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Figure 5 Impaired synergistic JNK activation in Filamin-A-deficient cells

(A) Inset: confluent M2 and A7 human melanoma cells were treated with sorbitol (0.05, 0.1, 0.15, 0.2 or 0.3 M in lanes 1-6 respectively) at 37 °C for 20 min. Lysates were immunoprecipitated with
anti-JNK Ab, and JNK activity in the immunoprecipitates was measured using an in vitro kinase assay with GST~c-Jun as the substrate. 32P-|abelled phosphorylated GST—c-Jun (panels a and ¢)
and total immunoprecipitated JNK (panels b and d) are shown. Graph: levels of JNK activity in lreated M2 (A) and A7 (@) cells were expressed as the fold-stimulation compared with levels in
untrealed M2 or A7 cells. (B) Confluent M2 and A7 cells were lrealed with 0.5 M sorbilol at 37°C for 20 min, and lysates were immunoprecipitated with an anti-MKK7 mAb. MKK7 activity in the
immunoprecipitates was measured using an in vitro kinase assay with GST-JNK 1 as the substrate. Levels of phosphorylated JNK were determined using an anti-phospho-JNK Ab (upper panel). Total
immunoprecipilated MKK7 was determined using an anti-MKK7 Ab (lower panel). Hislogram: MKK7 activity in lysates of M2 cells and A7 cells that were no! treated (NT) or treated with 0.5 M sorbitol
(Sor) were expressed relalive to activilies of NT in M2 cells. Bars indicate the means -+ S.E.M. for three independent experiments. (C) MKK4 activily was measured using an anti-phospho-MKK4
(upper panel) Ab. Total MKK4 was determined using an anti-MKK4 Ab (lower panel). Hislogram: MKK4 activity in lysates of M2 cells and A7 cells that were not treated (NT) or treated with 0.5 M
sorbitol (Sor) were expressed relative 1o activities of NT in M2 cells as described in (B). (D) M2 cells were co-transfected with various amounts of pCMVS/FLAG-Filamin A (0, 1,0, 0.5and 1 4¢q
in lanes 1-5 respectively) and 0.5 j¢g of pCMV5/HA-JNK1, together with (‘anes 3-5) or without (lanes 1 and 2) 0.5 ;.9 of pCMV5/FLAG-MKK4 and FLAG-MKK7y 2. M2 cells were co-transfected
with various amounts of pCMV5/FLAG-Filamin A (0, 0.5 and 1 7¢g in lanes 8-10 and 11-13 respectively) and 0.5 /¢g of pCMV5/HA-JNK1, with 0.5 /¢g of pCMV5/FLAG-MKK4 (lanes 8-10) or
0.5 4¢q of pCMV5/FLAG-MKK7y 2 (lanes 11-13). After 48 h culture, cell lysates were analysed for JNK phosphorylation (activation) by immunoblotting with anti-phospho-JNK Ab. Total HA-JNK1,
FLAG-Filamin A, FLAG-MKK4 and FLAG-MKK? expressions were determined using anti-HA and anti-FLAG Abs. Histogram: densitomelry of {he bands in the upper panel, expressed as the fold
increase over phosphorylation in the absence of MKK4, MKK7 proleins and Filamin A. After 48 h culture, cell lysates were analysed lor JNK phosphorylation (activation) by immunoblotting with
anti-phospho-JNK Ab. Total HA-JNK1 expression was determined using anti-HA Abs. Histogram: densitometry of the bands in the upper panel, expressed as the fold increase over phosphorylation
in the absence of MKK4, MKK7 proteins and Filamin A. Results were oblained from at least three independent experiments. IB, immunoblot
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A Sequential phosphorylation of INK by MKK4 and MKK7

+Stress

B

Figure 6 Schematic model of the role of Filamin A in the sequential
phosphorylation of JNK1 by MKK4 and MKK7y

(A) Synergistic activation of JNK through sequential tyrosine/threonine phosphorylation by
MKK4 and MKK7 in murine cells (as reported in our previous study; [71). In a murine ES
cell subjected to stress, aclivated (phosphorylated) MKK4 mediales the phosphorylation of the
tyrosine residue of the threonine-proline-tyrosine motif (TPY) of JNK (slep 1), followed by
threonine phosphorylation of the same JNK molecule by activated (phosphorylated) MKK7 (step
2). INK activily is synergistically enhanced. (B) MKK4 and MKK7y are connected by their
mutual interaction with Filamin A. As demonstrated in the present study, Filamin A associates
with actin filaments comprising the cyloskeleton. Filamin A also contains distinct binding sites
for MKK4 and MKK?7, and can interact simultaneously with these MAPKKs. The interaction of all
three proteins with JNK induces synergistic levels of JNK phosphorylation and thus activation.

(tumour necrosis factor)-receptor-associated factor]. TRAF2 is an
intracellular adaptor protein that is involved in signal transduction
from the TNF receptor and related receptors, and is required for
TNF-induced JNK activation [12,17]. Other work has indicated
that Filamin A binds to small GTPases such as Rac, Rho,
Cdc42 and RalA [16]. Thus many signalling molecules, including
small GTPases, TRAF2 and MKK4, accumulate on Filamin A.
These observations suggest that, as well as regulating cytoskeletal
architecture, Filamin A may function as a signalsome that
connects diverse signalling pathways, including MAPK modules.
Conversely, in addition to its role in stress signalling, JNK has
been implicated in cell migration and cytoskeletal reorganization.
Huang ctal. [18] reported that INK1 phosphorylates paxillin, a
focal adhesion adaptor, both in vitro and in intact fish and rat cells.
Similarly, Otto et al. [19] identified p150-Spir, a Drosophila INK-
interucting protoin, us belonging to the Wiscott=Aldrich kyndrome
protein homology domain-2 family of proteins involved in actin
reorganization. p150-Spir is phosphorylated by JNK both in vitro
and in vivo, indicating that p150-Spir is a downstream target of

© The Authors Journal compilation €) 2010 Biochemical Society

JNK function and providing a direct link between INK activity and
actin reorganization. Thus the downstream targets of INK include
not only transcription factors, but also cytoskeletal regulators.
Another intriguing observation is that the receptor tyrosine
kinase Ror2 mediates WntSa-induced polarized cell migration
by activating JNK via Filamin A [20]. Lastly, Filamin A is not
the only Filamin family member involved in JNK signalling, as
Filamin B functions as a scaffold linking activated Racl, MEKK |
and MKK4 to JNK during type I interferon signalling [21,22].
Taken together, these data point towards multiple connections
between signalling modules and Filamin proteins.

The present study has revealed interesting differences among
MKK7 isoforms. Tournier et al. [ 13] showed that MKK?7 isoforms
are present both in the cytoplasm and the nucleus, and are
selectively regulated by specific extracellular stimuli. We have
previously reported that treatment of ES cells with sorbitol (which
affects the plasma membrane) induces stronger activation of
MKKT7y I than MKK7« 1 [6]. In the present study, we discovered
that MKK7y | co-localizes with actin on stress fibres and with
Filamin A at the cell surface (Figures 3A and 3B). On the
other hand, we found that MKK7« 1 and MKK7y | deletion B,
neither of which can interact with Filamin A, were diffuscly
distributed throughout the cytoplasm (Figure 3C). These data
suggest the possibility that MKK7y 1, which co-localizes with the
actin cytoskeleton right up to the plasma membrane, is involved
in signal transduction from this membrane, whereas MKK7a 1,
which is distributed throughout the cytoplasm, is involved in a
cytoplasmic signalling pathway. Thus differences in the intracel-
lular distribution of MKK7 isoforms may correspond to different
MAPK signalling modules mediating distinct ccllular responses.

