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Previous studies have shown that the Hippo pathway effector yes-associated protein (YAP) plays an important role in maintaining stem
cell proliferation. However, the precise molecular mechanism of YAP in regulating murine embryonic neural stem cells (NSCs) remains
largely unknown. Here, we show that bone morphogenetic protein-2 (BMP2) treatment inhibited the proliferation of mouse embryonic
NSCs, that YAP was critical for mouse NSC proliferation, and that BMP2 treatment-induced inhibition of mouse NSC proliferation was
abrogated by YAP knockdown, indicating that the YAP protein mediates the inhibitory effect of BMP2 signaling. Additionally, we found
that BMP2 treatment reduced YAP nuclear translocation, YAP-TEAD interaction, and YAP-mediated transactivation. BMP2 treatment
inhibited YAP/TEAD-mediated Cyclin D1 (ccnd1) expression, and knockdown of ccnd1 abrogated the BMP2-mediated inhibition of
mouse NSC proliferation. Mechanistically, we found that Smad1/4, effectors of BMP2 signaling, competed with YAP for the interaction with
TAED1 and inhibited YAP’s cotranscriptional activity. Our data reveal mechanistic cross talk between BMP2 signaling and the Hippo-YAP
pathway in murine NSC proliferation, which may be exploited as a therapeutic target in neurodegenerative diseases and aging.
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Introduction
Stem cell fate determination is critical for embryonic development, and tissue homeostasis (Julian et al., 2013). Perturbation of
the proliferation or differentiation process results in a reduced or
excessive number of neurons, which leads to cortical malfunctions (Fang et al., 2013). Identifying mechanisms of neural stem
cell (NSC) regulation will have important clinical implications.
Bone morphogenetic proteins (BMPs) have emerged as critical regulators of NSC self-renewal and maintenance. BMP pathway components are highly expressed in both embryonic and
adult neurogenic niches (Morrison and Spradling, 2008; Mira et
al., 2010). NSC populations can be expanded by blocking BMP
signaling (Bonaguidi et al., 2008). Moreover, accumulating evidence has implicated BMP signaling in the cognitive decline associated with aging and neurodegenerative diseases (Limke and
Rao, 2002; Chen et al., 2003). Increased BMP signaling results in
cognitive impairments, whereas decreased BMP signaling im-
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proves cognition (Doetsch, 2003; Gobeske et al., 2009). For example, the overexpression of BMPs has been associated with
decreased neurogenesis in mouse models of AD (Lim et al., 2000;
Crews and Masliah, 2010). Additionally, BMP gain of function
causes a reduction in neurogenesis that can be blocked by noggin
overexpression (Tang et al., 2009).
Yes-associated protein (YAP) is involved in the BMPsuppressed differentiation of embryonic NSCs through a direct
interaction with Smad1 (Alarcón et al., 2009). In addition, several
lines of evidence suggest that YAP participates in regulating NSC
behavior (Cao et al., 2008; Fernandez et al., 2009; Gee et al., 2011).
Interestingly, the Drosophila gene Yorkie, the homolog of YAP,
maintains neuroepithelial cells in an undifferentiated state
(Zhang et al., 2011). TEA domain (TEAD) family members are
key target transcription factors that mediate YAP function (Zhao
et al., 2008), and YAP-TEAD transcriptional activity is involved
in stem cell proliferation (Lian et al., 2010; Ramos and Camargo,
2012). Additionally, Dpp, the Drosophila ortholog of the mammalian BMP family, controls tissue growth by regulating the
transcription of Bantam (Zhang et al., 2013). Because Bantam is
the downstream target of the Hippo-Yki/Sd pathway, this work
established an important link between Dpp and Hippo/Yki signaling, although the ability of this cross talk to regulate the proliferation of NSCs in mammals remains to be explored. Above all,
both BMP2 signaling and the Hippo pathway play indispensable
roles in governing NSC proliferation and differentiation. However, how these two pathways regulate the behavior of embryonic
NSCs remains unclear.
In our study, loss-of-function experiments reveal that YAP
mediates the BMP2-induced inhibition of embryonic NSC pro-
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liferation. Moreover, we show that BMP2triggered Smad1 nuclear translocation
competes with YAP for the interaction
with TEAD, resulting in the downregulation of target genes, and we identify ccnd1
as a critical target that regulates in this
process. Our findings suggest a new molecular mechanism for the connection of
the Hippo/YAP and BMP2 pathways in
the regulation of embryonic NSC proliferation, in which BMP2 stimulation inhibits
the transcriptional activity of YAP-TEAD,
reducing cell cycle ccnd1 expression and
thus decreasing NSC proliferation.

Materials and Methods
Cultures of NSCs. NSC cultures were generated
as described previously (Azari et al., 2011). The
female mouse E14 ganglionic eminence was
dissected and mechanically dissociated into a
single-cell suspension with a fire-polished Pasteur pipette. Cells were seeded in noncoated
T-25 culture flasks in DMEM/F12 (Invitrogen)
containing 2% B27 (Invitrogen), 20 ng/ml epidermal growth factor (ProSpec), and 20 ng/ml
basic fibroblast growth factor (ProSpec) at a
density of 100,000 cells/ml. Primary neurospheres were dissociated by incubation with
Accutase (Millipore) and reseeded in fresh media at 50,000 cells/ml until secondary spheres
were generated. All spheres used for experiments were passaged at least once. BMP2
(R&D), Noggin (ProSpec), MG132 (Sigma),
and CHX (Sigma) were used at the indicated
concentrations.
