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Suppression of extracellular signal-regulated kinase (ERK) signaling is an absolute requirement for the mainte-
nance of murine pluripotent stem cells (mPSCs) and requires the MYC-binding partner MAX. In this study, we
define a mechanism for this by showing that MYC/MAX complexes suppress ERK activity by transcriptionally
regulating two members of the dual-specificity phosphatase (DUSP) family. DUSPs function by binding and then
inactivating ERK1,2 by dephosphorylating residues required for catalytic activity. MYC/MAX complexes achieve
this by binding the promoters of DUSP2 and DUSP7, leading to their transcriptional activation, resulting in the
attenuation of ERK activity. In the absence of MYC, ectopic DUSP2,7 expression severely delays differentiation,
while loss of DUSP2,7 ectopically activates ERK, resulting in loss of pluripotency. These findings elucidate a novel
regulatory role for MYC in PSC maintenance involving the stimulation of phosphatases that directly inhibit the
MAPK/ERK signaling pathway. Moreover, it provides a mechanism for how leukemia inhibitory factor (LIF)/
STAT3 signaling reaches across to the MAPK/ERK pathway through MYC and MAX to sustain pluripotency.
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The MYC family of transcription factors comprise three
family members: MYC, MYCN, and MYCL. Roles for MYC
and MYCN in maintenance of pluripotency and cell re-
programming (Takahashi and Yamanaka 2006; Nakagawa
et al. 2010; Araki et al. 2011) have been firmly established,
although mechanisms of MYC function remain unclear.
Deletion of MYC and MYCN in murine pluripotent stem
cells (mPSCs) results in loss of pluripotency and differenti-
ation toward primitive endoderm (Smith et al. 2010;
Varlakhanova et al. 2010). At the molecular level, MYC
maintains pluripotency by directly activating cell cycle
genes and repressing genes involved in cell fate specifica-
tion, such as GATA6 (Smith et al. 2010). In conjunction
with its heterodimeric binding partner, MAX, MYC regu-
lates target genes by binding to regulatory motifs known as
E-boxes (59-CACGTG-39) (Blackwell et al. 1990). Recently,
MAX was shown to play an important role in maintaining
PSCs by a suppressing extracellular signal-regulated kinase
1,2 (ERK1,2) activity (Hishida et al. 2011). The mechanism
for how MAX regulates ERK and whether this also in-
volves MYC is unclear, however.

Regulation of MAPK/ERK is complex, and the biolog-
ical outcomes of signaling through this pathway are
tightly controlled by its duration, magnitude, and sub-
cellular localization (Caunt et al. 2008). Activation of
ERK by MEK-dependent phosphorylation can be coun-
tered by the activity of dual-specificity phosphatases
(DUSPs) that bind and inhibit ERK activity. This phos-
phatase family is important for regulating spatial and
temporal aspects of MAPK/ERK signaling in a wide range
of cell types (Caunt et al. 2008; Patterson et al. 2009;
Owens and Keyse 2007). A key requirement for mPSC
self-renewal is that ERK activity be suppressed (Kunath
et al. 2007). Although the mechanism by which ERK
antagonizes self-renewal pathways has not been defined
in mPSCs, it is clear that its activity must be maintained
below a threshold level for maintenance of the pluripo-
tent state. FGF4/ERK autocrine signaling is believed to
prime PSCs for differentiation, but under self-renewal
conditions, this pathway is suppressed by an as yet
uncharacterized mechanism (Lanner et al. 2010). When
these signaling barriers are removed, however, autocrine
FGF4 signaling drives MAPK/ERK activity, resulting in
differentiation (Kunath et al. 2007).

Understanding how signals converge on ERK to restrict
its activity is critical for a complete understanding of how
PSCs transition to a differentiated state. The observation
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that MAX restricts ERK activity in PSCs (Hishida et al.
2011) offers a potential answer to this general question,
but it remains unclear how MAX blocks full ERK activa-
tion. In this study, we show that MYC and MAX tran-
scriptionally regulate two members of the DUSP family
that serve to suppress ERK activity (Dowd et al. 1998;
Theodosiou and Ashworth 2002). These findings establish
critical new roles for MYC and MAX in pluripotency
through regulation of the ERK pathway and establish
a broader signaling network linking leukemia inhibitory
factor (LIF)/STAT3 to MAPK/ERK.