[n conclusion, the present study has demonstrated that Filamin
A interacts with specific MKK7 isoforms and is a candidate for
a presumed ‘binder” protein needed to form the JNK-MKK4—
MKK7 MAPK module. Filamin A may support or induce the
sequential phosphorylation of JNK by MKK4 and MKK7, and
thus function as a signalsome involved in cytoskeletal events.
Future work will establish whether Filamin A is a key factor
supporting additional JNK signalling cascades.
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p38 Mitogen-Activated Protein Kinase Controls a Switch
Between Cardiomyocyte and Neuronal Commitment
of Murine Embryonic Stem Cells by Activating
Myocyte Enhancer Factor 2C-Dependent
Bone Morphogenetic Protein 2 Transcription

Jinzhan Wu,®* Junko Kubota?" Jun Hirayama,®"* Yoko Nagai,'*? Sachiko Nishina,* Tadashi Yokoi,*
Yoichi Asaoka,' Jungwon Seo,? Nao Shimizu,'*? Hiroaki Kajiho,? Takashi Watanabe,®
Noriyuki Azuma,” Toshiaki Katada? and Hiroshi Nishina'

Many studies have shown that it is possible to use culture conditions to direct the differentiation of murine
embryonic stem (ES) cells into a variety of cell types, including cardiomyocytes and neurons. However, the
molecular mechanisms that control lineage commitment decisions by ES cells remain poorly understood. In this
study, we investigated the role of the 3 major mitogen-activated protein kinases (MAPKs: extracellular signal-
regulated kinase, c-Jun N-terminal kinase, and p38) in ES cell lineage commitment and showed that the p38
MAPK-specific inhibitor SB203580 blocks the spontaneous differentiation of ES cells into cardiomyocytes and
instead induces the differentiation of these ES cells into neurons. Robust p38 MAPK activity between embryoid
body culture days 3 and 4 is crucial for cardiomyogenesis of ES cells, and specific inhibition of p38 MAPK
activity at this time results in ES cell differentiation into neurons rather than cardiomyocytes. At the molecular
level, inhibition of p38 MAPK activity suppresses the expression of bnip-2 mRNA, whereas treatment of ES cells
with bone morphogenetic protein 2 (BMP-2) inhibits the neurogenesis induced by SB203580. Further, luciferase
reporter assays and chromatin immunoprecipitation experiments showed that BMP-2 expression in ES cells is
regulated directly by the transcription factor myocyte enhancer factor 2C, a well-known substrate of p38 MAPK.
Our findings reveal the molecular mechanism by which p38 MAPK activity in ES cells drives their commitment
to differentiate preferentially into cardiomyocytes, and the conditions under which these same cells might
develop into neurons.

Introduction

MUR]NE EMBRYONIC STEM (MES) CELLS are stem cells de-
rived from the inner cell mass of embryonic day 3.5
(E3.5) blastocysts [1,2]. In the presence of leukemia inhibitory
factor (LIF), mES cells can be maintained in an undifferenti-
ated state in vitro and retain their potential for unlimited
proliferation [3,4]. When LIF is removed from the culture and
appropriate induction conditions are applied, ES cells can be
directed to differentiate in vitro into a variety of cell lineages,
including cardiomyocytes and neurons [5]. In humans, ther-

apeutic transplantation of ES cells or their derivatives has
been proposed as a potential treatment for various diseases.
However, the molecular mechanisms governing the commit-
ment of ES cells to specific cell lineages remain poorly un-
derstood. Elucidation of these mechanisms would greatly
improve the efficiency of applied ES cell differentiation ap-
proaches.

The extracellular signal-regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38 kinases are the 3 major
groups of mitogen-activated protein kinases (MAPKs) found
in mammals [6,7]. ERK1 and ERK2 are widely expressed and
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involved in the regulation of meiosis, mitosis, and post-
mitotic functions in differentiated cells. In contrast, the JNK
enzymes are important for controlling cell survival and apo-
ptosis. The p38 kinases, which regulate the expression of
many cytokines, were first identified in lipopolysaccharide-
stimulated murine macrophages and in a screen for drugs
able to inhibit tumor necrosis factor-a-mediated inflamma-
tory responses in human monocytes [8,9]. Immune system
cells that encounter inflammatory cytokines respond by ac-
tivating p38, and this MAPK then supports the activation of
immune responses. Four different p38 isoforms, p38x, p38p,
p38y, and p38J, have been identified in mammalian cells
[10]. The p38x and p38P isoforms are expressed in murine
heart, whereas p38y and p380 are expressed at low levels in
this organ. Deletion of the p38x gene in mice leads to early
embryonic lethality between E11.5 and E12.5 [11,12]. On the
other hand, p38p gene-targeted mice are viable and exhibit
no apparent health problems [13]. It has been demonstrated
that p38a associates with the transcription factor myocyte
enhancer factor 2C (MEF2C), which is a member of the
MADS-box family [14]. Phosphorylation of MEF2C by p38
stimulates MEF2C’s ability to activate transcription of its
target genes. In mammals, there are 4 MEF2 family genes,
namely MEF2A, MEF2B, MEF2C, and MEF2D, which form
homo- and heterodimers and bind to the DNA consensus
sequence CTA(A/T),;TA(G/A) [15,16]. This sequence is found
in the promoter regions of numerous muscle-specific genes,
as well as in genes induced by growth factors or stress.
A major role of the MEF2C protein is to regulate muscle-
specific gene expressions. For example, loss-of-function
mutations in myocyte enhancer factor 2C (meflc) severely
disrupt early cardiogenesis [17] and vascular development
[18], suggesting that MEF2C may be critical for cardiomyo-
genesis by ES cells. However, the role of MEF2C in neural
commitment is unknown.

Several extracellular signaling pathways are important for
both embryonic and tissue stem cell determination, including
pathways involving the Wnt proteins and the bone mor-
phogenetic proteins (BMPs) [19,20]. However, a detailed
understanding of the molecular mechanisms underlying the
regulation of stem cell fate by these extracellular factors is
lacking. BMPs are members of the transforming growth
factor-p (TGF-B) superfamily and are known to function in
the development and regulation of a wide range of biological
systems. These extracellular ligands were originally isolated
as components of bone extracts that induced ectopic cartilage
and bone formation when implanted in muscle [21]. How-
ever, BMPs have since been demonstrated to function in
multiple developmental processes, including dorsoventral
patterning within the neural tube, the induction of meso-
derm during gastrulation, and hematopoiesis [22]. As might
be expected from these complex in vivo functions, BMPs also
play key roles in regulating fate choices during tissue stem
cell differentiation. For example, BMPs direct mesenchymal
stem cells to differentiate into chondrogenic and osteogenic
cell lineages [20]. BMPs have also been shown to regulate
fate choices in neural crest stem cells [23].

In this study, we demonstrate that p38 MAPK controls an
ES cell fate choice between cardiomyocytes and neurons.
Further, our results show that this choice is mediated by the
action of BMP-2, whose transcription is directly regulated by
the p38 MAPK substrate MEF2C.

WU ET AL.

