
                                                                    

University of Dundee

BRD4-BRD2 isoform switching coordinates pluripotent exit and Smad2-dependent
lineage specification
Fernandez-Alonso, Rosalia; Davidson, Lindsay; Hukelmann, Jens; Zengerle, Michael;
Prescott, Alan R.; Lamond, Angus
Published in:
EMBO Reports

DOI:
10.15252/embr.201643534

Publication date:
2017

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Fernandez-Alonso, R., Davidson, L., Hukelmann, J., Zengerle, M., Prescott, A. R., Lamond, A., Ciulli, A.,
Sapkota, G. P., & Findlay, G. M. (2017). BRD4-BRD2 isoform switching coordinates pluripotent exit and Smad2-
dependent lineage specification. EMBO Reports, 18(6), 859-1037. [e201643534].
https://doi.org/10.15252/embr.201643534

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 27. Jan. 2021

https://doi.org/10.15252/embr.201643534
https://discovery.dundee.ac.uk/en/publications/86244101-dc33-41f3-a29b-2465d879f6df
https://doi.org/10.15252/embr.201643534


Article

Brd4-Brd2 isoform switching coordinates
pluripotent exit and Smad2-dependent
lineage specification
Rosalia Fernandez-Alonso1, Lindsay Davidson2, Jens Hukelmann3, Michael Zengerle4, Alan R Prescott3,
Angus Lamond3 , Alessio Ciulli4, Gopal P Sapkota1 & Greg M Findlay1,*

Abstract

Pluripotent stem cells (PSCs) hold great clinical potential, as they
possess the capacity to differentiate into fully specialised tissues
such as pancreas, liver, neurons and cardiac muscle. However, the
molecular mechanisms that coordinate pluripotent exit with
lineage specification remain poorly understood. To address this
question, we perform a small molecule screen to systematically
identify novel regulators of the Smad2 signalling network, a key
determinant of PSC fate. We reveal an essential function for BET
family bromodomain proteins in Smad2 activation, distinct from
the role of Brd4 in pluripotency maintenance. Mechanistically, BET
proteins specifically engage Nodal gene regulatory elements
(NREs) to promote Nodal signalling and Smad2 developmental
responses. In pluripotent cells, Brd2-Brd4 occupy NREs, but only
Brd4 is required for pluripotency gene expression. Brd4 downregu-
lation facilitates pluripotent exit and drives enhanced Brd2 NRE
occupancy, thereby unveiling a specific function for Brd2 in dif-
ferentiative Nodal-Smad2 signalling. Therefore, distinct BET func-
tionalities and Brd4-Brd2 isoform switching at NREs coordinate
pluripotent exit with lineage specification.

Keywords BET Bromodomain; differentiation; embryonic stem cell;
Nodal-Smad2 signalling; Pluripotency
Subject Categories Signal Transduction; Stem Cells
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Introduction

Embryonic/pluripotent stem cells (ESCs/PSCs) have the develop-
mental capacity to differentiate into any cell type within the adult
body, including terminally differentiated tissues such as pancreas,
liver, neurons and cardiac muscle [1]. Thus, directed differentiation

is of significant clinical interest due to potential applications in
regenerative therapeutics. Although many insights into the signal-
ling pathways controlling differentiation have been gleaned from
developmental genetics and embryology [2], the molecular events
which coordinate pluripotent exit with developmental progression
are poorly understood.

Transforming growth factor (TGF)-b signalling plays a promi-
nent role both in maintaining pluripotency and in mesendoderm
(ME) specification [3–5], which is a developmentally and thera-
peutically significant population [2]. The TGFb superfamily
consists of TGFb isoforms and Activin/Nodal ligands, which selec-
tively engage TGFbII receptors. This leads to TGFbI receptor
activation, Smad2/3 recruitment and phosphorylation, and Smad2/
3-dependent gene expression in complex with Smad4 [3–5]. In
PSCs, autocrine Nodal activates Smad2 signalling [6] to maintain
expression of pluripotency factors [7,8]. In differentiating cells,
Nodal-Smad2 induces ME-specific genes [9,10] and reinforces ME
fate selection by suppressing neuroectoderm (NE) genes [11,12]
(Fig 1A). However, in contrast to our detailed understanding of
the core Nodal-Smad2 pathway and transcriptional targets, we
remain poorly informed about the molecular mechanisms by
which Smad2 signalling is established and maintained in diverse
developmental contexts.

