blocking epithelial
differentiation.” Our results extend these findings by showing
that BRD4 is involved in the differentiation of ESCs. First, we
observed that BRD4 undergoes demethylation and its expression
is upregulated upon differentiation, a type of epigenetic control
often observed in key developmental genes.'®% Additionally,
this BRD4 downregulation in ESCs interferes with cell cycle
progression and mildly reduces the proliferation rate, in line with
the previously described role of BRD4 in cell cycle progression.®—*
In these studies, BRD4 disruption strongly impaired cell prolif-
eration. Nonetheless, it has been observed that treatment with
JQL, a potent inhibitor of BRD4 binding to acetylated histones,
has a strong antiproliferative effect on leukemia cells but only
mildly affects non-cancerous cells.'? This result suggests that
some cell types are more vulnerable to BRD4 disruption than
others and may explain why BRD4 reduction in ES cells is not
so critical for cell proliferation. In any case, this was not enough
to induce spontaneous in vitro ESC differentiation, suggesting
that BRD4 is not an essential determinant of pluripotency. Thus,
shBRD4 ESCs, which display BRD4 expression levels around
20% of that of wild type ESCs retain the undifferentiated state
during in vitro culture, consistent with the reported viability
of mice with only one defective copy of the BRD4 gene.” We
also demonstrated that mesodermal differentiation is affected by
BRD4 alteration during differentiation of ESCs. The emergence
of hematoendothelial progenitor cells (CD34*/CD31*/CD45),
primitive blood cells (CD45*/CD34*), mature blood cells
(CD45*/CD34) and CFU potential were greatly diminished by
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Figure 3. BRD4 expression affected mesodermal markers during spontaneous differentiation
of ESCs. qRT-PCR analysis of differentiation markers associated with the three embryonic germ
layers. Results are represented as the mean value + SD of three independent experiments.
Asterisks are employed to denote statistical differences between groups (* P < 0.05) (**P < 0.01)

CD45" progenitors) but did reduce terminal

CD45+ blood differentiation. On the other hand, shBRD4
ESCs showed no enhanced hemogenic/hematopoietic differ-
entiation, suggesting that BRD4 may also target alternative
critical genes, other than ¢-MYC, involved in hematopoiesis.
Additionally, these results highlight that the anti-tumorigenic

effect of BET inhibitors in myeloid leukemia'™'* may not be
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entirely mediated by c-MYC downregulation, and that BRD4
impairment could be also influencing hematopoietic differenti-
ation in cancer cells. In summary, our results show that epigen-
etic regulation of BRD4 modulates hematopoietic specification
of ESCs, extending previous evidence for the developmental role
of the BET protein family members, and will help to understand
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the putative role of BRD4 in cell differentiation and hematologi-
cal malignancies.

Materials and Methods

Cell culture

The human embryonic cell line H9 was obtained from WiCell
following approval from the Spanish National Embryo Ethical
Committee. DNA and RNA samples from the cell line MSUH-
002 were kindly donated by Professor JB Cibelli at the Michigan
State University. IMR90, MS-5, and OP9 stromal cells were
obtained from the American Type Culture Collection (ATCC).
IMR90 and MS-5 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) supplemented with 10%
fetal calf serum (FCS) (HyClone). OP9 cells were cultured in
a-MEM (Gibco) supplemented with 20% FCS. Human ES cells
were maintained in matrigel using mesenchymal stromal cell-
conditioned medium supplemented with 8 ng/ml basic fibroblast
growth factor (bFGF) (Sigma) as previously described.”” Media
were changed daily.