Materials and Methods
Cell culture and ES cell differentiation

Feeder cell-independent E14K ES cells were maintained on
a gelatin-coated dish with Dulbecco’s modified Eagle’s me-
dium (Gibco) containing 15% fetal bovine serum (FBS) (Hy-
Clone, Lot No. AMCI15813), 0.1% 2-mercaptoethanol
(Sigma), and 1000 U/mL LIF (propagation medium), as de-
scribed previously [24-27]. To induce cardiomyocyte differ-
entiation, LIF was removed from the propagation medium
and 3x10* ES cells suspended in a 25pL hanging drop. The
drop was placed on the lid of an inverted bacterial Petri dish
so that the cells would eventually attach and form embryoid
bodies (EBs). After 2 days (on day 3), the EBs were collected
and transferred into a bacterial Petri dish. After 4 days of
suspension culture (on day 7), the EBs were plated on a
gelatin-coated tissue culture dish. Areas of tissue showing a
spontaneous “heartbeat” were readily detected on day 12.

For MAPK inhibition experiments, SB203580 (10 uM; Cal-
biochem), U0126 (10 uM; Promega), SP600125 (5uM; Bio-
mol), or wortmannin (1 uM; Wako) was added to EB cultures
on day 1. For BMP-2 experiments, recombinant human BMP-2
(3 ng/mL; R&D Systems) or BMP-2 antagonist Noggin (100 ng/
mL; R&D Systems) was added to EB culture on days 4-6.

Microscopic analysis of cardiomyocytes
and neurons

Individual EBs, prepared as described earlier, were plated
onto gelatin-coated 96-well tissue culture plates on day 7.
The numbers of spontaneously beating EBs and EBs with
neurite outgrowths were counted on day 12 under a phase-
contrast microscope. Data were expressed as the percentage
of the total number of EBs plated.

Immunofluorescence and immunohistochemistry

Immunofluorescence staining was performed as described
previously [26]. For immunohistochemistry (IHC), EBs were
fixed in 4% paraformaldehyde (PFA)-phosphate-buffered sa-
line (PBS) for 2h at 4°C, washed sequentially with PBS, 10%
sucrose/PBS/0.02% NaN3, 15% sucrose/PBS/0.02% NaN3, and
20% sucrose/PBS/0.02% NaNs, and embedded in OCT com-
pound (Tissue Tek) with liquid nitrogen. Frozen sections were
cut at 10pm and placed on 3-aminopropyltriethoxy-silane
(APES)-coated slides. After air drying, sections were fixed in
acetone at room temperature for 10min, rinsed in PBS, and
incubated in 0.3% H,0,/PBS for 30 min to block endogenous
peroxidases. Alfter preincubation with blocking solution (5%
bovine serum albumin/PBS/0.1% Tween 20) for 1 h, slides were
incubated overnight at 4°C with a 1:800 dilution of anti-
a-actinin antibody (cardiac specific) or a 1:500 dilution of
anti-TuJ-1 (neuron-specific class III p-tublin) antibody. After
3 x5 min washes in PBS/0.05% Tween 20 (PBST), sections were
incubated with biotinylated secondary antibodies (Vectastain
Elite ABC Kit) for 2 h. Slides were washed again in PBST and
incubated for 1 h with Vectastain Elite ABC Reagent. Following
a last wash in PBST, sections were incubated in 3,3'-Diamino-
benzidine (DAB) solution (200 pg/mL DAB, 0.015% H,O,/PBS)
until a color change was observed (2-10 min), and slides were
rinsed in PBS. Finally, sections were counterstained with he-
matoxylin at room temperature for 1 min, washed, dehydrated,
mounted, and inspected using a phase-contrast microscope.
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Reverse transcriptase-polymerase chain
reaction analysis

ES cells, EBs, or mouse organs (brain, heart, liver) from
E12.5 mouse embryos were lysed with Trizol reagent (In-
vitrogen), and first-strand ¢cDNA was synthesized using
SuperScript III RNase H-reverse transcriptase (Invitrogen).
The primers used in polymerase chain reactions (PCRs) are
shown in Supplementary Table S1 (available online at
www liebertonline.com/scd).

Western blotting analysis

EBs were lysed and fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immuno-
blotted with antibody against total p38 (C-20; Santa Cruz
Biotechnology) or phospho-p38 MAPK (Thr180/Tyr182)
(Cell Signaling Technologies, No. 9211). Horseradish
peroxidase-conjugated goat anti-rabbit IgG was used as the
secondary antibody. Bands were observed using SuperSignal
West Pico Chemiluminescent Substrate (Pierce) for total p38,
or SuperSignal West Femto maximum sensitivity substrate
(Pierce) for phospho-p38, as described previously [28].

Luciferase reporter assays

A proximal promoter region (-1703/-1) of mouse bmp-2
containing the MEF2 binding site was amplified by PCR
using the upstream primer 5-CGACGCGTCTGTCCA
GAGGCATCCATTT-3' and the downstream primer 5'-
CGCTCGAGAACACCTCCCCCTCGGA-3". The sequence
was confirmed and cloned into the pTAL-Luc reporter vector
(pPTAL-BMP-2-Luc). HeLa cells were cotransfected with
pTAL-BMP-2-Luc and pcDNA3-Mef2c expressing MEF2C
using FUGENE 6 transfection reagent (Roche Molecular
Biochemicals). Luciferase activity was assayed at 24 h after
transfection using the dual-luciferase reporter assay system
(Promega) following the manufacturer’s protocols.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed according to published protocols from Cosmo Bio
(http: /www .cosmobio.co.jp) with minor modifications. EBs
were fixed by adding 1% formaldehyde to the culture me-
dium for 10 min at 25°C. Anti-MEF2C antibody (E-17; Santa
Cruz Biotechnology) and control anti-actin IgG (I-19; Santa
Cruz Biotechnology) were used to immunoprecipitate chro-
matin. The sequences of the ChIP primers were 5-TCTG
GAGTAGGTGGGTGTGG-3' and 5-CATGTGAGGGGACA
ATGAGA-3’' for bmp-2; 5-GGTGGGGAGAGAGCAGTTC-3'
and 5-GTGAGATGCGTGATCCCTCT-3' for mef2c; and 5'-
GGAAAGGGGGTGTTGTTCTT-3' and 5-CCCTGACCATC
ACCCTTCTA-3' for the negative control gene bromo adja-
cent homology domain containing 1 (bahd1).

Results

The p38-specific inhibitor SB203580
and the ERK-specific inhibitor U0126 block
spontaneous ES cell cardiomyogenesis

To identify the kinases most important for ES cell lineage
commitment, we treated EBs with the ERK-specific inhibitor

1725

U0126, the JNK-specific inhibitor SP600125, the p38 MAPK-
specific inhibitor SB203580, or the PI3K-specific inhibitor
wortmannin. The inhibitors were applied to the EB cultures
for the interval spanning days 1-6 during the EB differenti-
ation process. We found that only the ERK-specific inhibitor
U0126 and the p38 MAPK-specific inhibitor SB203580
blocked spontaneous cardiomyocyte differentiation, and that
this block was so profound that fewer than 5% of EBs con-
tained beating foci at day 12 (Fig. 1A). In contrast, more than
90% of untreated control EBs contained beating areas, which
were confirmed as cardiac in commitment by phenotypic
testing. Intriguingly, more than 90% of SB203580-treated EBs
(but not U0126-treated EBs) continued to exhibit prominent
outgrowths even though cardiomyogenesis was inhibited
(Fig. 1B). These outgrowths stained positively with an anti-
plll-tubulin antibody specific for neurons, in contrast to the
negative staining displayed by untreated EBs and EBs trea-
ted with U0126 (Fig. 1C, D). These results demonstrate that
SB203580 blocks cardiomyocyte differentiation and induces
neural differentiation, but that neural differentiation does not
depend solely on the inhibition of cardiomyogenesis.

