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Embryonic stem (ES) cells hold great promise in regen-
erative medicine and it is an urgent task to understand 
the underlying molecular mechanisms that control ES 
cell fate choice between self-renewal and differentiation. 
In mouse ES cells, extrinsic leukemia inhibitory factor 
(LIF) and bone morphogenetic protein (BMP) signaling 
pathways play pivotal roles in maintaining the 
self-renewal status under serum and feeder free culture 
conditions. Intrinsic extracellular-signal regulated kinase 
(ERK) activity is also important in determining mouse ES 
cell fate—low ERK activity keeps mouse ES cell 
self-renewal while high ERK activity drives differentiation. 
We recently found that while LIF signaling augments 
ERK activity, BMP signaling inhibits ERK activity in 
mouse ES cells via direct upregulation of an ERK phos-
phatase—dual-specificity phosphatase 9. The coopera-
tive effects of LIF and BMP signaling keep appropriate 
ERK activity and maintain mouse ES cell self-renewal (Li 
et al., 2012). These findings shed light on how extrinsic 
signals converge to intrinsic signaling molecules to 
regulate cell fate determination. This perspective 
summarizes our recent new findings and discusses the 
current unsolved questions and future directions. 

Embryonic stem (ES) cells undergo self-renewal while main-
tain pluripotency in appropriate culture conditions (Smith, 
2001). Directed differentiation of embryonic stem cells to 
specific cell lineages holds great promise in regenerative 
medicine (Passier et al., 2008). Therefore, it is critical to un-
derstand the underlying molecular mechanisms that govern 
ES cell fate determination. It has been shown that the main-
tenance of ES cell self-renewal requires delicate regulation in 
different levels (Pera and Tam, 2010; Orkin and Hochedlinger, 

2011; Young, 2011). Extrinsically, leukemia inhibitory factor 
(LIF) and bone morphogenetic protein (BMP) signaling have 
been shown to be sufficient in supporting the self-renewal of 
mouse ES cells in the absence of serum and feeder cells 
(Ying et al., 2003a). Intrinsically, core transcription factors 
have been shown to be critical in establishing a transcrip-
tional network in which pluripotency-related genes are ex-
pressed while differentiation-related genes are repressed in a 
poised-state (Boyer et al., 2005; Young, 2011). Extracellu-
lar-signal regulated kinase (ERK) is one of the most important 
intrinsic factors. ERK is an intracellular mediator of the mito-
gen-activated protein kinase (MAPK) signaling pathways and 
plays key roles in growth and differentiation in various cell 
types (Kolch, 2005). High ERK activity as induced by forced 
expression of constitutively active RAS leads to primitive 
endoderm differentiation of mouse ES cells (Yoshida-Koide 
et al., 2004), while inhibition of ERK activity makes mouse ES 
cell refractory to differentiation cues (Kunath et al., 2007). 
The fact that maintenance of mouse ES cells can be 
achieved solely by chemical inhibitors which keep low ERK 
and GSK3 activity (the so-called “2i” or “3i” culture conditions) 
strongly indicates the importance of ERK activity in mouse 
ES cell self-renewal (Ying et al., 2008). As a delicate bio-
logical system, how extrinsic signaling pathways and intrinsic 
ERK activity are linked together remains obscure, and it 
seems like a paradox that extrinsic LIF signaling was found to 
enhance ERK activity which would lead to instability of 
self-renewal status (Burdon et al., 1999; Ying et al., 2003a). 
In our recent study, we found that BMP signaling, via direct 
upregulation of dual-specificity phosphatase 9 (DUSP9), 
represses ERK activity, thus maintaining mouse ES cells in a 
stable self-renewal status in the presence of LIF (Li et al., 
2012). 

Considering the importance of BMP signaling and ERK 
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activity in ES cell biology, the link between BMP signaling and 
ERK activity in mouse ES cells was previously investigated 
by several groups. Ying et al. found that short BMP4 treat-
ment for 15 min or 1 hour activates ERK activity (Ying et al., 
2003a). Qi et al. found the inhibitory effect of BMP4 on ERK 
activity upon 5 min treatment and observed the recovery of 
ERK activity within 1 hour (Qi et al., 2004). A recent work 
from Zhang et al. also showed that BMP4 inhibits ERK activ-
ity within a short time (10 or 30 min), but ERK activity recov-
ers within 1 hour (Zhang et al., 2010). As BMP4 and LIF are 
constitutively included in the culture medium to maintain 
mouse ES cell self-renewal, we, thus, speculated that it is 
important to follow ERK activity changes upon BMP4 treat-
ment in a longer period. Consistent with Ying et al. (2003a), 
our data revealed that BMP4 treatment enhances ERK activ-
ity within 4 hours but leads to a decrease of ERK activity after 
longer treatment time (8 hours and beyond). This effect is 
independent of LIF or FGF signaling (Li et al., 2012). 