Stem cell differentiation

For embryoid body formation, cells were treated with col-
lagenase IV (Gibco) and scraped off of the Matrigel-coated
plates (BD Biosciences). For spontaneous differentiation, cell
aggregates were cultured in low-attachment plates (Sterilin) in
differentiation medium consisting in KO-Dulbecco’s modified
Eagle’s medium supplemented with 20% KO serum replacement
(Gibco), nonessential amino acids (Gibco), glutamine (Sigma),
and 0.1 mM B-mercaptoethanol (Sigma), the medium being
changed every 2 d. After 20 d, EBs were plated on gelatin-coated
plates and cultured in DMEM supplemented with 20% FCS for
an additional 10 d, passaging with TrypLE express (Gibco).

Hematopoietic differentiation was performed as previously
described.?"¥=% Briefly, undifferentiated hESCs were harvested
with collagenase IV (Gibco) and plated at low density onto OP9
confluent plates in a-MEM (Gibco) supplemented with 10%
FCS and 0.1 mM B-mercaptoethanol (Sigma). The hRESC/OP9
co-cultures were maintained for 18 d with half the medium
being changed every 2 d. Cells were harvested at 6, 12, and 18
d after 1 h incubation with collagenase IV (Gibco) followed by
30 min incubation with TrypLE express (Gibco). Each time,
after gentle pipetting, cells were filtered through a 100-pwm cell
strainer to achieve a single cell suspension and used for flow-
cytometric and CFU assays. Dissociated cells were stained with
anti-CD34-phycoerythrin, anti-CD31-allophycocyanin  and
anti-CD45-fluorescein (all from Biolegend). Hematoendothelial
progenitors were identified as CD34*/CD31*/CD45", immature
blood cells as CD34*/CD45* and mature blood cells as CD45*/
CD34". Data acquisition and analysis was performed using a BD
FACScaliburTM Cytometer/CellQuest Pro Software package

(Becton Dickinson). The experiments were replicated three times
and significant differences were assessed by a two-tailed indepen-
dent samples 7 test.

For early neural differentiation, hEBs were grown for 4 d in
KO-DMEM supplemented with 20% KO serum replacement
(Gibco), nonessential amino acids (Gibco), glutamine (Sigma),
0.1 mM B-mercaptoethanol (Sigma), and 4 ng/ml bFGF (Sigma).
They were then grown in suspension for an additional 10 d in
DMEM/F12 (Gibco) supplemented with nonessential amino
acids (Gibco), 2 pg/ml heparin (Sigma), 20 ng/ml bFGF (Sigma),
and neural cell supplement N2 (Gibco). In parallel, neural dif-
ferentiation was also induced by hESC/MS-5 co-culture as previ-
ously described.** Briefly, undifferentiated hESCs were plated at
low density on confluent MS-5 plates to avoid contact between
colonies during the differentiation process. These hRESC/MS-5
co-cultures were maintained in DMEM/F12 supplemented with
15% KO serum replacement (Gibco), nonessential amino acids
(Gibco), glutamine (Sigma), and 0.1 mM B-mercaptoethanol.
After 14 d the medium was changed to DMEM/F12 (Gibco)
supplemented with nonessential amino acids (Gibco), 2 pwg/ml
heparin (Sigma), 20 ng/ml bFGF (Sigma), and neural cell sup-
plement N2 (Gibco) for an additional week. The experiments
were replicated five times and neural emergence was quantified
by morphological criteria and mRNA expression. Significant dif-
ferences were assessed by a two-tailed independent samples # test.

CB collection and CD34+ HSPC isolation

Fresh umbilical cord blood (CB) units from healthy new-
borns were obtained from The Andalusian Public Cord Blood
Bank upon approval by our local Ethics and Biozahard Board
Committee. CB samples were pooled to reduce variability among
individual CB units. Mononuclear cells were isolated using Ficoll-
Hypaque. After lysing the red cells (StemCell Technologies),
CD34* cells were purified by magnetic bead separation using the
human CD34 MicroBead kit and the AutoMACS Pro separa-
tor (Miltenyi) following the manufacturer’s instructions. Purity
of the CD34" fraction was assessed by flow cytometry using
anti-CD34-PE (Becton Dickinson -BD-) and only CD34* frac-
tions showing purity over 95% were used.”*¢ Lymphoid and
myeloid fractions were isolated using Histopaque-1077 (Sigma)
following the manufacturer’s instructions, and cell purity was
checked with the ADVIA 2120i Hematology System (Siemens)
to ensure a minimal purity of 95% prior to analysis.