Results

MYC suppresses ERK activity in murine pluripotent
cells

Since previous studies established that loss of MAX leads
to increased ERK activity and loss of pluripotency (Hishida
et al. 2011), we asked whether this was also true following
loss of MYC and MYCN. This was tested using a mPSC
line carrying floxed alleles of MYC and MYCN (Smith et al.
2010) and a transgene expressing a Cre recombinase–
glucocorticoid receptor fusion (CreGR). Addition of the
glucocorticoid dexamethasone (Dex) translocates the CreGR
fusion to the nucleus, where it efficiently deletes floxed
MYC and MYCN alleles, as indicated by the loss of MYC and
MYCN protein within 24 h (Fig. 1A). This coincided with
the activation of ERK; up-regulation of endoderm transcript
markers such as GATA6, GATA4, SOX17, and SOX7; and
loss of alkaline phosphatase (AP) activity (Fig. 1A–C). All of
these responses were blocked by addition of the MEK
inhibitor UO126. We also independently confirmed that
loss of MAX increases ERK activity (Supplemental Fig. 1).
Ectopic expression of a MYC–estrogen receptor fusion
protein (MYC-ER) under control of the estrogen analog
4-hydroxytamoxifen (4OHT) blocked the activation of
ERK in MYC- and MYCN-deleted cells (Fig. 1D) and
maintained GATA6 transcripts at levels comparable
with the wild-type control (Fig. 1E). These data indicate
that MYC and MAX maintain pluripotent cells by sup-
pressing ERK activity. This provides an explanation for
how mPSCs can be maintained in MEK/GSK3 inhibitor
(2i)-based media where MYC expression is reduced (Ying
et al. 2008; Marks et al. 2012).

MYC regulates transcription of DUSP2 and DUSP7

To explain these observations mechanistically, we searched
for MYC target genes in the MYC Cancer Gene: MYC
Target Gene Database (http://www.myccancergene.org/site/
myctargetdb.asp) that could potentially regulate ERK activ-
ity. Direct regulation of ERK by MYC was ruled out
because the ERK1,2 protein remained constant irrespec-
tive of MYC status (Fig. 1A). Of the known MYC target
genes that can be potentially regulated by MYC, the most
notable were members of the DUSP gene family (DUSP2/
7). Consistent with this possibility, the DUSP7 protein is
down-regulated in parallel to MYC and MYCN during
murine embryonic stem cell (mESC) differentiation, just
prior to the activation of ERK (Fig. 2A). We note a delay

in the activation of ERK following the decline of DUSP7
levels; this suggests that low levels of DUSP continue to
inhibit ERK during the early stages of differentiation.
Along with OCT4 and NANOG, DUSP2/7 transcripts
also decline following LIF withdrawal, while FGF5 tran-
script levels increase (Fig. 2B). DUSP7 protein is made
under all conditions tested (FCS/LIF, 2i, and BPM4+LIF),
whereas DUSP2 and another protein implicated in ERK
regulation, DUSP9 (Li et al. 2012), show condition-spe-
cific expression patterns (Supplemental Fig. 2).

To investigate whether MYC regulates DUSP2/7 tran-
script levels, MYC and MYCN were deleted by addition of
Dex to the double-floxed MYC and MYCN PSCs. Con-
sistent with this possibility, loss of MYC and MYCN led
to decreased levels of DUSP2/7 mRNA (Fig. 2C). A second
experiment was then performed in which MYC activity
was further elevated in wild-type R1 ESCs using an
inducible MYC-ER transgene. This showed that addition
of 4OHT further elevated DUSP2/7 transcripts. Results in
Figure 2, C and D, therefore indicate that MYC regulates
DUSP2/7. To examine this in further detail, we asked
whether DUSP2/7 could be reactivated in cells that lost
expression due to MYC deletion. This involved MYC
deletion (+Dex) for 3 d and ectopic MYC-ER expression
from day 2 onward. This experiment shows that following
loss of endogenous MYC and MYCN, DUSP2/7 mRNA
levels decrease, but this can be rescued by ectopic MYC
expression (MYC-ER+4OHT) (Fig. 2E). These results in-
dicate that MYC regulates DUSP2/7 in PSCs.