Sphere-forming assay. Mouse NSCs were
seeded into 96-well plates at a density of 2–5
cells/l per well. Fresh medium was added every other day, and spheres were counted after 1 Figure 1. BMP signaling activation inhibits the proliferation of murine embryonic NSCs in vitro. A, B, The self-renewal ability of
week.
mouse NSCs isolated from embryonic (E14.5) ganglionic eminences cultured in vitro was analyzed by the neurosphere formation
Cell cycle assay. Mouse NSCs were plated on assay. NSCs were treated with BMP2 (10 ng/ml) alone or together with the BMP2 antagonist noggin. Compared with control cells,
a nonadherent culture system, grown for 4 d, the number (A) and the diameter (B) of neurosphere-forming cells are decreased in BMP2-treated cultures. Noggin abrogates
dissociated into single cells, and fixed with 70% BMP2-mediated inhibition of NSC proliferation (ANOVA; n ⱖ 3, p ⬍ 0.01). C, Embryonic NSCs treated with or without BMP2 (10
ethanol at 4°C for 24 h. After being washed ng/ml) were stained with an antibody against BrdU (red, top) or Nestin (red, bottom) for the in vitro mouse NSC proliferation
with PBS, cells were incubated with propidium analyses. Scale bars: 100 m. D, Quantification of the number of BrdU ⫹ cells. Murine NSCs were treated as described in A and BrdU
iodide staining solution (0.1% Triton X-100, (5 g/ml) was added for 2 h before fixation. Fewer BrdU ⫹ cells are observed after BMP2 treatment, and noggin can inhibit the
0.2 mg/ml RNase A, and 25 g/ml propidium BMP2-induced proliferation repression (ANOVA; n ⱖ 3, p ⬍ 0.01). E, Cell cycle analysis of NSCs with the same treatment as
iodide) for 30 min. Samples were analyzed on a described in A. Flow cytometry analysis demonstrated that fewer cells are in the S phase after BMP2 activation, and noggin could
FACS.
restore the BMP2-induced phenotype (ANOVA; n ⱖ 3, p ⬍ 0.01). F, Ki67 staining was used to measure mouse NSC proliferation.
Electroporation. Mouse NSCs were trans- Cells were treated as described in A. Fewer Ki67-positive cells are observed with 10 ng/ml BMP2 treatment, and Noggin blocks the
fected with the Amaxa Mouse NSC Nucleofec- BMP2-inhibitory phenotype (ANOVA; n ⱖ 3, p ⬍ 0.01).
tor Kit (Lonza; VPG-1004; following the
manufacturer’s instructions) using 4 ⫻ 10 6
sion vector. YAP-WT and YAP-WW constructs were in the retroviral
cells and 4 g of various plasmid DNA for each transfection. Cells were
pQCXIH expression vector.
resuspended in 4 ml of growth medium and replated for further experiPreparation of shRNA retrovirus. 293T packaging cells were cotransments 24 – 48 h after transfection.
fected with gag-pol and VSVG packaging plasmids plus pSIREN-RetroQ
Infection. Neurospheres were gently dissociated by Accutase (Milli(Clontech Laboratories). The medium was changed 6 h after transfecpore) treatment, and 1 ⫻ 10 6 cells/well were plated in 12-well tissuetion, and the supernatants were harvested at 24 and 48 h, filtered through
culture plates. Virus was then added for 4 – 6 h. Cells were transferred to
0.45 m syringe filters, and pooled.
10 cm tissue-culture dishes with 8 ml of fresh medium and cultured for
Primers used for yap shRNA #1: forward: GATCGTCTTAACAGTG5 d to medium-sized neurospheres. Neurospheres infected with retroviGCACCTATTTCAAGAGAATAGGTGCCACTGTTAAG; reverse:
rus were selected by culturing in medium containing puromycin for 3 d,
AATTAAAAAAATAGGTGCCACTGTTAAGATCTCTTGAATCTand surviving cells were used in experiments.
TAACAGTGGCACCTATC. Primers used for yap shRNA #2: forward:
Expression constructs. 3xFlag-tagged Smad1 construct was in the
GATCGTACGGAATATCAATCCCAGTTCAAGAGACTGGGATTpCMV10 expression vector. YAP1–2␦ (Gaffney et al., 2012; Sudol, 2013)
GATATTCCGTATTTTTT; reverse: AATTAAAAAATACGGAATATcoding sequence was subcloned into the pCMV-Myc or pCMV10-3xFlag
CAATCCCAGTCTCTTGAACTGGGATTGATATTCCGTAC. Primers
used for ccnd1 shRNA #1: forward: GATCGCCACAGATGTexpression vector. HA-TEAD1 construct was in the pCDNA3.1-HA expres-
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Immunoprecipitation and immunoblotting.
Immunoprecipitation and immunoblotting
analyses were performed as described previously (Yuan et al., 2010). Briefly, cell lysates
were incubated with the indicated antibodies
in the presence of Protein A: Protein G (2:1)
agarose beads for 2 h at 4°C. After washing four
times, the immunoprecipitates were subjected
to electrophoresis. Protein expression was examined by probing Western blots of total cell
lysates or immunoprecipitates with the appropriate antibodies as noted in the figure
legends. Band intensity was detected with the
ECL Western Blotting Analysis System. The
antibodies used for Western blotting recognized Erk1/2 and p-Smad1/5/8 (Cell Signaling Technology), Flag and GAPDH (Sigma),
and HA and Myc antibodies (Santa Cruz
Biotechnology).