RNA purification and quantitative real-time RT-PCR
analysis

RNA was isolated with TRIzol Reagent (Invitrogen) and
reverse transcription was performed using Superscript I
(Invitrogen) following the manufacturer’s protocols. Quantitative
real-time RT PCR (qPCR) was performed by TagMan Gene
Expression Assays (Applied Biosystems) and SYBR green univer-
sal PCR master mix (Applied Biosystems). Primers are described

Figure 4 (See opposite page). Downregulation of BRD4 impairs hematoendothelial specification. (A and B) Representative flow cytometry dot plots
of hematopoietic markers during ESC differentiation on OP9 co-culture. The percentage of CD34*/CD31* and CD45* cells corresponding to each dot plot
are shown in the upper right corner. (C) Percentage of CD34*, CD31*, and CD45* cells during hematopoietic differentiation. Primitive hematoendothelial
progenitors were identified as CD34*/CD31+/CD45", immature blood cells as CD34*/CD45* and mature blood cells as CD45*/CD34. Percentages are rep-
resented as the mean value =+ SD of three independent experiments. (D) Colony forming unit (CFU) potential of control, shBRD4, and super-BRD4 ESCs.
Results are represented as the mean value + SD of three independent experiments (*P < 0.05) (**P < 0.01).
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Figure 4. For figure legend see page 572.
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Figure 5. Human BRD4 is differentially methylated and expressed in somatic CD34+ HSPCs and myeloid/lymphoid cells. (A) Pyrosequencing analysis
of DNA methylation in the BRD4 promoter region of CB-derived CD34* HSPCs and myeloid and lymphoid cell fractions. (B) Correlation between BRD4
expression and DNA methylation in CD34* HSPCs, myeloid, and lymphoid cells (R? = 0.906). DNA methylation is represented as the average percentage

of methylation of the 6 CpG sites analyzed by pyrosequencing.

in Table S1. Significant differences in gene expression were
assessed by a two-tailed independent samples # test.

Cell proliferation assay

Cells (2 x 10%) were seeded onto 96-well plates, allowed to
attach, and 50 pg of 3-(4,5-dimethyl-2-yl)-2,5-ditetrazolium
bromide (MTT) were added to medium (100 wl/well; 3 h, 37 °C,
5% CO2). Cell medium was removed and MTT-formazan crys-
tals dissolved in DMSO (100 pl/well). Absorbance at 595 nm
was determined with a Power Wave WS automated microtiter
plate reader (BioTek). Optical density was directly proportional
to cell number up to the density attained by the end of the assay.
Results are expressed as the mean + SD (n = 3). Significant dif-
ferences were assessed by a two-tailed independent samples # test.

Cell treatment with 5-aza-2"-deoxycytidine

The human ES cell line H9 was treated with 2 pwmol/L
5-aza-2'-deoxycytidine (AZA; A3656, Sigma) for 2 d to achieve

demethylation and then mechanically harvested for RNA puri-
fication. Significant differences in gene expression were assessed
by a two-tailed independent samples ¢ test.

Genomic DNA extraction and DNA methylation assay

Genomic DNA was extracted with a Wizard Genomic
DNA Purification Kit (Promega) following the manufacturer’s
instructions. Sodium bisulfite modification of 500 ng DNA
was performed with the EZ DNA methylation kit (D5002,
Zymo Research) following the protocol recommended by the
manufacturer.