The possibility that DUSP2/7 are directly regulated by
MYC/MAX was suggested by the presence of E-boxes in
their respective promoter regions (Fig. 2F,G). To establish
whether MYC/MAX regulate DUSP2/7 directly, we first
performed chromatin immunoprecipitation (ChIP) anal-
ysis on the promoter regions of both genes. This anal-
ysis showed significant enrichment of MAX, MYC, and
MYCN binding in proximal promoter regions for the two
genes (Fig. 2F,G). In addition to this, ectopic expression of
MYC-ER (+4OHT) increased DUSP2/7 promoter activity
above already elevated levels, as shown by luciferase
reporter assays (Supplemental Fig. 3), and loss of MYC
activity significantly reduced MYC, MYCN, and MAX
binding to the DUSP2,7 promoters (Supplemental Fig. 4).
These data further support the model that MYC/MAX
regulates DUSP2,7 at the level of transcription and that
down-regulation of MYC underpins decreased DUSP ex-
pression and ERK activation during differentiation.

DUSP2/7 are required for MYC-dependent suppression
of ERK

The data presented so far point to a mechanism in which
MYC promotes pluripotency by suppressing ERK activity
through a DUSP2/7-dependent mechanism. To establish
whether DUSP7 activity is sufficient to suppress ERK
activation in PSCs, we generated a MYC and MYCN
floxed ESC line expressing DUSP7 under the control of
a tetracycline (Tet)-inducible promoter (Fig. 3A). In the
presence of endogenous MYC and MYCN (�CreGFP),
ERK activity and differentiation markers GATA6, GATA4,
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and SOX17 remain low but are elevated following loss
of MYC and MYCN due to CreGFP expression (Fig.
3B,C). Tet-induced expression of DUSP7, however, com-
pletely blocked the up-regulation of phospho-ERK and
GATA6, GATA4, and SOX17 transcripts, indicating that
DUSP7 is a major effector of MYC-dependent MAPK
signaling in PSCs.

We then asked whether DUSP7 could maintain char-
acteristics of pluripotent cells following LIF withdrawal.
Within 4 d of LIF withdrawal, the percentage of AP-
positive colonies dropped from almost 90% to <2%. In
contrast, enforced expression of DUSP7 following addi-
tion of Tet maintained the percentage of AP-positive

colonies at ;35% (Fig. 3D,E). Together, these results
show that DUSP7 can suppress ERK activation in the
absence of MYC and can partially substitute for LIF in
promoting pluripotency.

DUSP2 and DUSP7 are required for maintenance
of pluripotency

To establish whether DUSP2,7 are required for PSC main-
tenance, we transduced mESCs with lentiviral constructs
expressing shRNAs that knocked down DUSP2 by >80%
and DUSP7 by >90% (Fig. 4A). Transduction of both
lentiviruses caused a distinct morphology change to

Figure 1. MYC regulates ERK activity in mPSCs. (A) Whole-cell lysates from MYCfl/fl MYCNfl/fl CreGR cells grown without
treatment or with Dex for 1 d and 2 d 6U0126 (UO) were immunoblotted and probed with antibodies as indicated. (B) Expression of
MYC and primitive endoderm marker transcripts were assayed from MYCfl/fl MYCNfl/fl CreGR cells grown 62 d of Dex treatment
6UO126. Fold changes were normalized to MYCfl/fl MYCNfl/fl CreGR cells that were not exposed to Dex. Error bars represent standard
deviation. (C) MYCfl/fl MYCNfl/fl CreGR cells grown 62 d of Dex treatment 6UO126 were stained for AP activity and then scored
as being AP+ or AP� (N = 195). Bar, 100 mm. (D) Whole-cell lysates from MYCfl/fl MYCNfl/fl CreGR MYC-ER cells grown with no
treatment and with Dex for 2 d, 3 d, and 3 d + 24 h 4OHT were immunoblotted and probed with antibodies as indicated. (E) Expression
of the indicated transcripts was determined from the conditions in D, and fold changes were normalized to the ‘‘no treatment’’
condition.
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mESC colonies, indicative of differentiation (Fig. 4B).
This was associated with increased ERK activity, a re-
duction in NANOG protein (Fig. 4C), and up-regulation
of the endoderm marker FOXA2 (Fig. 4D). Similar effects
were observed with different shRNAs targeting DUSP2
and DUSP7 (Supplemental Fig. 5), indicating that the
effects were specific to knockdown of DUSPs. To test the
requirement for DUSP2/7 in pluripotency, LacZ+ mESCs