Here, we use a library of potent and selective small molecule
inhibitors to uncover the regulatory network surrounding the
Nodal-Smad2 pathway in differentiating PSCs. This approach identi-
fies bromodomain and extra-terminal (BET) proteins as unantici-
pated regulators of Nodal-Smad2 signalling, distinct from the role of
Brd4 in pluripotency maintenance. We find that BET family
members Brd2 and Brd4 directly engage Nodal gene regulatory
elements (NREs) to drive autocrine Nodal expression. Using quanti-
tative proteomics to explore BET family expression dynamics during
differentiation, we show that Brd4 suppression facilitates pluripo-
tent exit and drives increased Brd2 recruitment to NREs. Brd2
thereby selectively governs Smad2 pathway activation in differenti-
ating cells and is required for ME differentiation. Our data uncover a
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BET family isoform switch and distinct BET family functionalities,
which together enable coordinated pluripotent exit with Nodal-
Smad2 dependent lineage specification.

Results

A screen for modifiers of Nodal-Smad2 pathway activity during
mESC differentiation

In order to elucidate the extended regulatory network surrounding
the core Nodal-Smad2 pathway in differentiating PSCs, we
employed mouse ESCs (mESCs) maintained in Mek1/2 (PD0325901)
and Gsk3 (CHIR99021) inhibitors, referred to as �2i� [13]. Upon 2i
release [14], na�¤ve ESCs (Klf4) undergo differentiation towards
epiblast (Fgf5), followed by lineage specification of NE (Nestin) and
ME (Brachyury; Fig 1B [15]). ME differentiation requires Smad2
pathway activation [16,17], as Brachyury induction is suppressed
by treatment with the TGFbI receptor inhibitor SB505124 [18]
(Fig 1C). Brachyury is also regulated by Fgf-Mek1/2 and Wnt signal-
ling in the expected manner, as the Mek1/2 inhibitor PD0325901
suppresses, whilst the Gsk3 inhibitor CHIR99021 promotes
Brachyury expression (Fig 1C). Each inhibitor appropriately
suppresses signalling pathway output (Fig 1D).

We therefore exploited Brachyury induction as a biological assay
for Nodal-Smad2 signalling in differentiating mESCs. A screen of
105 potent and selective tool compounds identifies several small
molecules which potently suppress Brachyury induction (Fig 1E,
see also Appendix Table S1). In this cohort are TGFbI receptor
inhibitors A-83-01 and LY364947, the Nedd8 activating enzyme inhi-
bitor MLN4924, the p90 Ribosomal S6 Kinase (RSK) inhibitor BI-
D1870 and the bromodomain and extra-terminal (BET) inhibitor
JQ1.

BET bromodomain activity is required for Nodal-Smad2 signalling
in differentiating mESCs

Initially, we investigated whether hits identified in our screen
directly affect Nodal-Smad2 signalling. MLN4924 suppresses expres-
sion of multiple lineage markers (Fig EV1A), whilst a structurally
distinct p90 RSK inhibitor SL0101 does not inhibit Brachyury expres-
sion (Fig EV1B), suggesting that MLN4924 and BI-D1870 have non-
specific effects in differentiating mESCs. However, JQ1 specifically
abolishes Smad2 phosphorylation without inhibiting Fgf-Mek1/2 or
Wnt signalling (Fig 2A), demonstrating that the Nodal-Smad2

pathway is a functional target of BET activity in differentiating
mESCs. We corroborate this observation using other BET inhibitors
including IBET and the structurally unrelated IBET-151 and PFI-1
(Fig 2B) [19,20]. In contrast, RVX-208, a specific inhibitor of the
second BET bromodomain [21], does not significantly suppress
Smad2 phosphorylation (Fig 2B).

We asked whether diverse BET inhibitors consistently block
Brachyury induction in differentiating mESC. Suppression of
Brachyury by BET inhibitors closely correlates with inhibition of
Smad2 phosphorylation (Fig 2C). We also confirm that JQ1
suppresses expression of Nanog, a known target gene (Fig EV1C)
and Brachyury protein (Fig EV1D). Furthermore, JQ1 inhibits direct
Smad2 transcriptional targets and ME markers Mixl and Gsc
(Fig EV1E) and strongly promotes Sox1+ NE lineage selection in a
manner similar to TGFbI receptor inhibition (Fig 2D) [22]. In
contrast, JQ1 does not suppress Smad1 phosphorylation, a specific
readout of BMP signalling (Fig EV1F), indicating that BET inhibition
specifically blocks the TGFb-Smad2 axis of the TGFb/BMP signalling
network. Taken together, our data provide substantial evidence that
BET inhibitors block Nodal-Smad2 dependent signalling during
mESC differentiation.