Luciferase reporter assay. Cells were harvested 48 –72 h post transfection and assayed
for reporter gene activity with a DualLuciferase Reporter Assay System (Promega).
The results are presented as the mean of at least
three independent experiments that were performed in triplicate.
qRT-PCR. Total RNA was extracted using
TRIzol (Invitrogen). Reverse transcription was
performed with M-MLV (Promega) according
to the manufacturer’s protocol. qPCR was then
performed with the specific primers supplied.
The average Ct value for each gene was normalized against GAPDH and calibrated against
controls, and the comparative Ct value (fold
change) was calculated using 2 ⫺‚‚Ct. The following primer sequences were used: ccnd1 5⬘GCGTACCCTGACACCAATCTC and 3⬘-CT
Figure 2. BMP2-mediated repression of embryonic NSC proliferation is dependent on YAP. A, NSCs infected with retroviral YAP CCTCTTCGCACTTCTGCTC, yap 5⬘-TCAC
shRNA or control were lysed and subjected to Western blotting to confirm the knockdown efficiency. Erk was included as the AACGATCAGACAACAAC and 3⬘-CAGGAT
loading control. B, C, Infected mouse NSCs were plated for neurosphere diameter analysis (B) and the neurosphere-forming assay GTGGTCTTGTTCTTAT,tead15⬘-CATCGCA
(C), as described in Figure 1A and B. When YAP is knocked down, BMP2 fails to repress the proliferation of mouse NSCs (ANOVA; n GGGTGTCAGTGTGA and 3⬘-AGGCTGGCG
ⱖ 3, p ⬍ 0.01). D, E, Quantification of BrdU incorporation (D) or Ki67 staining (E) in E14.5 ganglionic eminence mouse NSCs GCTACAAGGTA and smad4 5⬘-GGGTTGTC
infected with retrovirus shYAP or control and treated with or without 10 ng/ml BMP2. Upon knockdown of YAP, BMP2 fails to TCACCTGGAATTG and 3⬘-AGTCGTGAAC
inhibit the proliferation of mouse NSCs (ANOVA; n ⱖ 3, p ⬍ 0.01). F, Murine NSCs were treated as in B and stained with propidium GTACTCATCCTT.
ChIP. Cells were treated with 1% formaldeiodide for flow cytometry assay. Both BMP2 treatment and YAP knockdown increase the percentage of G0/G1 cells (ANOVA; n ⱖ 3,
hyde at room temperature for 15 min and then
p ⬍ 0.01).
2.5 M glycine added to stop the reaction. After
rinsing three times with cold PBS, cells were
harvested in lysis buffer 1 (50 mM HEPESGAAGTTCATTTCTCGAGCCACAGATGTGAAGTTCATTTTTTTTT;
KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40,
reverse: AATTAAAAAAAAATGAACTTCACATCTGTGGCTCGAG
0.25% Triton, Roche protease inhibitor cocktail, and 1 mM PMSF), and
AAATGAACTTCACATCTGTGGC. Primers used for ccnd1 shRNA #2:
forward: GATCGGTTCGTGGCCTCTAAGATGAACTCGAGTTC
then resuspended in lysis buffer 2 (10 mM Tris-HCl, pH 8.0, 200 mM
ATCTTAGAGGCCACGAACTTTTTT; reverse: AATTAAAAAAGTT
NaCl, 1 mM EDTA, 0.5 mM EGTA, Roche protease inhibitor cocktail, and
CGTGGCCTCTAAGATGAACTCGAGTTCATCTTAGAGGCCACGAACC.
1 mM PMSF). After centrifugation, each sample was resuspended and
Primers used for smad4 shRNA #1: forward: GATCGCCAGCTACTTACCATsonicated in lysis buffer 3 (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1
CATATTCAAGAGATATGATGGTAAGTAGCTGGTTTTTT; reverse: AATT
mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5%
AAAAAACCAGCTACTTACCATCATATCTCTTGAATATGATGGTAAGT
N-lauroylsarcosine, Roche protease inhibitor cocktail, and 1 mM PMSF).
AGCTGGC. Primers used for smad4 shRNA #2: forward: GATCGGCCATAG
Lysates were incubated with 50 l of Protein A agarose/salmon sperm
TGAAGGACTGTTTTCAAGAGAAACAGTCCTTCACTATGGCTTTTTT;
DNA (Millipore, 16 –157) preloaded with 1 g of YAP or IgG antibody
reverse: AATTAAAAAAGCCATAGTGAAGGACTGTTTCTCTTGAAAACA
overnight at 4°C. After washing six times with RIPA buffer (50 mM
GTCCTTCACTATGGCC.