SB203580-mediated inhibition of p38 MAPK
blocks cardiomyogenesis and commits ES cell
differentiation to the neuronal lineage

To confirm that SB203580 had a switch effect on cardiac
versus neural ES cell differentiation, frozen sections from EBs
that had been untreated or treated with SB203580 between
days 1 and 6 were subjected to IHC at day 12. SB203580-treated
EBs did not stain positively with an antibody recognizing the
cardiac-specific marker a-actinin, but did stain with an anti-
TuJ-1 antibody specific for neurons (Fig. 2A). RT-PCR analysis
of a set of embryonic genes revealed that SB203580 treatment
completely inhibited the mRNA expression of the cardiac-
associated mef2c, a-cardiac myosin heavy chain (mhc), and
myosin light chain 2v (mlc2v) genes (Fig. 2B), but induced sig-
nificant increases in the mRNA levels of the neuronal lineage
genes nestin, hairy and enhancer of split 5 (hes5), mammalian
achate schute homolog 1 (mashl), mouse atherosclerosis 3
(math3), and microtubule-associated protein 2 (map2) (Fig. 2C).

p38 MAPK activity between days 3 and 4 serves
as a swilch determining cardiac or neural
commitment of ES cells

To define the role of p38 MAPK in ES cell commitment, we
used immunoblotting to measure p38 MAPK activation
during the earliest stages of ES cell differentiation. At day 0,
when ES cells were cultured as a monolayer, no detectable
phospho-p38 MAPK (activated enzyme) could be detected in
whole cell lysates. However, after EB formation at day 2,
high levels of phospho-p38 MAPK spontaneously appeared
and were maintained until day 6; total p38 MAPK protein
levels were not affected (Fig. 3A). To determine at what time
point p38 MAPK acts during ES cell differentiation, we
treated EBs with SB203580 for specific time intervals. As
shown in Fig. 3B, when EBs were exposed to SB203580 be-
tween days 3 and 4, neuron differentiation was promoted at
the expense of cardiomyocyte differentiation, an effect rep-
licated by SB203580 treatment from day 0 to 6. In contrast,
exposure to SB203580 for other intervals did not interfere
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FIG. 1. Effects of specific mitogen-activated protein kinase inhibitors on embryonic stem (ES) cell differentiation. (A)
Specific involvement of extracellular signal-regulated kinase (ERK) and p38 in cardiac differentiation. Embryoid bodies (EBs)
were left untreated or treated with the p38-specific inhibitor SB203580 (10 uM), the ERK-specific inhibitor U0126 (10 uM), the
c-Jun N-terminal kinase-specific inhibitor SP600125 (5pM), or the PI3K-specific inhibitor wortmannin (1pM) for the EB
differentiation for the whole 6 days. Cardiomyocyte differentiation was determined by counting the number of EBs con-
taining beating foci at day 12. Results are expressed as the mean percentage of total EBs plated. (B) Neurite outgrowths in the
presence of SB203580. EBs were left untreated () or treated with 10uM SB203580 (+) for days 1 - 6. Outgrowths were
detected by photomicrography of EBs at day 12. (C, D) Neuronal differentiation. EBs were treated with SB203580 (p38) or
U0126 (ERK) as in (A). On day 12, EB outgrowths were immunostained with anti-f-tubulin antibody specific for neuronal
lineage cells and subjected to photomicrography. Bright field images by phase-contrast microscopy are shown. Dotted line:
physical edge of EB in culture.

with spontancous cardiomyocyte generation and did not diomyocyte differentiation in a dose-dependent manner. RT-
induce neurogenesis. To examine dose-dependent effects of ~PCR analysis confirmed that the expression of the neuronal
SB203580 on ES cell differentiation, we treated EBs with markers lies5 and nmap2 was induced only when SB203580
various concentrations of SB203580. As shown in Fig. 3C, was applied to EBs between days 3 and 4, or between days 1
when EBs were exposed to SB203580 between days 3 and 6, and 6, whereas expression of the cardiomyocyte-specific
neuron differentiation was promoted at the expense of car-  genes mhic and mlc2v was strongly decreased at these times

— 244 —



P38 REGULATES BMP2 GENE EXPRESSION IN mES CELLS

1727

A SB203580 (10 pM)

FIG. 2. SB203580-mediated

Anti-a-actinin

Anti-TuJ-1

inhibition of p38 mitogen-
activated protein kinase blocks
cardiomyogenesis and com-
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lineage. (A) Immunostaining.
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SB203580 for days 1-6. EBs were
harvested on day 7 and frozen
sections were immunostained
with  anti<-actinin  antibody
specific for cardiomyocytes or
anti-TuJ-1 antibody specific for
neurons. (B) Reduced cardiac
gene expression. EBs were left
untreated or treated with
10pM SB203580 from day 1
until the indicated day, and ex-
tracts were analyzed by reverse
transcriptase—polymerase chain
reaction (RT-PCR) to detect
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(Fig. 3C). These results clearly demonstrate that p38 MAPK
activity spanning days 3 and 4 is critical for the cardiac
commitment of ES cells, and that interference with this p38
MAPK activity drives neurogenesis instead.

p38 MAPK controls the expression of BMP-2
during ES cell differentiation

To elucidate the molecular mechanism by which p38
MAPK governs cell fate choices in ES cells, we sought to
identify relevant downstream targets of this kinase. Because
p38 MAPK activity spanning days 3 and 4 was found to be
crucial for lineage commitment, we investigated whether the
mRNA expression of genes known to be involved in ES cell
fate decisions was affected by treating the EBs with SB203580
for this interval. Notably, RT-PCR analysis showed that the
expression of the bmp-2 mRNA, which normally commences
on day 4, was decreased by SB203580 exposure compared

12 3 456 7 812

TSR RN
mnc )
miczv I

$B203580 (10 pM)

12 3 456 7812

cardiac-specific genes myocyte
enhancer factor 2C (nef2c), -
cardiac myosin heavy chain
(mhc), and myosin light chain
2v (mlc2v). Elongation factor 1x
(efla) was used as the loading
control. E12.5 brain, heart, and
liver served as positive controls
for the expression of various
mRNAs. (C) Increased neuro-
nal gene expression. EBs were
left untreated or treated with
10pyM SB203580 from day 0
until the indicated day, and
extracts were analyzed by RT-
PCR to detect mRNA expres-
sion of the neuron-specific
genes nestin, hairy and en-
hancer of split 5 (hes5), mam-
malian achate schute homolog 1
(mashl), math3, and microtu-
bule-associated protein 2 (1nap2).
Controls used were as same as
for (B).

with the untreated control (Fig. 4A). This effect was specific
to bmp-2 as none of the other genes examined showed any
SB203580-induced difference in mRNA expression. Further
analysis confirmed that bnip-2 mRNA was first induced on
day 4, and that SB203580 strongly repressed (but did not
extinguish) this induction (Fig. 4B). On the other hand,
U0126 did not repress the induction of bmp-2 mRNA (Fig.
4C). These results indicate that p38 MAPK but not ERK
regulates the induction of bmp-2 mRNA in this ES cell dif-
ferentiation.