BET function patterns autocrine Nodal expression to underpin
Smad2 pathway activation

Initially, we speculated that BET inhibitors suppress Nodal-Smad2
signalling by inhibiting a kinase. However, JQ1 does not inhibit
> 140 kinases, including the TGFbI receptor Alk5 [23,24]. Consis-
tent with this finding, BET inhibition suppresses Smad2 phospho-
rylation only after 48 h (Fig EV2A), suggesting that BET proteins
control Nodal-Smad2 signalling via a transcriptional mechanism.
In order to identify BET-dependent transcripts in the TGFb and
Wnt signalling networks, we interrogated published RNAseq data
from PSCs (Gene Expression Omnibus GSE60171) [22]. This
analysis indicates that NODAL and INHBE ligands and the
Smad2-dependent negative feedback regulator LEFTY2 are
repressed following BET inhibition (Fig 3A), suggesting a poten-
tial mechanism by which BET proteins function in Nodal-Smad2
signalling.

To test this hypothesis, we conducted a targeted mRNA expres-
sion analysis of TGFb signalling components in mESCs following 2i
release (Fig 3B). As expected, Smad2 transcriptional targets
Brachyury, Mixl and Lefty1/2 are potently suppressed by JQ1 [25].
Strikingly, JQ1 treatment also suppresses expression of
Activin/Inhibin and Nodal type TGFb ligands, whilst TGFb family

� Figure 1. A chemical screen to identify novel players in the Smad2 pathway.
A Schematic representation of mESC differentiation towards mesendoderm (ME) and neuroectoderm (NE) fates. Nodal-Smad2 signalling controls ME specification.
B Klf4, Fgf5, Nestin and Brachyury mRNA levels in mESCs differentiating upon 2i release were quantified by qRT–PCR and normalised to mRNA levels in 2i mESCs. Data

are presented as mean � SEM of technical replicates from a representative experiment; similar results were observed in three independent experiments (n = 3).
C mESCs differentiating upon 2i release for 4 days were treated with PD0325901 (MEK1/2 inhibitor; 1 lM), CHIR99021 (GSK3 inhibitor; 3 lM) and SB505124 (TGFbRI

inhibitor; 3 lM) on either day 1, 2 or 3 as indicated. mRNA levels of Klf4 and Brachyury were quantified by qRT–PCR and normalised to DMSO control. Data are
presented as mean � SEM of technical replicates from three independent experiments (n = 3).

D mESCs differentiating upon 2i release for 1.5 days were treated with 1 lM PD0325901, 3 lM CHIR99021 or 3 lM SB505124 for a further 2.5 days. Smad2 Ser465/467,
b-catenin Ser33/37/41 and Erk1/2 Thr202/Tyr204 phosphorylation and total Erk1/2 or b-catenin were determined by immunoblotting (n = 3).

E Screen of Brachyury mRNA levels following mESC differentiation with inhibitors (1 lM; JQ1 100 nM) added for the final 2.5 days. Data are presented as mean of
technical replicates. Small molecules and primary targets which robustly inhibit Brachyury induction are highlighted.

Source data are available online for this figure.
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receptor/co-receptor expression is only modestly altered or
increased by JQ1 (Fig 3B). Selective suppression of Activin/Nodal
ligands may therefore underpin Nodal-Smad2 inhibition by JQ1.
Nodal is prominently expressed during early development [26] and
in differentiating mESCs (Fig 3C), suggesting that BET proteins drive
Nodal expression and resulting Smad2 signalling in differentiating
mESCs.

In order to determine whether Activin/Nodal ligand expression is
the key BET-dependent step in the Smad2 pathway, we tested
whether recombinant Activin/Nodal ligand can rescue Smad2 signal-
ling in JQ1 treated mESCs. We were unable to source or produce
active recombinant Nodal [27]; however, Activin A uses the same
TGFb receptor family as Nodal [28,29]. Accordingly, Activin A

treatment robustly restores Smad2 phosphorylation in JQ1-treated
cells, in contrast to TGFb1 or BMP4 (Fig 3D). Activin A treatment
also rescues expression of ME markers Brachyury (Fig 3E) and Mixl
(Fig EV2B) following JQ1 treatment, whilst TGFb1 and BMP4 do
not. Expression of Nodal itself is not rescued by Activin A treatment
(Fig EV2B), highlighting a specific defect in autocrine Nodal produc-
tion. These data also confirm that JQ1 does not inhibit the Trim33
bromodomain containing protein, which is required downstream of
Nodal-Smad2 for ME differentiation [27]. We therefore propose that
BET inhibitors block Smad2 signalling and PSC differentiation by
suppressing Activin/Nodal production. This mechanism is specific
to Nodal signalling, as JQ1 does not inhibit TGFb1-Smad2 dependent
PAI-1 transcription in U2OS cells [30] (Fig EV2C).
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Figure 2. BET bromodomain activity is required for Smad2 signalling and mESC differentiation.
A mESCs differentiating upon 2i release for 1.5 days were treated with 3 lM SB505124 or 100 nM JQ1 for a further 2.5 days. Smad2 Ser465/467, b-catenin Ser33/37/41