HEPES-KOH, pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, and 0.7%
Immunofluorescence staining. Mouse NSCs were grown on fibronectin
sodium
deoxycholate), Protein A agarose/salmon sperm DNA was incupolyornithine-coated glass coverslips for 4 – 6 h. The cells were fixed with
bated at 65°C to reverse the covalent histone–DNA bonds. DNA was
4% PFA for 10 min. Cells were analyzed by immunofluorescence accordextracted with phenol: chloroform: isopropanol and used for RT-PCR.
ing to standard methods. For BrdU staining, the cells were incubated in
The antibodies used for immunoprecipitation were YAP1 (Novus Bio2N HCl for 30 min before blocking. The antibodies used for immunologicals) and IgG (negative control; Santa Cruz Biotechnology). DNA
fluorescence recognized BrdU (GE Healthcare), Ki67 (Abcam), SOX2
was analyzed by qPCR for TEAD-binding sites of the ccnd1 regulatory
(R&D), Nestin (Sigma), and YAP1 (Novus Biologicals). Nuclei were
region, and fold induction over input was calculated using 2 ⫺‚‚Ct. The
counterstained with Hoechst 33258 (Sigma).
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following primer sequences were used: ccnd1
5⬘-CATTCTGCTCACTGCCATTTC
and
3⬘-AACCACGTAACCCACCACCGACAA.
Statistics. For each experiment, the data are
presented as the mean ⫾ SEM, except for the
analyses of the luciferase assays, where the data
are presented as the mean ⫾ SD. Each experiment was repeated at least three times. Statistical significance ( p ⬍ 0.01) was determined
using Student’s t test or an ANOVA, followed
by Bonferroni’s post hoc test. Data were analyzed using Origin 7.0 Software.

Results
BMP2 represses embryonic NSC
proliferation and self-renewal
BMP2 is a multifunctional growth factor
and a highly expressed BMP family member in adult mouse NSCs (Chen et al.,
2004), suggesting a significant role for
BMP2 in this cell type. Previous studies
have suggested that BMP signaling plays
an important role in maintaining NSC
quiescence in the adult brain (Johnston
and Lim, 2010). Noggin, a BMP antagonist, can block its activation.
We first explored whether BMP2 activation impacts the self-renewal and proliferation of mouse embryonic NSCs by
performing the in vitro neurosphere assay
(Vanderluit et al., 2004). Neurosphere
size and the number of multipotent neurospheres generated during passaging reflect the growth and self-renewal activity
of mouse NSCs (Ahmed et al., 2009).
Mouse NSCs cultured in the proliferating
condition in vitro treated with BMP2 produced fewer neurospheres with smaller
size than the controls (Fig. 1 A, B), suggesting that BMP2 activation inhibited
the self-renewal and proliferation of
NSCs. To confirm these results, we quantified the number of proliferating NSCs by
performing the BrdU incorporation (S
phase) analysis. BMP2 treatment resulted
in an average 20% decrease in the size of
the BrdU-positive population (Fig. 1C,D),
and the decrease in proliferation was not
due to differentiation because the NSC
marker Nestin was expressed in the cultured neurospheres (Fig. 1C). In addition,
we found that mouse NSCs exposed to
BMP2 exhibited a 15% reduction in the
S/G2/M phase and a 15% increase in the
G0/G1 phase by flow cytometry analysis
(Fig. 1E). Consistent with the increased
proportion of cells in G0/G1, the population
of Ki67-positive cells was significantly reduced (25% decrease in BMP2-treated
NSCs compared with the untreated cells;
Fig. 1F ). Noggin (the BMP antagonist)
treatment partially rescued the proliferation inhibition induced by BMP2 signal-

Figure 3. BMP signaling regulates murine embryonic NSC proliferation via inhibiting YAP/TEAD transactivation. A, Murine NSCs
were transfected with the 3xSD-luciferase reporter and the Renilla plasmid and treated with 10 ng/ml BMP2 and/or its antagonist
noggin. The cell lysates were subjected to the dual luciferase assay. BMP2 reduces YAP/TEAD luciferase activity, and its antagonist
noggin abrogates the BMP2-mediated repression (t test; n ⫽ 3, p ⬍ 0.01). B, Myc-immunoprecipitates of P19 cells transfected
with HA-TEAD1 with Myc-YAP or the control vector were immunoblotted with anti-HA antibody treated with or without 10 ng/ml
BMP2, respectively. As a control, 2% of the input was blotted with anti-HA or Myc antibody. BMP2 treatment reduces the interaction between exogenous YAP and TEAD1. C, Endogenous interaction between YAP and TEAD1 in embryonic NSCs with or without
10 ng/ml BMP2 treatment. BMP2 inhibits the YAP-TEAD1 interaction. D, Quantification of YAP-TEAD1 colocalization in HT22 with
or without 10 ng/ml BMP2 treatment. BMP2 reduced the colocalization of YAP and TEAD1 in nucleus (t test; n ⫽ 3, p ⬍ 0.01). E,
Quantification of the YAP subcellular localization in SH-SY5Y (left) and NSCs (right) with or without 10 ng/ml BMP2 treatment.
BMP2 decreases the nuclear retention of YAP (t test; n ⫽ 3, p ⬍ 0.01).
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ing (Fig. 1). BMP2 activation represses
mouse embryonic NSC self-renewal and
proliferation.