BMP-2 inhibits SB203580-induced
neuronal differentiation

To determine whether it was the downregulation of BMP-
2 in SB203580-treated EBs that committed them to neuro-
genesis, we treated EBs that had been exposed to SB203580
on days 3-6 with recombinant human BMP-2 (rhBMP-2) on
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FIG.3. p38 mitogen-activated protein kinase (MAPK) activity spanning days 3 and 4 serves as a switch determining cardiac
or neuronal commitment of ES cells. (A) Spontaneous p38 MAPK activation spans days 2-6. Untreated embryoid bodies (EBs)
were cultured from day 1 to 9, and whole cell extracts were subjected to Western blotting to detect phospho-p38 MAPK (p-
P38, active enzyme) and total p38 MAPK protein (p38). (B) SB203580 treatment spanning days 3-4 induces switching. EBs
were left untreated or treated with 10 uM SB203580 for the indicated time periods. On day 12, cardiomyocyte or neuronal
differentiation was determined by counting numbers of EBs containing beating foci or showing neurite outgrowths. Results
are expressed as the percentage of total EBs plated that showed cardiac or neuronal features. (C) Effects of SB203580
concentration on ES cell differentiation. EBs were left untreated or treated with the indicated concentrations of SB203580 from
day 3 to 6. On day 12, cardiomyocyte or neuronal differentiation was determined as for (B). (D) Decreased cardiac but
increased neuronal mRNAs. Extracts of the EBs in (B) were analyzed by reverse transcriptase (RT)-polymerase chain reaction
to detect mRNA expression of cardiac-specific [a-cardiac myosin heavy chain (mhc), myosin light chain 2v (mlc2v)] and
neuron-specific [hairy and enhancer of split 5 (fies5), microtubule-associated protein 2 (map2)] genes. Glyceraldehyde-3-
phosphate dehydrogenase (gapdh), loading control; untr., untreated.
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FIG. 4. p38 mitogen-activated
protein kinase (MAPK) controls
the expression of bone morphoge-
netic protein 2 (BMP-2) during ES
cell differentiation. (A) SB203580
decreases bmp-2 mRNA. Embry-
oid bodies (EBs) were left un-
treated or treated for days 34 with
10puM SB203580. Extracts were
analyzed by reverse transcriptase—
polymerase chain reaction (RT-
PCR) to evaluate transcript
levels of the indicated cell fate-
associated genes bmp-2, bmp-4,
inhibitor of DNA binding 1 (id1),
id3, id4, bmp receptor type Il
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wntll, neurogenin 1 (ngnl), NK2
transcription  factor  related,
locus 5 (nkx2.5), B-cell leukemia/
lymphoma 2 (bcl2), and sonic
hedgehog (shh). (B, C) p38 MAPK-
mediated  induction  of  bmp-2
commences on day 4. EBs were
left untreated or treated with
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days 4-6. As predicted, the neuronal differentiation induced
by SB203580 treatment was dramatically repressed by
rhBMP-2 treatment (Fig. 5A). A quantitative analysis showed
that SB203580 treatment on days 3-6 induced nearly 80% of
EBs to generate neuronal lineage cells, whereas the addition
of rhBMP-2 on days 4-6 reduced this rate to fewer than 5% of
EBs (Fig. 5B). Consistent with the microscopic analysis, RT-
PCR confirmed that rhBMP-2 strongly inhibited SB203580-
induced expression of the neuron-specific gene map2 (Fig.
5C, top row). In contrast, expression levels of the cardio-
myocyte-specific genes mhc and mlc2v in SB203580-treated
EBs were not improved by the addition of rhBMP-2 (Fig. 5C,
middle row).

The BMP-2 antagonist Noggin blocks
cardiomyogenesis and induces
neural differentiation

On the basis of the above results, we postulated that vig-
orous interference with endogenous BMP-2 function might
prevent the differentiation of ES cells into cardiomyocytes
and induce neurogenesis. To test this hypothesis, we treated

10 pM SB203580 or 10 uM U0126
on days 3-6 and bmp-2 mRNA
levels were determined by RT-
PCR. Glyceraldehyde-3-phosphate
dehydrogenase (gapdh) was used
as the loading control.

4

EBs with the BMP-2 antagonist Noggin on days 4-6. Like
SB203580 treatment, Noggin treatment of EBs at this time
dramatically blocked cardiomyogenesis and promoted neu-
ronal differentiation (Fig. 6A). A quantitative analysis showed
that more than 60% of EBs treated with 100 ng/mL Noggin on
days 4-6 differentiated into neurons, a rate similar to the 75%
of EBs induced to undergo neurogenesis by SB203580 treat-
ment on days 3-6 (Fig. 6B). Moreover, RT-PCR analysis
confirmed that Noggin treatment strongly induced the ex-
pression of the neuronal gene nap2 and repressed expression
of the cardiac gene mhc (Fig. 6C). Taken together, these results
indicate that p38 MAPK controls ES cell lineage commitment
(at least with respect to cardiomyocyte vs. neuron differenti-
ation) by regulating the expression of BMP-2.

BMP-2 is a direct transcriptional target of MEF2C

The above experiments revealed that trecatment of EBs
with SB203580 resulted in a dramatic decrease in the mRNA
expression of the transcription factor MEF2C, a well-known
substrate of p38 MAPK (refer to Fig. 2B). We therefore
compared the expression patterns of mef2c and bmp-2 during
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FIG. 5. Bone morphogenetic protein 2 (BMP-2) inhibits SB203580-induced neuronal differentiation. Embryoid bodies (EBs)

were left untreated or treated with 3ng/mL recombinant human BMP-2 on days 4-6 in the presence or absence of 10 pM
SB203580 on days 3-6. (A) Outgrowth suppression. Photomicrographs of EBs at day 12 are shown. (B) Reduced frequency of
EBs with neurons. EBs containing beating foci or neurite outgrowths were counted on day 12. Results are expressed as a
percentage of EBs plated. (C) Increased cardiac but decreased neuronal mRNAs. Extracts of the EBs in (A) were analyzed by
reverse transcriptase (RT)-polymerase chain reaction to determine mRNA levels of the indicated cardiac-specific [x-cardiac
myosin heavy chain (mhc), myosin light chain 2v (mlc2v)] and neuronal [microtubule-associated protein 2 (map2)] genes.

Elongation factor la (efla) was used as the loading control.

SB203580-induced neuronal differentiation and found that
they were strikingly similar (Fig. 7A). Once activated by
p38 MAPK-mediated phosphorylation, MEF2C activates the
transcription of many cardiac-specific genes. Our observations
suggested that p38 MAPK might induce BMP-2-regulated
cardiomyogenesis by EBs via direct regulation of MEF2C.
Importantly, a highly conserved consensus binding site for
MEF2 has been identified in both the mouse and human
proximal BMP-2 promoters. To test whether MEF2C could

directly regulate BMP-2 transcription, we first carried out
reporter assays in Hela cells in which luciferase was placed
under the control of a proximal region (-1703/—1 bp) of the
mouse bmp-2 promoter; this region contains the MEF2-
binding site. Hela cells engineered to overexpress MEF2C
showed a 3-fold increase in luciferase activity, whereas
SB203580 treatment repressed this transactivation (Fig. 7B).

To determine whether MEF2C could physically bind to the
BMP2 promoter region, we carried out ChIP analyses of day
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6 EBs that had been allowed to spontaneously differentiate.
The region of the mouse binp-2 promoter encompassing the
-656/ — 635 bp MEF2-binding site was successfully im-
munoprecipitated using anti-MEF2C antibody, indicating
that MEF2C can indeed bind to the endogenous bmp-2 pro-
moter (Fig. 7C, top left panel). MEF2C did not bind to the
promoter region of the control bahdl gene present on the
same chromosome (Fig. 7C, top right). Further, SB203580
treatment inhibited the binding of MEF2C to the MEF2-
binding site (Fig. 7C, bottom left). As a positive control, we
examined the binding of MEF2C to the promoter of the
mouse mef2c gene, which itself is a target of MEF2 transac-
tivation. The resulting ChIP pattern was similar to that de-
rived for bmp-2 (Fig. 7C, middle). Collectively, these data
indicate that BMP-2 is a direct transcriptional target of
MEF2C.