Pyrosequencing was performed using the PyroMark
kit (Qiagen). Primers used were: F1 (5'-GTGAAGGAGG
ATTAAGGTTT TTAAG-3'), R1 biotinylated
(5'-CACAAATAAA ATTACTTTTC CATCTAA-3'), and the
sequencing primer S1 (5-GTGAAGGAGG ATTAAGG-3').
These primers amplify a region 607 bp upstream of the BRD4

Figure 6 (See opposite page). Disruption of BRD4 in ESCs reduced c-MYC expression. (A) RNA expression and western blot analysis of c-MYC in control
and shBRD4 ESCs. mRNA levels were quantified by qRT-PCR and are represented as the mean value + SD of three independent experiments in control
and shBRD4 transfected cells. Relative c-MYC protein levels were quantified by densitometric analysis of western blot images. (B) Quantitative ChIP
determination of BRD4 occupancy at the 5’ promoter region of c-MYC. ESCs treated with JQ1, a potent inhibitor of bromodomain binding to acetylated
histones, were used as negative control. An intragenic region located at 1100 bp from the TSS was also analyzed. Relative enrichment is represented as
the mean value + SD of four independent experiments. (C) Schematic representation of the experimental design for the rescue experiment in shBRD4
ESCs infected with an inducible c-MYC lentiviral vector and end point analyses. (D) Representative dot plots of hematopoietic differentiation after c-MYC
overexpression. (E) Percentage of CD34*, CD31*, and CD45* cells at different time points during hematopoietic differentiation. (F) Colony forming unit
(CFU) potential of shBRD4 ESCs transduced with an inducible c-MYC lentiviral vector, with or without doxycycline. Results are represented as the mean
value + SD of three independent experiments.
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Figure 6. For figure legend see page 574.
transcription initiation site, containing six CpG sites. The bio- Bisulfite genomic sequencing of multiple clones was per-

tinylated PCR product was purified with the Pyrosequencing formed as previously described® using a minimum of six
Vacuum Prep Tool (Qiagen). Methylation levels were quantified  independent clones per sample. Primers used were: Forward

by using the PyroMark Q24 system (Biotage). (5" TGGGGGGTAG GGTGTATATA TA -3’) and Reverse
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(5'-ATCAAAAAAT CTATTCCCCT CC -3'), which amplify a
267 bp region in the BRD4 promoter containing 10 CpG sites and
located 776 bp from the TSS.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized
with 1% Triton X-100 in Dulbecco’s phosphate-buffered saline
(DPBS) (10 min, room temperature), and blocked with 10% don-
key serum (2 h, room temperature). Then, the cells were incubated
with anti-BRD4 antibody (Bethyl Laboratories) overnight at 4 °C.
Cells were washed in DPBS containing 0.1% Triton X-100 (Sigma)
and incubated with Alexa-594-conjugated secondary antibody
(Life Technologies). DNA was stained with DAPI (4, 6-diamid-
ino-2-phenylidole) and immunofluorescence preparations imaged
using a digital camera connected to a Leika DMRXA microscope.

Cell cycle analysis

Human ESCs were harvested after 10 min incubation with
TrypLE express (Gibco) and filtered through a 100-pm cell
strainer to achieve a single cell suspension. After washing with
DPBS, cells were fixed in 70% ethanol. Fixed cells were stained
with propidium iodide (40 pg/ml) and treated with RNase A
(Roche Applied Science) for 1 h at room temperature. Analysis
was performed with ModFit LT software.