and Erk1/2 Thr202/Tyr204 phosphorylation and total Erk1/2 were determined by immunoblotting (n = 3).
B mESCs differentiating upon 2i release for 2 days were treated with the indicated inhibitor concentrations. Smad2 phosphorylation and total Smad2 were evaluated by

immunoblotting (n = 3).
C mESCs differentiating upon 2i release for 1.5 days were treated with the indicated inhibitors for a further 2.5 days. Brachyury mRNA levels were determined by qRT–

PCR and normalised to DMSO control. Data are presented as mean � SEM of technical replicates from three independent experiments (n = 3). Two-tailed unpaired
Student’s t-test; ns = not significant, ***P < 0.001 and ****P < 0.0001.

D mESCs differentiating upon 2i release for 1.5 days were treated with 3 lM SB505124 or 100 nM JQ1 for a further 2.5 days. Brachyury and Sox1 mRNA levels were
determined by qRT–PCR. Data presented as mean � SEM of technical replicates from three experiments (n = 3). Two-tailed unpaired Student’s t-test (**P < 0.01 and
****P < 0.0001).

Source data are available online for this figure.
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BET-Nodal-Smad2 signalling modulates directed differentiation
of hiPSCs to dEN

Next, we explored the wider developmental and therapeutic signifi-
cance of Nodal-Smad2 regulation by BET family bromodomains.

Specification of human-induced pluripotent stem cells (hiPSCs) to
definitive endoderm (dEN) is a key intermediate step in pancreatic
and hepatic development [2]. Differentiation of Sox17+/FoxA2+ dEN
from hiPSCs is initiated by the Wnt activator CHIR99021 followed by
Activin A treatment (Fig 4A). In this system, CHIR99021 drives Smad2
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phosphorylation and dEN differentiation [31], and this is abolished by
JQ1 treatment (Fig EV3A). Furthermore, CHIR99021 induces Nodal
expression within 6 h, which is similarly blocked by JQ1 (Fig 4B).
BET proteins are therefore required for autocrine Nodal-Smad2 signal-
ling not only in mESCs, but also in differentiating hiPSCs.

Having established the importance of BET proteins for Nodal-
Smad2 signalling in hiPSCs, we examined whether BET activity is
required for specification of hiPSCs to dEN. hiPSC treatment with
SB505124 or JQ1 suppresses Brachyury induction (Fig EV3B), indi-
cating a failure to specify ME. As a result, treatment of hiPSCs with
JQ1, even for the first 24 h of differentiation, completely abolishes
dEN specification, as assessed by dEN-specific markers FoxA2 and
Sox17 (Fig 4C) and loss of dEN morphology (Fig 4D). In contrast,
JQ1 does not significantly alter morphology of undifferentiated
hiPSC colonies (Fig 4D). Loss of dEN identity in JQ1-treated samples
is confirmed by immunostaining for FoxA2 (Fig 4E). Our data there-
fore show that BET proteins govern activation of Nodal-Smad2
signalling in hiPSCs, which plays a critical role in differentiation of
therapeutically relevant dEN progenitor cells.

Nodal gene regulatory elements (NREs) form a putative BET
protein recruitment platform

We then sought to elucidate the mechanism by which BET proteins
drive autocrine Nodal-Smad2 signalling. As key transcriptional regu-
lators, we hypothesised that BET proteins are recruited to Nodal
gene regulatory elements (NREs) to control Nodal expression. The
Nodal promoter consists of multiple NREs, including the key highly
bound element (HBE) 0.5–2.5 kb upstream [32] and the asymmetric

enhancer (ASE) 1.0 kb downstream of the transcriptional start site
(Fig EV4A). We therefore examined whether NREs contain lysine-
acetylated histone H4 BET bromodomain binding motifs [24], which
could in principle directly recruit BET family members [33]. Indeed,
chromatin immunoprecipitation (ChIP) using an anti-acetyl K5/K8/
K12/K16 histone H4 antibody enriches for the Nodal HBE
(Fig EV4B), confirming that the Nodal promoter is a potential
recruitment site for BET family bromodomain proteins.