were transduced with DUSP2 and DUSP7 shRNAs and
then injected into blastocyst stage embryos to evaluate
embryonic contribution. Thirteen days after the intro-
duction of blastocysts into recipient females, embryos
were evaluated for developmental contribution by con-
trol (GFP) or DUSP2,7 shRNA transduced mESCs (Fig.
4E). LacZ+ cells transduced with GFP shRNA lentivirus
broadly contributed to embryonic tissues (67%), whereas

Figure 2. MYC transcriptionally regulates DUSP2 and DUSP7. (A) Whole-cell lysates from R1 mESCs grown in differentiating
conditions (�LIF) were collected over 5 d in 24 h increments and then immunoblotted and probed with antibodies as indicated. (B)
Transcript levels were assayed in R1 ESCs and 4 d following withdrawal of LIF. Fold changes in transcript levels were determined in
triplicate after normalization to untreated cells. Error bars represent standard deviation. (C) DUSP2 and DUSP7 transcript levels were
assayed in MYCfl/fl MYCNfl/fl- or MYC�/� MYCN�/�-deleted cells. CreGR expression was induced by addition of Dex (+Dex) for 48 h.
(D) Wild-type R1 mESCs carrying a MYC-ER transgene were induced by addition of 4OHT for 24 h. Transcript levels were assayed as in
C. (E) DUSP2 and DUSP7 transcript levels were assayed from MYCfl/fl MYCNfl/fl CreGR MYC-ER cells without or after Dex treatment
for 2 d, 3 d, and 3 d + 24 h 4OHT. Fold changes were normalized to untreated cells. (F,G) MYC/MAX specifically bind to the promoter
region of DUSP2 (F) and DUSP7 (G). ChIP-immunoprecipitated DNA was amplified by quantitative PCR (qPCR) with primers spanning
the DUSP2,7 promoters. Schematic representations of DUSP2,7 are shown with potential MYC-binding sites (E-boxes) indicated by
triangles. All E-boxes are canonical with the sequence 59-CACGTG-39. (*) P < 0.05. All other P-values are <0.01. ‘‘Control’’ regions are
located 2 kb upstream of the transcription start sites of DUSP2 and DUSP7 and do not contain an E-box.
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DUSP2 and DUSP7 knockdown cells did so at a greatly
reduced frequency (22%). Overall, these data show that
DUSP2/7 are required for maintenance of pluripotency.

Binding of DUSP7 to ERK is required for self-renewal
of pluripotent cells

Commercially available antibodies for DUSP7 do not im-
munoprecipitate its target efficiently, so we transfected
cells with a construct expressing epitope (HA)-tagged
DUSP7 to investigate interactions between DUSP and
ERK. Reciprocal immunoprecipitations between DUSP7
and ERK in whole-cell lysates showed specific interac-
tions (Fig. 5A,B), confirming that DUSP7 interacts with
ERK in mESCs. To evaluate the role of DUSP7 binding to
ERK further, we expressed a Tet-regulated hypermorphic
allele of ERK2(D319N) that is defective in binding DUSP
proteins (Chu et al. 1996). Under conditions that nor-
mally promote mESC self-renewal (+LIF), expression of
ERK2D319N following addition of Tet resulted in reduction
of NANOG protein (Fig. 5B) and a significant reduction
in the percentage of AP-positive colonies (Fig. 5C,D).
Together, these data indicate that ERK becomes activated
in pluripotent cells when it is refractory to inhibition by
DUSP7. Under these conditions, PSC self-renewal is sig-
nificantly compromised.