Annexin v staining

Apoptosis was analyzed with the FITC-Annexin V stain-
ing kit (Biolegend) following the manufacturer’s instructions.
Briefly, cells were washed with DPBS and transferred to the
cell staining buffer containing FITC- annexin V and 7-Amino-
actinomycin D (7-AAD). Stained cells were analyzed by flow
cytometry. Significant differences were assessed by a two-tailed
independent samples 7 test.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation was performed with control
H9 and shBRD4 H9 cells. Control H9 cells were incubated with
the BRD4 inhibitor JQ1 (500 nM) for 24 h and used as the nega-
tive control in the immunoprecipitation protocol. In brief, cells
were fixed with 1% formaldehyde (Sigma-Aldrich) for 30 min
at 4 °C, lysed in sodium dodecyl sulfate (SDS) lysis buffer [1%
SDS, 10 mM EDTA (EDTA), and 50 mM Tris—=HCI pH 8.1],
and sonicated. Chromatin immunoprecipitation was performed
overnight at 4 °C with anti-H3 (Millipore) and anti-BRD4
(Bethyl Laboratories) using 5 x 10° cells per reaction. Normal
IgG (Abcam) was used as the negative control. Antibody—chro-
matin complexes were precipitated with Salmon Sperm DNA/
Protein A-Agarose beads (Upstate Biotechnologies), then washed
and eluted from beads using an elution buffer (1% SDS, 0.1 M
NaHCO3). DNA was extracted with phenol-chloroform and
was ethanol-precipitated. Immunoprecipitated DNA was ana-
lyzed in triplicate by real-time PCR from 1 pl eluted DNA. The
primers used are described in Table S2. Results are presented as
x-fold enrichment of precipitated DNA associated with BRD4,
relative to a 1:200 dilution of unbound fraction. Significant dif-
ferences were assessed by a two-tailed independent samples # test.

Colony Forming Unit (CFU) quantitative assay

CFU quantitative assays were performed by plating 50000
cells from 12 d-old hESC/OP9 co-cultures into semisolid meth-
ylcellulose medium supplemented with recombinant human
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Stem Cell Factor (SCF), Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF), Colony-Stimulating Factor 3
(CSF3), IL-3 and IL-6 and Erythropoietin (Methocult H4435,
StemCell Technologies, Inc.). Colonies were counted 10 d later
using standard morphological criteria. Significant differences
were assessed by two-tailed independent samples # test.

Western blot

Cell lysates were prepared by SDS lysis extraction in the pres-
ence of a complete protease inhibitor cocktail (Roche). After SDS-
PAGE separation, proteins were detected by western blot analysis
using antibodies against a-tubulin (1:3000, Sigma-Aldrich),
B-actin (1:3000, Sigma-Aldrich), BRD4 (1:2000, Bethyl
Laboratories), and ¢-MYC (1:2000, Santa Cruz). Secondary
antibodies conjugated to horseradish peroxidase (HRP) were
from GE Healthcare Life Sciences. Western blot images were
quantified with Multi Gauge Software (Fujifilm). Background
subtraction was applied individually to each lane and values were
normalized with the loading control.

Plasmid construction and transfection

In order to overexpress BRD4 in ESCs, the BRD4 coding
sequence was subcloned into pCEP4-puro vector from the plas-
mid pCDNA-BRD4-zeocin (addgene plasmid 14441) by Notl/
HindII digestion. BRD4 knockdown was achieved by transfec-
tion with the plasmid pSUPER-shBRD4 (CT), donated by Dr
Peter M Howley. This vector was successfully used in previous
studies and demonstrated to have an efficient capacity to down-
regulate BRD4 in human cells.” Nucleofection was performed
with Amaxa Nucleofector (Lonza) using 4 g of each plasmid fol-
lowing the manufacturer’s instructions. Selection of transfected
clones was performed with 0.5 pg/ml of puromycin (Invitrogen)
or 37.5 wg/ml hygromycin B (Invitrogen) for pCEP4-BRD4 and
pSUPER-shBRD4, respectively. The inducible c-MYC lentiviral
vector (LV-TRE-cMyc-Ubce-tTA-12G) was kindly gifted by Dr
Tomoyuki Yamaguchi and Dr Koji Eto. Lentiviral supernatants
were obtained from transfected 293T/17 cells (ATCC) and con-
centrated with Amicon Ultracel 100K filter units (Millipore). H9
cells were infected 3 times at 12 h intervals and ¢-MYC expres-
sion was induced with 0.25, 0.5, or 1 pg/ml doxycycline (Sigma-
Aldrich) added to the culture medium.
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