YAP is required for BMP2-induced
proliferation inhibition in
embryonic NSCs
Previous studies in chick neural tube and
Xenopus laevis embryos revealed that the
proliferation of neuroepithelial cells is
strongly influenced by YAP activity (Hiemer and Varelas, 2013). To investigate
whether YAP was essential for the reduced
proliferation of embryonic NSCs induced
by BMP2, we performed loss-of-function
studies. Mouse NSCs were infected with a
bicistronic retrovirus-expressing GFP and
short hairpins for YAP (shYAP) or scrambled control sequence (Fig. 2A). Knockdown of YAP reduced the diameters and
numbers of neurospheres (Fig. 2 B, C),
and YAP deficiency abrogated the BMP2mediated repression of NSC proliferation,
indicating that BMP2 represses mouse
NSC self-renewal through the YAP protein. Further, BrdU incorporation, Ki67
staining, and cell cycle analysis showed
that YAP was the target of BMP2 signaling
in regulating proliferation of NSCs (Fig.
2D–F ). YAP is required for the BMP2induced proliferation inhibition of mouse
embryonic NSCs.

Figure 4. Smad1 is a competitor of the transcription factor TEAD in regulating mouse NSC proliferation. A, Mouse NSCs were
transfected with 3xSD-luciferase reporter or BRE-luciferase plasmid and treated with 10 ng/ml BMP2 for different time periods. The
luciferase reporter shows that BMP2 reduces YAP/TEAD-mediated transcriptional activity while enhancing Smad-mediated transactivation. B, Mouse NSCs were transfected with 3xSD-luciferase reporter and treated with BMP2. After 2 h, BMP2 was washed out
and replaced with the normal medium. YAP/TEAD-mediated transactivity is gradually restored after withdrawal of BMP2 (t test;
n ⫽ 3, p ⬍ 0.01). C, Flag-immunoprecipitates from NSCs transfected with Myc-YAP, WT, or Myc-YAP WW mutant plasmid
together with Flag-Smad1 were immunoblotted with anti-Myc antibody and anti-Flag antibody. As a control, 2% of the input was
blotted with anti-Flag or Myc antibody. D, Endogenous coimmunoprecipitation between YAP and Smad1/4 in murine embryonic
NSCs shows that the YAP and Smad1/4 interaction is increased on BMP2 treatment. E, Myc-immunoprecipitates from 293T cells
transfected Myc-YAP WT or Myc-YAP WW together with Flag-Smad1 or Flag-Smad1 Y227A were immunoblotted with anti-Flag
antibody. Two percent input was blotted with anti-Flag, Myc, or GAPDH antibody. F, Murine NSCs were transfected with 3xSDluciferase reporter and Myc-YAP, WT, or WW mutant plasmid. The luciferase assay shows that BMP2 inhibits WT but not WW
mutant YAP-mediated transactivation (t test; n ⫽ 3, p ⬍ 0.01). BMP2 washout restores YAP-mediated transactivation. G,
Representative images of neurospheres infected with retroviral YAP WT or YAP WW plasmids. Scale bar, 100 m. H, I, Murine NSCs
were infected with retroviral YAP WT or YAP WW expression vector. The number and size of the neurospheres formed after 1 week
were counted and measured. YAP WW overexpression, not the YAP WT, could block the BMP2-induced proliferation inhibition
(ANOVA; n ⱖ 3, p ⬍ 0.01).

BMP2 represses YAP-TEAD
transcriptional activity in
embryonic NSCs
Previous studies have suggested that YAPTEAD can induce the expansion of neural
progenitors during neural tube development (Hiemer and Varelas, 2013). Here,
we performed the 3xSD-luc reporter assay
(Wang et al., 2011) to examine the effect
of BMP2 on YAP-TEAD-mediated transcriptional activity. We observed that
BMP2 treatment decreased YAP-TEAD
transcriptional activity, and noggin pretreatment could reverse the inhibition of
BMP2 (Fig. 3A). The coimmunoprecipitation assay revealed that YAP formed a
physical complex with TEAD1 (Fig.
3 B, C), and the interaction between YAP
and TEAD1 was reduced by BMP2 treatment (Fig. 3 B, C). Consistently, the colocalization of YAP-TEAD1 in nucleus is
decreased with BMP2 treatment (Fig.
3D). As a transcriptional cofactor, the nuclear translocation of YAP is tightly regulated by the upstream kinases MST/LAST
(Zhang et al., 2008). We then investigated
the subcellular localization of YAP during
BMP2 treatment. We found that YAP was
predominantly found in the nuclei of untreated cells, while BMP2 treatment in-
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creased the cytosolic levels of YAP and
decreased its nuclear localization (Fig.
3E). These data suggest that BMP2 signaling reduces YAP-TEAD1-mediated transactivation through the regulation of the
colocalization of YAP-TEAD1.
BMP2 treatment increases the
Smad1/4-YAP interaction
In our experiments, we observed that
BMP2 treatment induced the activation
of the Smad-mediated transcription
(BRE-luciferase reporter), while reducing
the YAP-TEAD-mediated transactivation
(3xSD-luciferase reporter; Fig. 4A). The
YAP-TEAD reporter activity was gradually restored after BMP2 washout (Fig.