Discussion

In this study, we analyzed the influence of the 3 major
MAP kinases, ERK, JNK, and p38, on ES cell lineage com-
mitment. Our results show that ERK and p38 MAPK play an
essential role in the cardiomyogenesis of mES cells. An in-
teresting cellular response of our work is that, at the same
time as it promotes the induction of cardiomyocyte differ-

entiation, p38 MAPK activity specifically inhibits neuronal
differentiation. We demonstrate that p38 MAPK achieves
these effects by activating the transcription factor MEF2C,
which in turn directly regulates BMP-2 expression. Several
previous studies also reported that p38 MAPK regulates both
murine and human ES cell survival and lineage commitment,
including cardiomyocyte differentiation [29-32]. Our work
revealed the molecular mechanism of a switch between
cardiomyocyte and neuronal commitment of mES cells.

The pyridinylimidazole compound SB203580 inhibits the
catalytic activity of p38x and p38p MAPKs via competition
for ATP, but SB203580 does not inhibit the closely related
ERK or JNK enzymes or any other serine-threonine protein
kinases [33]. Graichen ¢t al. reported that SB203580 at con-
centrations lower than 10uM induced cardiomyogenesis of
human ES cells, whereas at concentrations more than 15 uM,
it strongly inhibited cardiomyogenesis [30]. These results
indicate the dose-dependent differences in lineage determi-
nation in human ES cells. However, we could not observe the
phenomena using mES cells in the presence of SB203580 at
concentrations of 5-20 uM (Fig. 3C). In our mES cell differ-
entiation system, more than 90% EBs differentiated into
cardiomyocytes in the absence of SB203580, and so it may be
difficult to evaluate the enhanced induction of cardiomyo-
genesis by low concentrations of SB203580.
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treated or treated with 10 M SB203580 on days 3-6. ChIP analyses of extracts were carried out on day 6 using anti-MEF2C
antibody or control anti-actin IgG to immunoprecipitate chromatin. Precipitated DNAs were analyzed by PCR using primer pairs
for the promoter regions of the binp-2, mef2c (positive control), or bromo adjacent homology domain containing 1 (bahd1) (negative

control) genes.

Consistent with our findings, Aouadi ¢t al. have reported
that loss of p38 MAPK activity due either to treatment with
the chemical inhibitor PD169316 or to genetic p38x defi-
ciency is sufficient to block cardiomyogenesis and induce a
high level of neurogenesis [34]. These results clearly show
that it is p38x that is mainly responsible for p38 MAPK
functions during ES cell lineage commitment: the control of
p38a activity constitutes an early switch, committing ES cells
into either cardiomyogensesis (p38 on) or neurogenesis (p38
off). However, the molecular mechanism of p38 off-dependent
neurogenesis was unclear.

P38 MAPK induces cell cycle exit and differentiation in
many cell types, and activated p38 has been shown to
phosphorylate several downstream signaling molecules im-
portant for cardiomyocyte differentiation and hypertrophy
in murine P19 cells and mice [35-37]. In our study, we found
that p38 MAPK is spontaneously activated between days 2
and 6 after the formation of EBs, Further, our data indicate

that this spontaneous p38 MAPK activity is critical between
days 3 and 4 for the cardiac commitment of ES cells. In-
hibition of p38 MAPK activity at this early juncture drives ES
cells toward the neuronal lineage. These findings stand in
sharp contrast to those of other groups investigating the role
of p38 MAPK in later stages of neuronal differentiation [38].
P38 MAPK activation is required for neurite formation and
neuron survival in PC12 and P19 cells during the late stages
of differentiation. Okamoto et al. reported that the
p38x/MEF2 pathway prevents cell death during neuronal
differentiation in P19 cells [39]. Thus, the role of p38 MAPK
during the complex process of neuronal differentiation ap-
pears to be stage dependent.

BMPs are part of the larger superfamily of TGF-f ligands,
which signal through a well-defined molecular pathway [21].
BMPs were found to be required for maintaining cultured
mES cells in an undifferentiated state [40]. In our study, we
demonstrate both that p38 MADPK regulates the expression of
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BMP-2, and thereby controls mES cell lineage commitment,
and that BMP-2 treatment inhibits SB203580-induced neu-
ronal differentiation. Further, like SB203580, the exogenous
BMP antagonist Noggin prevents the spontaneous differen-
tiation of mES cells into cardiomyocytes and promotes neu-
ronal differentiation. These data suggest a dynamic role for
BMP in specifying cell fate and emphasize that defining the
molecular context of BMP signaling is critical for under-
standing how ES cells are regulated at a physiological level.

MEF2C is an important transcription factor that transac-
tivates many genes encoding cardiac structural proteins, and
p38 MAPK is a well-known regulator of MEF2C [14,41-43].
Gene-targeted mouse embryos lacking MEF2C have cardio-
genic defects [17]. BMP-2 is also required for cardiogenesis,
and BMP2-deficient embryos exhibit an early defect in car-
diac development [44]. In our study, we found that BMP-2 is
a direct transcriptional target of MEF2C, and that p38 MAPK
may regulate BMP-2 by controlling MEF2C activation.
However, we found that simple stimulation of ES cells with
BMP-2 did not augment cardiomyocyte generation (data not
shown), suggesting that BMP-2 is essential but not sufficient
for cardiac induction. It is likely that other MEF2C-dependent
genes encoding cardiac structural proteins are also required
for normal cardiac development. It will be interesting to
investigate whether MEF2C ™/~ ES cells can differentiate spon-
taneously into neurons. Additionally, unknown factors in
FBS contribute to the frequency of beating EBs and play
important roles in cell lineage commitment.

In conclusion, our study has revealed an intriguing role
for p38 MAPK as a cell fate switch during ES cell differen-
tiation. The choice between cardiac and neuronal cell de-
velopment depends on the early stage function of BMP-2,
whose expression in turn depends on transactivation by the
p38 MAPK target MEF2C.
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SUMMARY

Heart diseases are the most common causes of
morbidity and death in humans. Using cardiac-
specific RNAi-silencing in Drosophila, we knocked
down 7061 evolutionarily conserved genes under
conditions of stress. We present a first global road-
map of pathways potentially playing conserved roles
in the cardiovascular system. One critical pathway
identified was the CCR4-Not complex implicated in
transcriptional and posttranscriptional regulatory
mechanisms. Silencing of CCR4-Not components in
adult Drosophila resulted in myofibrillar disarray
and dilated cardiomyopathy. Heterozygous not3
knockout mice showed spontaneous impairment
of cardiac contractility and increased susceptibility
to heart failure. These heart defects were reversed
via inhibition of HDACs, suggesting a mechanistic
link to epigenetic chromatin remodeling. In humans,
we show that a common NOT3 SNP correlates
with altered cardiac QT intervals, a known cause

142 Cell 141, 142-153, April 2, 2010 ©2010 Elsevier Inc.

of potentially lethal ventricular tachyarrhythmias.
Thus, our functional genome-wide screen in
Drosophila can identify candidates that directly
translate into conserved mammalian genes involved
in heart function.