Discussion

A recent study describing MYC as a general transcrip-
tional amplifier in mice indicates that it serves as a global
regulator of active genes (Nie et al. 2012). Our data are not
inconsistent with these findings that some of its func-
tions in self-renewal can be substituted for by only a small
number of genes. Deletion of MYC and MYCN in mESCs
promotes endoderm differentiation (Smith et al. 2010),
but this can be abrogated by ectopically expressing one of

its key targets, DUSP7. Taking this into account, it is
intriguing that mESCs can be maintained with signifi-
cantly reduced MYC levels under conditions where ERK
signaling is inhibited (Hishida et al. 2011; Marks et al.
2012). It seems that ERK signaling also negatively
impacts reprogramming because the MEK inhibitor
PD035901 enhances induced PSC (iPSC) generation effi-
ciency (Lin et al. 2009). This observation predicts that
MYC could be substituted by MEK inhibitor or DUSP
knockdown in repro-gramming cocktails.

MYC suppresses ERK activity via DUSP2/7

Evidence supporting the significance of MYC and MAX in
PSC biology has rapidly accumulated, but its important
role in regulation of ERK activity has not been previously
characterized at the mechanistic level. The mechanisms
associated with pluripotency and/or self-renewal in which
MYC has been implicated are diverse and include pro-
motion of rapid cell cycle progression, increased rates
of metabolism and cell growth, and direct repression of
important lineage-specifying genes. In this study, we deter-
mined a previously unidentified role for MYC and MAX
where together they maintain pluripotency by suppressing
ERK through a DUSP-dependent mechanism (Fig. 6).

LIF is generally considered to be a pluripotency main-
tenance factor through its ability to bind LIF receptor/
gp130 heterodimers by transducing signals through the
activation of STAT3 (Niwa et al. 1998). A second aspect of
LIF signaling involves the gp130-dependent phosphory-
lation of SHP-2 that activates ERK and, paradoxically,
serves to antagonize pluripotency maintenance networks
(Burdon et al. 1999). An important target of STAT3 in PSCs
is MYC, a transcription factor with known but poorly
defined roles in the maintenance of PSCs (Cartwright
et al. 2005). In this study, we propose a model in which
LIF controls ERK activity by using MYC as a downstream

Figure 3. Down-regulation of MYC, MYCN,
DUSP2, and DUSP7 correspond to an increase
in ERK activity and differentiation. (A) Tet
regulation of HA-DUSP7 ESC line grown in
the absence (�) or presence (+) of Tet activator
protein. After 24 h induction (+Tet), cells were
harvested and subjected to immunoblot
analysis, probing with HA monoclonal anti-
body to detect DUSP7. Load control, HA
cross-reacting, nonspecific protein was used
as a load control. (B) MYCfl/fl MYCNfl/fl

cells containing Tet-inducible DUSP7 were
transfected with a CreGFP vector 6 Tet and
then sorted for GFP 48 h post-transfection.
Whole-cell lysates were then immunoblotted
and probed with antibodies as indicated. (C)
Transcript levels from B were assayed in
triplicate. Fold changes were normalized to
untreated MYCfl/fl MYCNfl/fl cells. Error bars

represent standard deviation. (D) Tet-inducible DUSP7 ESCs were plated on 24-well plates. After LIF withdrawal, Tet-express was
added to induce DUSP7 expression. Cells were allowed to grow in differentiating condition for 4 d 6Tet express and then stained for
AP activity. (E) The percentage of AP-positive colonies under each condition is shown. All assays were performed in triplicate
(N = 164).
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effector to activate DUSP transcription (see Fig. 6). An
unexpected outcome of this is the realization that LIF/
gp130 has the potential to simultaneously activate and
represses ERK activity through separate signaling path-
ways. In the context of self-renewal, its role in activation

of the STAT3/MYC/DUSP pathway is critical. In the
scenario where LIF is withdrawn, MYC levels decrease,
leading to loss of DUSP activity. In the absence of
restraining signals, FGF4-dependent autocrine signals
are then free to elevate ERK activity, and differentiation