Then, we attempted to identify the mechanism underlying 
the BMP-mediated inhibition of ERK activity. The relatively 
slow inhibitory effect of BMP4 led us to test whether this ef-
fect was indirect. Indeed, blockage of de novo protein syn-
thesis by cycloheximide (CHX) abolished the inhibitory effect 
of BMP4 on ERK activity, indicating that this effect involves 
novel transcription and translation. Our previous chromatin 
immunoprecipitation (ChIP)-seq and microarray data sug-
gested that dual-specificity phosphatase 9 (DUSP9) could be 
the target as its expression was upregulated by BMP4 and its 
promoter was shown to be bound by both Smad1/5 and 
Smad4. Importantly, it was previously established that 
DUSP9 could inactivate ERK activity through direct dephos-
phorylation of ERK (Owens and Keyse, 2007). Upregulation 
of DUSP9 by BMP4 was validated at both mRNA and protein 
levels. Among a cohort of the 11 DUSP family members 
examined, it was the only phosphatase that was upregulated 
by BMP signaling. These results suggested that DUSP9 may 
mediate BMP repression of ERK activity in mouse ES cells. 

We then set out to test this assumption. Overexpression of 
DUSP9 inhibited ERK activity in a dose-dependent manner 
and ERK target gene expression. By using a domi-
nant-negative form of DUSP9 (dn-DUSP9) which blocked the 
activity of endogenous DUSP9, we found that BMP signaling 
no longer repressed ERK activity. Similarly, when DUSP9 
expression was knocked down by siRNA, BMP inhibition of 
ERK activity was abolished. Thus, DUSP9 mediates BMP 
inhibition of ERK activity in mouse ES cells. 

BMP signaling exerts its function by binding to its mem-
brane receptors to activate the intracellular Smad1/5/8 pro-
teins (Massagué and Chen, 2000; Feng and Derynck, 2005). 
Activation of Smad1/5/8 by receptor-mediated phosphoryla-
tion promotes their interaction with Smad4 and translocation 
of this Smad complex from the cytoplasm to the nucleus, 
where they function as transcription factors to regulate gene 
expression. We assumed that Dusp9 may be regulated in this 

way. Knockdown of Smad4 in mouse ES cells reduced the 
induction of Dusp9 by BMP4, and importantly, ERK activity 
was no longer repressed in the absence of Smad4. Consis-
tently, a dramatic decrease of DUSP9 expression was ob-
served in 3.5 day Smad4 knockout mouse embryos. Similar 
results were observed when the expression of Smad1 and 
Smad5 was depleted by knockdown and knockout. Promoter 
analysis confirmed that DUSP9 is a BMP target—the Dusp9 
promoter responded to BMP signaling well. By using a series 
of promoter truncations, we identified the minimal responsive 
promoter fragment. A single nucleotide mutation in the puta-
tive Smad binding element (SBE) in this fragment abolished 
BMP responsiveness. ChIP assay also confirmed the binding 
of Smad1/5 and Smad4 to Dusp9 promoter that contains the 
SBE upon BMP4 treatment. 

We then determined the importance of Dusp9 in mediating 
BMP functions. Forced expression of DUSP9, mimicking the 
MEK inhibitor PD184352, partially bypassed the requirement 
of BMP4 in sustaining self-renewal of mouse ES cells in co-
operation with LIF. Moreover, inhibition of DUSP9 activity by 
dn-DUSP9 or DUSP9 knockdown reduced the expression of 
the pluripotency-related genes Nanog and Rex1 even in the 
presence of BMP4 and LIF. These results indicate that in-
duction of Dusp9 is necessary for BMP signaling to maintain 
self-renewal in cooperation with LIF. In the absence of ex-
ogenous growth factors, mouse ES cells will go spontaneous 
neural differentiation and BMP signaling could significantly 
inhibit this process (Ying et al., 2003b; Fei et al., 2010). We 
found that overexpression of DUSP9 mimicked BMP4 and 
the MEK inhibitor PD184352 in repressing neural differentia-
tion and on the contrary, expression of dn-DUSP9 or knock-
down of DUSP9 impaired the neural inhibitory effects of 
BMP4. These results highlighted the importance of Dusp9 in 
mediating neural inhibition function of BMP4. 