4B). As the major downstream effectors of
BMP2, Smad1, Smad5, and Smad8 become phosphorylated and form a complex with Smad4 upon BMP2 treatment,
followed by their nuclear translocation
(Chen et al., 2004). Previous studies have
shown that YAP interacts with endogenous Smad1 (Alarcón et al., 2009). In our
experiments, we confirmed that YAP interacts with Smad1, and also found that
the interaction between YAP and Smad1
is reduced when the WW motifs are mutated (Bork and Sudol, 1994; Sudol, 1994;
Chen and Sudol, 1995), which indicates
that YAP interacts with Smad1 via the
WW domain (Fig. 4C). We consistently
found that BMP2 treatment increased the
endogenous interaction of YAP and
Smad1 or Smad4 (Fig. 4D). It has been
reported that YAP could interact with the
protein, which has the PPxY motif (Chen
et al., 1997). We constructed the mutant
plasmid Smad1 Y227A, which is speculated to be unable to interact with YAP
(Bork and Sudol, 1994; Sudol, 1994; Chen
and Sudol, 1995). Western blot analysis
confirmed that YAP WW mutant could
not interact with Smad1, whereas there is
Figure 5. Knockdown of Smad4 increases the proliferation of murine embryonic NSCs by enhancing the YAP/TEAD-mediated
still a weak interaction between Smad1
transactivation. A, qPCR analysis showed that Smad4 was effectively suppressed by Smad4 shRNA. Primary mouse NSCs were
Y227A and YAP. And there is no interac- infected with control and Smad4 shRNA (ANOVA; n ⱖ 3, p ⬍ 0.01). B–D, Murine NSCs infected with retroviral shSmad4 displayed
tion between YAP WW and Smad1 Y227A an increase in primary neurosphere formation (B). The number of neurospheres was counted 1 week after mouse NSCs were
(Fig. 4E). To investigate whether YAP infected. NSCs infected with shSmad4 retrovirus formed neurospheres at a higher frequency (D) and with a larger size (C) than
WW was involved in YAP-TEAD transac- those from control NSCs (ANOVA; n ⱖ 3, p ⬍ 0.01). E, Murine NSCs infected with retroviral shSmad4 were transfected with
tivation response to BMP2, we performed 3xSD-luciferase reporter and Renilla plasmids. The cell lysates were subjected to dual luciferase assay (t test; n ⫽ 3, p ⬍ 0.01).
3xSD-luc reporter assay. BMP2 treatment Smad4 deficiency increases the YAP/TEAD-mediated transactivation (t test; n ⫽ 3, p ⬍ 0.01). F, Flag-immunoprecipitates
reduces WT, but not WW domain- from P19 cells transfected with HA-TEAD1 and Flag-YAP in Smad4 stable knockdown cells were immunoblotted with
mutated, YAP-mediated transcriptional anti-HA or Flag antibody. As a control, 2% of the input was immunoblotted with anti-HA or Flag antibody. The interaction
activation (Fig. 4F ). Furthermore, we cer- between YAP and TEAD1 increases upon knockdown of Smad4. G, Representative images of the subcellular localization of
tified YAP WW function in the neuro- YAP in control and Smad4-knockdown cells. Scale bars: 100 m. H, Quantification of the subcellular localization of YAP in
sphere assay. Mouse embryonic NSCs control and Smad4-knockdown P19 cells (G) showing that Smad4 knockdown increases nuclear accumulation of YAP (t test;
infected with retroviral YAP WT or YAP n ⫽ 3, p ⬍ 0.01).
WW formed neurospheres at a higher frefunction is dependent on the WW domain of YAP. Our findings
quency and with a larger size than control, indicating an increase
suggest that BMP2 treatment increases YAP interaction with
of proliferation. Meanwhile, YAP WW overexpression, not the
Smad1/4 via WW domain and reduces the YAP-TEAD1 transacYAP WT overexpression, could block the BMP2-induced proliftivation in regulating mouse NSC proliferation.
eration decrease (Fig. 4G–I ), indicating that BMP2’s inhibitory
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Smad4 is involved in the BMP-induced
repression of embryonic
NSC proliferation
Given that Smad4 forms a physical complex with phosphorylated Smad1 and is
responsible for transporting phosphorylated Smad1 into the nucleus upon BMP2
treatment, we asked whether the ablation
of Smad4 could result in the increased
proliferation of NSCs in the presence of
BMP2. RT-PCR analysis confirmed that
Smad4 shRNA had a 40% knockdown efficiency (Fig. 5A). Embryonic NSCs infected with Smad4 shRNA retrovirus
showed increased proliferation, forming
neurospheres at a higher frequency with a
larger size (Fig. 5B–D) in the presence of
BMP2. Consistent with the above findings, Smad4 knockdown increased YAPmediated transcription (Fig. 5E) and the
interaction of YAP and TEAD1 (Fig. 5F ).
In addition, we observed that there were
more nuclear locations of YAP in Smad4knockdown murine NSCs (Fig. 5G,H ).
Thus, the decreased interaction between
YAP and TEAD in response to the activated BMP2 signals could be explained by
Smad1/4 competitively binding to YAP.
This effect reveals a novel mechanism for
the regulation of BMP2-induced inhibition of NSC proliferation, possibly
through YAP/TEAD, the core components of the Hippo pathway.