Figure 4. DUSP2/7 expression is necessary for maintenance of mPSCs. (A) R1 mESCs were infected with lentiviruses expressing
shRNAs for DUSP2 (TRCN0000028960), DUSP7 (TRCN0000080728), DUSP2 and DUSP7, or GFP (control). Fours days after
lentiviral transduction, target knockdown was assayed in triplicate by qPCR. Fold changes in transcripts were determined after
normalization to GFP knockdown cells. Error bars represent standard deviation. (B) Colony morphology after DUSP2/7 and GFP
knockdown (4 d). Bar, 100 mm. (C) Whole-cell lysates were collected after DUSP2/7 and GFP shRNA knockdown. Samples were
immunoblotted and probed with antibodies as indicated. (D) Immunofluorescent staining using FOXA2 antibody after DUSP2/7
and GFP knockdown. Bar, 50 mm. (E) R1 mESCs marked by b-galactosidase activity were infected with lentiviruses expressing
shRNAs for DUSP2/7 or GFP control and injected into blastocyst stage C57BL/6 embryos. After transfer into recipient females,
embryos were allowed to develop until embryonic day 14.5 (E14.5). LacZ staining was then performed on fixed, whole embryos. The
number of blastocysts injected, the number of chimeras generated, and the percentage of chimeras generated are indicated (control,
N = 21; DUSP2/7, N = 18). The percentage of embryo contribution for control and DUSP2/7 knockdown cells is graphed on the right.
(*) P < 0.05.

Chappell et al.

730 GENES & DEVELOPMENT



then follows (Lanner et al. 2010). It is unlikely that
DUSPs are the only class of phosphatases that have the
capacity to dephosphorylate ERK. In other cell types and
in other signaling scenarios, DUSP-independent modula-
tion of ERK by protein phosphatases are likely to be
important.

ERK suppression in different signaling contexts

The experiments that we present here were performed
in traditional media containing fetal calf serum supple-
mented with LIF. Under these conditions, MYC, MYCN,
DUSP2, and DUSP7 are expressed at high levels. Another
study recently reported that in LIF media supplemented
with BMP4, self-renewal was promoted by Smad-depen-
dent transcriptional activation of DUSP9 (Li et al. 2012).
Under these conditions, the BMP4–SMAD and LIF–
STAT3-MYC pathways synergistically cosuppress ERK
activity by promoting DUSP9 and DUSP2/7 expression,
respectively. This indicates that multiple signaling in-
puts can simultaneously converge on ERK to suppress
its activity. DUSP7 was the only DUSP to be robustly
expressed under a wide range of conditions, including
LIF/FCS, LIF/BMP, and 2i. DUSP9 expression, for example,
was restricted to BMP/LIF conditions and is therefore
unlikely to play a major role in ERK regulation in 2i or
traditional LIF/FCS conditions.

In total, the results presented provide new insight into
how the LIF–STAT3 signaling pathway promotes self-
renewal. An important aspect of this mechanism in-
volves new roles for MYC in the modulation of MAPK/
ERK signaling through DUSP effector molecules. Al-
though different DUSP family members may collaborate
and be regulated themselves by different signaling path-
ways, DUSP7 seems to be the most broadly used under
a range of culture conditions. Our data, together with the
previously known role of ERK in regulation of MYC (Yeh
et al. 2004), suggest that a positive feedback loop may exist

where MYC stimulates its own activity through regulation
of DUSP. This is the first study showing a role for MYC in
the modulation of cell signaling—a mechanism that has
clear implications for its role in tumor development. It will
be interesting to establish whether MYC/MAX regulate
DUSP activity in other cell types or whether this regulation
is restricted to PSCs.