INTRODUCTION

Cardiovascular diseases are the most common cause of death in
North America and Europe (Yusuf et al., 2001) killing more than
860,000 people annually in the United States (A.H.A., 2005;
Lloyd-Jones et al., 2009). Moreover, 80 million people in the
United States are estimated to suffer from cardiovascular
diseases (A.H.A., 2005; Lloyd-Jones et al., 2009). Known or
associated causes of cardiovascular disease include diabetes
mellitus, inflammation, high cholesterol, hypertension, over-
weight and obesity, physical inactivity, or smoking (A.H.A,,
2005; Lloyd-Jones et al., 2009). Although there have been great
advances in the understanding of heart failure in recent decades
(Mudd and Kass, 2008), there is still a gap in understanding the
genetic causes and an unmet need for better therapies. In partic-
ular, the complex interplay of lifestyle, genetic susceptibilities,
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Figure 1. Genome-wide Screen for
Conserved Heart Genes

(A) Schematic for screen setup. Tin44-Gal4,
a cardiac tissue specific driver, was used to drive
conserved UAS-RNAI hairpins in the developing
heart. Developmental lethality and baseline adult
viability was scored.  Viable adult flies were
then given a heart stress (continued exposure to
29°C) and survival was scored on day 6. Fly lines
showing a potential developmental or heart func-
tion phenotype were then retested to confirm the
candidate gene.

(B) Eighty randomly selected UAS-RNAi lines were
crossed to TinC44-Gal4 and evaluated for adult
lethality after an increase in ambient temperature
as a cardiac stressor. Lines were either viable
(black) or died starting around day 3. Data from
individual lines are shown as percent survival on
the indicated days.

(C) Mean responses from viable and failing (death
after exposure to 29°C) flies revealed an average
lethal time at which 50% of failing flies died
(LT50) of 6.19 days.

(D) Efficacy of TinC44-Gal4 x UAS-RNAI lines to
knock down transcription factors known to play

®20{ Prescreen

LT50=6.19 +/-0.09

N, a role in heart formation.
(E) With this system, a genome-wide screen was

K performed to search for conserved candidate
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diseases, and aging have made it difficult to understand the
underlying pathogenic principles (Yusuf et al., 2001). In addition
to large-scale genetic mapping and phenotyping in humans
(Gordon et al., 1977; Morita et al., 2005; Nabel, 2003), a genetic
dissection of the cardiovascular system in less complex model
organisms would greatly facilitate the understanding of basic
controls of cardiac physiology and mechanisms of disease.
Multiple proteins that control contraction in cardiomyocytes
are highly conserved between species. For instance, the fly
heart is capable of spontaneous rhythmic activity required for
the circulation of hemolymph, and the same genes control
heart rhythm in humans and flies (Ocorr et al., 2007a). In aging
flies, the heartbeat becomes irregular with increased episodes
of arrhythmias (Ocorr et al., 2007b), reminiscent of increased
atrial fibrillation and heart failure in older humans (Lakatta
and Levy, 2003). Moreover, genes involved in specification
and differentiation of the heart are also conserved between

2 3 4 5 6 7
Days at 29°C

490 (6.2%)
1

- genes for adult heart function under conditions of
cardiac stress; 4.6% TinC44-Gal4 x UAS-RNAi
lines were developmental lethal. Among the
7971 viable lines, 490 transformant lines exhibited
significantly increased death (Z score >3, deter-
mined on day 6 after shifting the ambient temper-
ature to 29°C).

See also Figure S1 and Tables S1 and S2.

Adult Heart
Defect

« Adult
Viable

# Lethal

Drosophila and mammals (reviewed in
Bodmer, 1995; Cripps and Olson, 2002;
Ocorr et al., 2007a). Mutations in sub-
units of repolarizing voltage gated potas-
sium channels Ik, (eag, KCNH2) and Ik
(kvLQT1, KCNQT) perturb heart function
in Drosophila and in vertebrates can
cause long QT syndrome (Ocorr et al., 2007b; Sanguinetti and
Tristani-Firouzi, 2006). Moreover, the sarco-endoplasmic retic-
ulum Ca?*-ATPase (serca2a, ATP2A2) and the Ca?*-channel
Cacophony control heart function also in Drosophila (Ray and
Dowse, 2005; Sanyal et al., 2006). Thus, Drosophila has become
a powerful genetic model system to identify conserved genes
involved in heart function.

RESULTS

A Drosophila High-Throughput Assay to Identify
Candidate Heart Genes

To identify candidate genes for heart development and heart
function (Figure 1A), we used cardiac tissue-specific RNA
interference (RNAI) silencing of all genes that we identified as
showing possible conservation between mammalian species
and Drosophila melanogaster (Table S1, part A, available online).

Cell 141, 142-153, April 2, 2010 ©2010 Elsevier Inc. 143
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TinC 44-Gal4 specifically drives expression in cardioblasts (Lo
and Frasch, 2001) and has been previously used to study genes
involved in heart function of the adult fly (Qian et al., 2008).
Because RNAi-mediated downregulation of gene expression in
many cases permits the circumvention of lethality commonly
associated with classical mutations (Dietzl et al., 2007), cardiac
tissue-specific TinC44-Gal4 RNAi-mediated gene silencing
therefore allowed us to assay the functional roles of the respec-
tive target genes in adult flies. Since elevated ambient tempera-
ture results in an increase in Drosophila heart rate (Paternostro
et al., 2001; Ray and Dowse, 2005), we combined cardiac
tissue-specific RNAi knockdown with an increased ambient
temperature to reveal cardiac phenotypes under conditions of
stress. Elevated temperature also enhances the activity of the
UAS/GAL4 system, without affecting survival within the time-
frame of the experiment (Figure S1A).

To evaluate the efficacy of this experimental setup (Figure 1A),
we performed a prescreen with 80 randomly selected genes
that were targeted by TinC44-Gal4 RNAi (Table S1, part B).
Whereas ~10% of these TinC44-Gal4 RNAI lines started to die
at the increased ambient temperature, the vast majority survived
for more than 7 days (Figure 1B). From these pilot experiments,
we calculated an average time of 6.19 days at which 50% of flies
among the susceptible lines had died (lethal time 50 [LT50])
(Figure 1C). Thus, our large-scale genome-wide screen was
carried out at 29°C and lethality was recorded for each line at
day 6. As a control, TinC44-Gal4 RNAi knockdown of known
cardiogenic transcription factors resulted in viable lines at
25°C (data not shown), but a shift to 29°C resulted in increased
death of nearly half of the transcription factor RNAI lines tested,
including Tinman, Hand, and H15 (neuromancer-1/Tbx20) (Fig-
ure 1D). Cardiac knockdown of pannier/Gata4 and the Doc
genes (Tbx5/6) did not cause premature lethality at 29°C, even
though they are known to contribute to adult heart function
(Qian and Bodmer, 2009; Qian et al., 2008). As negative controls,
we used RNAI lines targeting eve and zfh-1, which are not
expressed in the myocardium targeted by TinC 44-Gal4 (Fig-
ure 1D). Thus, we have set up a model system that allows for
efficient high-throughput screening and has the capacity to
pick up known heart genes.

A Genome-wide In Vivo Fly RNAi Screen

for Conserved Genes

In total we screened 8417 transgenic RNAI lines corresponding
to 7061 conserved genes for potential developmental and adult
heart functional defects (Table S1, part C). We only included
7971 lines representing 6751 genes that fit the previously defined
criteria of specificity (Dietzl et al., 2007) for further analyses, i.e.,
only lines with an S19 score >0.8 and having six or fewer CAN
repeats were considered specific (Table S1, part D). Progeny
of each RNAI line crossed to TinC44-Gal4 were first monitored
for viability (reared at 25°C). Among these 7971 RNAiI lines, 365
lines resulted in lethality (Figure 1E and Table S1, part E), indi-
cating that many of these genes function in heart development.
Developmental lethality was further staged as lethal (embryonic
lethal or we never observed any offspring), larval lethal, pupal
lethal, or early adult (within 4 days after eclosion) lethal (Table
S1, part F).