Determining BET family expression dynamics by
quantitative proteomics

In order to determine which BET family members might be recruited
to NREs in differentiating mESCs, we conduct quantitative whole
cell proteomics to determine the relative expression of BET family
members. We quantify total protein copy number per cell from
mESCs in LIF/FCS. This analysis identified all members of the BET
family: Brd2, Brd3, Brd4, and Brdt. Brd2 (204,033 � 30,770 copies
per cell) and Brd4 (142,198 � 1,436 copies per cell) are the major
isoforms expressed in mESCs in LIF/FCS (Fig 5A), although Brd3
is also expressed at significant levels (92,437 � 2,483 copies per
cell). The testis-specific isoform Brdt is expressed at very low
levels in mESCs (135 � 17.8 copies per cell).

Brd2 and Brd4 engage NREs to modulate Nodal
gene transcription

Our finding that Brd2 and Brd4 are abundantly expressed in
mESCs (Fig 5A) prompted us to determine whether Brd2 and

� Figure 3. BET bromodomain function patterns autocrine Nodal expression and signalling.
A Graphical representation of RNAseq data (GSE60171) corresponding to a list of TGFb-Smad2 and Wnt pathway genes. Data represent the log2 fold change in mRNA

expression of hESCs treated with MS436 BET inhibitor compared to control. Genes repressed by BET inhibition are shown in green and induced genes are in red.
B mESCs differentiating upon 2i release for 1.5 days were treated with 100 nM JQ1 for a further 2.5 days, and levels of the indicated transcripts determined by qRT–

PCR. Table shows the mean fold change in mRNA expression, with genes repressed by JQ1 in green and the induced ones in red. Data from a representative
experiment are shown. Similar results were observed in three independent experiments (n = 3).

C Relative mRNA expression of the indicated TGFb superfamily ligands determined by qRT–PCR. Data are presented as mean � SD of technical replicates. Similar
results were observed in three independent experiments (n = 3).

D mESCs differentiating upon 2i release were treated with 100 nM JQ1, 3 lM SB505124 or 1 lM LDN193189 for 2.5 days and then stimulated with Activin A, TGFb1 or
BMP4 for 30 min. Smad2 phosphorylation, total Smad2 and Lamin B1 levels were determined by immunoblotting. Data from a representative experiment are shown.
Similar results were observed in three independent experiments (n = 3).

E mESCs differentiating upon 2i release were treated with 100 nM JQ1 for 2.5 days and stimulated with TGFb1, Activin A and BMP4 for 48 h. Brachyury mRNA levels
determined by qRT–PCR. Data are presented as mean � SD of technical replicates. Statistical significance was determined for each condition relative to control using
two-tailed unpaired Student’s t-test; ns = not significant, **P < 0.01. Similar results were found in three independent experiments (n = 3).

Source data are available online for this figure.

�Figure 4. BET-Nodal-Smad2 signalling axis modulates directed differentiation of hiPSCs to definitive endoderm.

A Experimental workflow for directed differentiation of Sox17+/FoxA2+ definitive endoderm (dEN) from human-induced pluripotent stem cells (hiPSCs).
B hiPSCs treated with 3 lM CHIR99021 were co-treated with DMSO (Control), 3 lM SB505124 or 100 nM JQ1 for 24 h and RNA or protein was collected at the

indicated time points. Nodal mRNA was quantified by qRT–PCR and represented as mean � SD of technical replicates. Smad2 phosphorylation and total Smad2
protein levels were determined by immunoblotting and quantified using ImageLab software. Similar results were found in three independent experiments (n = 3).

C hiPSCs undergoing dEN differentiation were treated with SB505124 or JQ1 for either the first 24 h (“pulse”) or for the whole dEN differentiation process (“sustained”).
Levels of FoxA2 and Sox17 mRNAs were determined by qRT–PCR. Data are presented as mean � SD of technical replicates. Statistical significance was determined for
each condition relative to control using two-tailed unpaired Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001). Similar results were found in
three independent experiments (n = 3).

D hiPSCs undergoing dEN differentiation were treated with SB505124 or JQ1 for either the first 24 h (“pulse”) or for the whole dEN differentiation process (“sustained”).
Phase contrast images were obtained at 10× objective. Similar results were found in three independent experiments (n = 3).

E hiPSCs undergoing dEN differentiation were fixed and immunostained for FoxA2 and DAPI stained to identify nuclei. Images were taken using a confocal microscope
at 10× objective. Right panel shows a zoomed in view of an area from the respective images on the left panel.
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