Ccnd1 is a target of YAP-TEAD
signaling in the BMP2-induced
inhibition of NSC proliferation
To identify target genes involved in YAPTEAD-regulated NSC proliferation, we
performed RT-PCR on three independent
samples. We observed that ccnd1 expression had a 40% reduction by either BMP2
treatment (Fig. 6A) or knockdown of YAP
or TEAD1 (Fig. 6 B, C), indicating that
ccnd1 is a potential target of YAP/TEAD1
in the proliferation of mouse NSCs. Previous studies have shown that ccnd1 affects cell growth and that elevated ccnd1
expression levels accelerate cell cycle progression (Kim and Diehl, 2009). To deter4

Figure 6. Ccnd1 functions as a downstream target in the BMP2-mediated repression of YAP/TEAD signaling in mouse NSCs. A,
qPCR analysis of ccnd1 from the mouse NSCs treated with or without BMP2. BMP2 treatment (10 ng/ml) inhibited ccnd1 mRNA
expression in mouse NSCs (t test; n ⫽ 3, p ⬍ 0.01). B, C, qPCR quantification analysis shows that YAP or TEAD1 were effectively
knocked down by shRNA. The ccnd1 expression was reduced in YAP or TEAD1 knockdown mouse NSCs (t test; n ⫽ 3, p ⬍ 0.01). D,
ChIP and qPCR analysis shows that YAP is enriched on the promoter of ccnd1 and BMP2 treatment reduces YAP’s binding (t test;
n ⫽ 3, p ⬍ 0.01). Mouse NSCs cultured in the proliferation medium were harvested and sonicated. The cell lysates were incubated
with YAP antibody and control IgG (rabbit). DNA fragments were quantified using RT-PCR with primers for the ccnd1 promoter. E,
F, qPCR analysis of ccnd1 confirms the knockdown efficiency of retroviral shccnd1 in mouse NSCs (left). BMP2 treatment (10 ng/ml)

or knockdown of ccnd1 in NSCs decreases the diameters (E)
and the number of neurospheres (F). Mouse NSCs were
infected with control, ccnd1, and shRNA retrovirus. Neurospheres were grown for 7 d after infection (ANOVA; n ⱖ 3,
p ⬍ 0.01). G, Mouse NSCs were infected with control, YAP WT,
and YAP WW retrovirus. Total RNA was isolated from infected
NSCs. The expression of ccnd1 was determined by qPCR and
normalized to GAPDH. YAP WW overexpression blocks the
ccnd1 decrease induced by BMP2. H, ChIP analysis showed that
YAP WW blocked the reduced expression of ccnd1 induced by
BMP2 treatment.
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mine whether YAP directly regulates the
transcription of ccnd1 in NSCs, we performed a ChIP assay. We found that the
occupancy of YAP on the promoter region of the ccnd1 gene was decreased
⬃50% in response to BMP2 treatment
(Fig. 6D). To further determine the importance of ccnd1 in murine NSC proliferation, we performed a neurosphere
assay in vitro using retroviral ccnd1shRNA. As expected, ccnd1 knockdown
significantly reduced NSC growth by 40%
(Fig. 6E) and self-renewal capacity by
⬃40% (Fig. 6F ). In addition, we observed
that BMP2 treatment failed to further reduce the proliferation of NSCs upon
ccnd1 knockdown compared with the
control (Fig. 6 E, F ). Our gain-of-function
studies showed that YAP WT or YAP WW
overexpression could elevate twofold
ccnd1 mRNA level, whereas YAP WW, not
YAP WT, could block the BMP2-induced
inhibition of ccnd1 expression (Fig. 6G).
Consistently, we found that the occupancy of overexpressed YAP WT or YAP
WW on the promoter region of the ccnd1
gene was increased ⬃35% (Fig. 6H ).
However, the expression of YAP WW mu- Figure 7. Working model: BMP2-SMAD signaling represses the proliferation of murine embryonic NSCs through YAP. A, In the
tant blocked the BMP2-induced occu- absence of BMP2, Smad1 and Smad4 remain in the cytoplasm, and YAP/TEAD1 transcriptionally upregulates ccnd1 expression,
pancy reduction in response to BMP2 leading to the increased proliferation of mouse NSCs. B, Upon BMP2 treatment, the Smad1/4 complex is transported into the
treatment (Fig. 6H). Our data strongly sug- nucleus and competes with TEAD1 for binding to YAP, thus repressing ccnd1 expression and resulting in the repression of mouse
gest that ccnd1 is a direct target of the YAP- NSC proliferation. This fine-tuning signaling maintains the proper expansion of the mouse NSC pool.
TEAD1 transcriptional complex in the
little mechanistic insight into how YAP regulates stem cell
process of BMP2-inhibited mouse embryonic NSC proliferation.
properties. A recent study by Lian et al. (2010) suggests that in
murine embryonic stem cells, YAP directly binds to the proDiscussion
moters of genes that enhance pluripotency, which suggests
This study presents three key discoveries. First, we showed that
that YAP may be a key component of the core pluripotency
BMP2 signaling represses murine embryonic NSC proliferation
machinery. We observed that YAP knockdown blocked
through YAP, the core downstream effector of the Hippo pathBMP2-induced inhibition of mouse embryonic NSC proliferway. Second, BMP2 inhibits the pro-proliferation function of
ation in vitro (Fig. 2). Alarcón et al. (2009)reported that YAP
YAP by increasing the interaction between Smad1/4 and YAP and
increases Smad1-dependent transcription and is required for
decreasing YAP-TEAD1 interaction. Third, we revealed a transcriptional mechanism by which YAP/TEAD regulates ccnd1 exBMP suppression of neural differentiation of mouse embrypression in response to BMP2 signaling in regulating murine
onic stem cells. Our experiments showed that YAP WW could
embryonic NSC proliferation. The working model is illustrated
not interact with Smad1 and blocked the proliferation inhibiin Figure 7.