BMP signaling regulates a large number of target genes in 
mouse ES cells, and our early investigation indicated that 
inhibition of development/differentiation genes by BMP is 
important for BMP to maintain mouse ES cell pluripotency 
(Fei et al., 2010). Inhibitors of differentiation (Id) family pro-
teins were reported to be the important BMP targets that 
promote mouse ES cell self-renewal by inhibiting differentia-
tion to the neural lineage (Ying et al., 2003a). BMP has been 
shown to inhibit ERK activity in mouse ES cells in short 
treatment time (Qi et al., 2004; Zhang et al., 2010). This study 
identified Dusp9 as the linker that mediates extrinsic BMP4 
signaling to inhibit intrinsic ERK activity in a long and steady 
way. This study extended the mechanism of how BMP4 con-
tributes to mouse ES cell self-renewal maintenance and re-
vealed the delicate balancing of intrinsic ERK activity by the 
extrinsic signals BMP and LIF (as summarized in Fig. 1). 
Several interesting phenomena were also observed during 
the study which are worth further investigation. We found that 
the BMP/DUSP9/ERK cascade exists only in mouse embry-
onic stem cells, but not in other tested mouse somatic cells.  
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Figure 1.  Maintenance of mESC self-renewal by LIF and 
BMP signaling. STAT3 activated by LIF signaling and Id fam-
ily proteins activated by BMP/Smad signaling contribute to 
self-renewal maintenance. BMP can also promote mESC 
self-renewal by inhibiting differentiation gene expression. The 
differentiation promoting signal p-ERK activated by LIF sig-
naling is attenuated by BMP signaling via Smad-mediated 
upregulation of DUSP9. The balanced p-ERK activity ensures 
mESC self-renewal maintenance. mESC, mouse embryonic 
stem cess; LIF, leukemia inhibitory factor; BMP, bone 
morphogenetic protein; STAT3, signal transducer and activator 
of transcription protein 3; ERK, extracellular signal regulated 
kinase; DUSP9, dual-specificity phosphatase 9; IDs, inhibitors 
of differentiation. 

The ES-specific regulation of DUSP9 by BMP signaling may 
be due to the cooperative transcriptional activation between 
ES-specific factors and Smad proteins, such as the recently 
identified stem cell coactivator (SCC) complex (Fong et al., 
2011). It will be interesting to test this possibility. We also 
found that in 3.5 day Smad4 knockout mouse embryos, 
DUSP9 was dramatically reduced compared to wild-type 
embryos. It is unclear what roles the Smad4-dependent 
DUSP9 expression plays in mouse early development. 
Smad4 knockout mice exhibited severe gastrulation defect 
which could be rescued by tetraploid complementation assay 
(Sirard et al., 1998; Yang et al., 1998), indicating the repaired 
function of extraembryonic tissues. Further investigation in-
dicated that Smad4 is required for appropriate visceral en-
doderm development (Sirard et al., 1998). Consistent with 
this, Smad5 knockout mice also showed extraembryonic 
defects in later developmental stages (Chang et al., 1999). 
Importantly, Dusp9 knockout mice died due to failure of laby-
rinth development in the placenta (Christie et al., 2005). Thus, 
DUSP9 is likely to mediate the proper extraembryonic de-
velopment function of BMP/Smad signaling, which warrants 
further study. We also found that BMP signaling inhibits ERK 
activity in human ES cells and human DUSP9 is upregulated 
by BMP signaling. Thus, it looks like the BMP/DUSP9/ ERK 
cascade is conserved in human ES cells. Considering the 
nonexistence of this cascade in mouse somatic cells, we 
reason that it may only exist in “stemness” cells. It merits 
future examination of whether it is present in mouse EpiSCs, 

tissue or cancer stem cells and what the significance of this 
regulation is under different contexts. 
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