144 Cell 141, 142-153, April 2, 2010 ©2010 Elsevier Inc.

To identify candidate genes for adult heart function, we
assayed 7804 adult TinC44-Gal4 RNAi progeny (Dietzl et al.,
2007) for survival after shifting the flies to 29°C (Figures S1B-
S1D). To categorize our hits from the screen, we used the
Z score, which is a measure of the distance in standard devia-
tions of a sample from the mean. All RNAI lines with a Z score
of 2 in the primary screen were tested on average 4.18 indepen-
dent times (an average of 90 flies per genotype) using in some
cases second RNAi transformants to control for transgenic
insertion effects and second independent RNAI hairpins to
target a different region of the gene (Table S2). After repeated
screening, we identified 498 genes that passed the more strin-
gent Z score of 3 (Figure 1E and Table S2), indicating that these
hits exhibit a death score of three standard deviations from
the mean. Using gene ontology (GO) annotations, our candidate
hits were classified according to their predicted biological
processes (BP), molecular functions (MF), and cellular compo-
nents (CC). Of the classified genes, those involved in signaling,
ion transporter activity, metabolism and mitochondrial structure,
development and morphogenesis, transcriptional regulation, or
nucleic acid binding were highly represented among the entire
data set (Figure S2 and Table S4, part A). To remove any artificial
bias in the gene list created by the ad hoc Z score cutoff >3, we
performed a gene set analysis (GSA) to confirm enrichment of
selected GO terms (Table S4, part B). In addition, 121 candidate
heart genes had no annotated function by GO. With panther
(http://www.pantherdb.org/), we were able to functionally anno-
tate 116 of these genes (Table S4, part C).

Given that the RNAI library screened is known to generate
a level of false negative phenotypes because of inefficient
targeting of genes to levels required to reveal phenotypes (Dietz!
et al., 2007), and based on the assumption that our candidate
heart hits perform some of their functions in protein complexes,
we next identified first-degree binding partners (Table S4,
part D). Using this list of primary heart hits and their binding
partners, we performed fly KEGG pathway analyses. Moreover,
we included developmental lethal hits to generate a global inter-
action network. KEGG analyses showed enrichment of multiple
pathways, such as mTOR signaling and PI3K/AKT, amino
acid metabolism, JAK-STAT signaling, ErbB signaling, the Wnt,
Notch, hedgehog, or TGFf pathways, protein degradation,
VEGF signaling, DNA repair, and calcium homeostasis (Table
S3 and Table S4, part E). Besides the identification of multiple
known genes, our screen has also revealed hundreds of candi-
date genes and pathways that have not been previously associ-
ated with heart function.

A Global View of Heart Function

To extend our Drosophila results to mammalian systems, we
used the power of data mining and bioinformatics at a global
systems level. Potential mouse and human orthologs of our
candidate heart screen hits were evaluated for GO enrichment.
The GO analyses of the human and mouse orthologs showed
marked enrichment of genes involved in PIP3 and calcium
signaling, ion transporter activity, metabolism, development,
fatty acid metabolism, and muscle contraction (Table S4, part F).
We next performed KEGG pathway as well as Broad Institute
C2 gene set analysis on the mouse and human orthologs and
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Figure 2. A Global Network of Heart Function

The systems network includes data from the significantly enriched Drosophila KEGG and mouse and human KEGG and C2 data sets. Pathways and gene sets
from the same biological processes were grouped into common functional categories. Orange nodes represent statistically enriched functional categories of
pathways, red nodes represent direct primary fly RNAi hits, green nodes represent their first degree binding partners, and blue nodes indicate genes that
were scored as developmentally lethal in our Drosophila heart screen. Lines indicate associations of the genes to the appropriate functional category. All

KEGG pathways and selected C2 gene sets have been represented in the systems map. See also Tables S3, S4, and S5.

their first-degree binding partners. Based on the mammalian
KEGG (Table S4, part E) and C2 (Table S4, part G) analyses,
we found significant enrichment for gene sets involved in
signaling, metabolism, ion channels, inflammation, aging, and
transcription.

To generate a network map that includes our functional data
in Drosophila, their human and mouse orthologs, and first-
degree binding partners, we combined KEGG pathways from
Drosophila, mouse, and human with relevant gene sets from
the Broad Institute C2 annotations (Table S4). A combined
systems map and the interactions between the individual genes
in the indicated nodes are shown in Figure 2 and Table S4,
part H. A systems map using only direct screening hits was
also generated, yielding a comparable network map (Table S3).
Importantly, by using this network approach, we identified
multiple pathways known to play key roles in heart function
and cardiovascular disease. For instance, we found significant
enrichment in NFAT transcription, AKT activation, and PI3K
signaling, calcium signaling and muscle contraction, GPCR-
and cAMP signaling, ion channels and proton-transporting
ATPase complexes, and transcription, We also found associa-

tions with the renin-angiotensin system, a key pathway involved
in cardiovascular function in humans (Figure 2 and Table S4,
part H). In support of our network approach, advanced data
mining revealed that 171 of our primary fly hits and their first-
degree binding partners corresponded to mouse knockouts
with known cardiovascular phenotypes (Table S5). Thus, our
genome-wide screen for candidate heart genes and in silico
analyses provides a first attempt at a global roadmap of essential
molecular components and key pathways potentially involved in
heart function and cardiac failure.

RNAi Silencing of not3 and UBC4 Results in Dilated
Cardiomyopathy in Drosophila

One of the pathways we found in our global network analysis was
the CCR4-Not complex (Figure 2 and Table S3). Intriguingly,
among the eight members of this complex assayed, we hit the
subunits not?, not3 (not3/5 in fly), not4, UBC4, and Hsp83
(Figure 3A). In addition, the subunits not2 and CG8759 were
“weak” hits (Figure 3A). The CCR4-Not complex was first iden-
tified in yeast (Denis, 1984) and is highly conserved in evolution
(Albert et al., 2000). Components of the CCR4-Not complex
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Figure 3. The CCR4-Not Complex Is a
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have not yet been associated with cardiovascular function. We
therefore retested components of this pathway using TinC 44-
Gal4-driven knockdown in the heart, which confirmed the
phenotype (Figure 3B). Moreover, use of a second heart driver,
Hand-Gal4, which is expressed with high specificity in myocar-
dial and pericardial cells throughout development and in the
adult fly heart (Han and Olson, 2005), showed that silencing of
not1, not3, and UBC4 resulted in early death when adult flies
were shifted to 29°C (Figure 3B).

Since not3 RNAIi gave a strong phenotype with two different
UAS-RNAI lines (Figure 3B), we focused on the CCR4-Not
component not3. Cardiac-specific knockdown of not3 with two
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different RNAI lines (Hand>not3-RNAi: progeny from Hand-Gal4
crossed to UAS-not3-RNAI) significantly increased both diastolic
and systolic diameters and resulted in reduced systolic fractional
shortening relative to control flies (Figures 3C-3F and Movie S1).
Hearts with cardiac not3 knockdown also showed slight
increases in heart periods (Figure 3G); however, this was not
statistically significant. Fluorescent microscopy revealed that
not3 RNAI lines exhibit marked myofibrillar disarray, especially
in the conical chamber (Figures 4A-4D). Heart-restricted not3-
RNAi-mediated knockdown was confirmed by gRT-PCR
(Figure S3). In addition, we observed transcriptional downregula-
tion of the Sarcoplasmic/endoplasmic reticulum calcium ATPase
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