tion induced by BMP2 treatment. Our data suggest that YAP is
involved in the BMP2-induced suppression of mouse embryYAP is required for the BMP2-induced suppression of murine
onic NSC proliferation.
embryonic NSC proliferation
TAZ is a paralog of YAP and both YAP and TAZ share signifBMPs elicit several different responses in mouse embryonic
icant sequence similarity and redundant functions. Moreover,
NSCs, including withdrawal from the cell cycle; differentiation
the regulatory mechanism of transcriptional activation is similar
into astrocytes, neurons, or neural crest-like cells; and apoptosis
between YAP and TAZ (Kanai et al., 2000). However, recent stud(Lim et al., 2000; Bonaguidi et al., 2008; Tang et al., 2009). These
ies suggested that YAP might function differentially from TAZ in
various responses depend on the BMP and BMP receptors instem cell biology. For example, YAP is identified as transcripvolved and the presence of other signaling. We found that emtional coactivator in stem cell proliferation whereas TAZ has
bryonic NSCs cultured in vitro with BMP2 treatment arrested
been shown to function as a transcriptional coactivator implimore in the G0/G1 phase while retaining NSC marker expression
cated in modulating mesenchymal stem cell differentiation
and the capacity to proliferate. This finding is consistent with the
(Hong and Guan, 2012). We observed that YAP knockdown
fact that BMP2 reduces mouse embryonic NSC proliferation
does not affect the TAZ expression, indicating that the YAPwhile most of the cells are undifferentiated (Alarcón et al., 2009).
knockdown phenotype is independent on TAZ. It is still interestAs the key downstream mediator of the Hippo pathway, YAP
ing to further investigate the functional interaction of YAP and
controls the balance of stem cell self-renewal, proliferation, and
TAZ in stem cells.
differentiation (Ramos and Camargo, 2012). However, there is
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BMP2 enhances the YAP-Smad1/4 interaction and decreases
YAP/TEAD transcriptional activity
Based on our findings, we present a model showing how YAP
mediates the BMP2-induced modulation of embryonic NSC proliferation (Fig. 7). BMP2 increases the YAP-Smad1/4 interaction
that promotes YAP’s cytoplasmic translocation and thus inhibits
the physical interaction between YAP and TEAD. The dissociation of YAP and TEAD results in the cell cycle exit of mouse
embryonic NSCs. YAP-TEAD transcriptional activity was consistently increased, concurrent with the increased interaction of
YAP and TEAD upon Smad4 knockdown (Fig. 5F ). Meanwhile,
we observed that mouse embryonic NSCs produced more neurospheres with larger sizes in the absence of Smad4 under BMP2
treatment (Fig. 5C,D). We also found that YAP accumulated
more in the nucleus following Smad4 knockdown in response to
BMP2. We propose that the following two possibilities may underlie the BMP2-mediated inhibition of YAP nuclear accumulation and the YAP-TEAD transactivation in mouse NSCs. One
possibility is that, upon BMP2 treatment, Smad1/4 proteins
transport YAP out of the nucleus, resulting in the reduction of
YAP-TEAD binding; another possibility is that the nuclear
Smad1/4 competes with TEADs for the binding of YAP, which
might release YAP from the YAP/TEAD complex followed by
YAP transport out of the nucleus. The exact mechanism whereby
Smads regulate YAP translocation and activation needs to be
further investigated.
Ccnd1 is the direct target of YAP/TEAD in response to
BMP2 activation
We screened candidate YAP-TEAD target genes in the BMP2
modulation of mouse NSC proliferation, especially focusing on
genes regulating the G1-S phase transition. p21, one known G1-S
phase regulator, is previously reported involved in the cell cycle
arrest of mouse NSCs. However, we found that p21 was not the
direct target of YAP-TEAD in mouse NSCs. Consistent with our
findings, cell cycle withdrawal of mouse NSCs is not fully abolished in p21-deficient mice, suggesting that another signaling
pathway is also involved (Mathieu et al., 2008). Another cell cycle
factor ccnd1 was reported as a potential YAP-TEAD target gene
(Mizuno et al., 2012). We found that both the transactivation of
YAP/TEAD and expression of ccnd1 decreased in the presence of
BMP2 treatment in mouse NSC, indicating that ccnd1 might be
one of the major downstream targets of mouse NSC proliferation. Further, we confirmed ccnd1 involved in BMP2-induced
mouse NSC proliferation inhibition (Fig. 6 E, F ). Finally, our
ChIP data (Fig. 6D) indicate that ccnd1 is the direct target gene of
YAP/TEAD in response to BMP2.
In summary, we conclude that YAP/TEAD is involved in the
BMP2-induced inhibition of embryonic NSC proliferation, and
we investigate the molecular mechanism, in which Smad1/4 inhibits YAP transactivation by competing with TEAD binding. We
also discovered that ccnd1 is the major transcriptional target of
YAP in BMP2-mediated proliferation repression in mouse NSCs.
This proposed model for the cross talk of BMP signaling and the
Hippo pathway in mouse embryonic NSC proliferation will
greatly advance our understanding of mouse NSC physiology.
Furthermore, the cross talk between BMP and Hippo-YAP pathway in mouse NSCs could be exploited as a target of drugs that
could help to control neurodegenerative diseases.
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