Materials and methods

Cell culture and blastocyst injections

R1 mESCs, MYCfl/fl MYCNfl/fl miPSCs (Smith et al. 2010),
MAX�/� mESCs (Hishida et al. 2011), and LacZ+ miPSCs (Smith

Figure 5. DUSP7 directly interacts with
ERK in PSCs. (A) HA-DUSP7-expressing
ESC line was established by transfect-
ing a Tet-inducible HA-DUSP7 expression
plasmid into R1 ESCs. After 1 d of Tet-
express induction, cell lysate was made for
coimmunoprecipitation (IP) experiments.
Reciprocal immunoprecipitation of DUSP7
and ERK was detected using ERK1/2 and HA
antibodies. (B) R1 mESCs containing Tet-
inducible ERK2(D319N) were cultured
6Tet for 2 d. Whole-cell lysates were
then immunoblotted and probed with
antibodies as indicated. (C) Tet-inducible
ERK2(D319N) cells were cultured 6Tet for
2 d, followed by �Tet for 3 d, and then
stained for AP. (D) The percentage of AP-
positive colonies under each condition
was determined from triplicate experi-
ments. Error bars represent standard de-
viation (N = 74). (*) P < 0.05. All other
P-values are <0.01.

Figure 6. A model for ERK regulation by MYC/MAX complexes
in murine pluripotent cells. MYC/MAX activates transcription
of DUSP2 and DUSP7 in their E-box-containing promoters.
The protein products are characterized by phosphatase activity
necessary for dephosphorylation of phospho-ERK. Suppressing
ERK activity is necessary for maintenance of a pluripotent state
and is necessary in the presence of autocrine FGF signaling.
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et al. 2010) were cultured in LIF and fetal calf serum-supple-
mented medium on gelatin-coated dishes. The following re-
agents were used at the concentrations indicated: Dex (20 mM),
U0126 (20 mM), doxycycline (1 mg/mL), and 4OHT (100 nM). The
BMP4/LIF culture condition was used as described previously
(Ying et al. 2003). The 2i culture condition was used as described
previously (Ying et al. 2008). Differentiation was performed in at-
tachment or suspension culture in medium lacking LIF or knockout
serum replacement (KSR). Blastocyst injections and embryo analysis
were performed as described previously (Cartwright et al. 2005).

Lentiviral transduction for shRNA knockdown

The shRNA plasmids for DUSP2 (TRCN0000028961), DUSP7
(TRCN0000080729), and the GFP control (RHS4459) were pur-
chased from Open Biosystems. To make lentivirus, shRNA
plasmids and Trans-lenti shRNA packaging plasmids were trans-
fected into H293T cells according to the kit manual (Open
Biosystems, TLP4615). After determining the virus titer, mESCs
were transduced at a multiplicity of infection of 5:1. Puromycin
selection (1 mg/mL) for 4 d was applied to select cells with stable
viral integration. Quantitative PCR (qPCR) and Western blot
were used to assess the knockdown of targets.

Tet-inducible expression

DUSP2-HA, DUSP7-HA, and ERK2(D319N) fragments were
cloned from cDNA clones (Origene) and placed under the control
of a Tet-inducible promoter from pLVX-tight-puro (Clontech,
PT3996-5). In the absence of Tet-express, pLVX-tight-puro pro-
vides very low background expression, whereas addition of
Tet-express strongly transactivates target genes. Expression
constructs were transfected into mESCs using Lipofectamine
2000 and stable cell lines established with 1 mg/mL puromycin
selection. To induce target gene expression, 3 3 105 Tet-inducible
cells were plated in six-well plates. The next day, Tet-express-
transducible protein (Clontech, #631178) was added for 1 h in
serum-free medium to induce gene expression. Cells were allowed
to grow in complete medium for an additional 12–24 h before
assay for gene induction.

Transcript expression assays and luciferase assays

RNA was isolated with the RNeasy minikit (Qiagen). cDNA
libraries were prepared from RNA using the iScript reverse
transcription kit (Bio-Rad). Transcript levels were assayed by
RT-qPCR using TaqMan assays (Applied Biosystems) as de-
scribed by Smith et al. (2010). Transcript levels were normalized
to GAPDH and performed in triplicate. Luciferase assays were
performed with the Dual Luciferase Reporter kit (Promega)
according to instructions and analyzed on a Synergy 2 plate
reader (BioTek). Unless stated, P-values relating to changes in
transcript levels were <0.01.

Immunoblotting, immunostaining, and ChIP

For immunoblotting, immunostaining, and ChIP experiments,
we used commercially available antibodies to MYC (Santa
Cruz Biotechnology, sc-764), phospho-ERK1/2 (Cell Signaling,
9102), ERK1/2 (Cell Signaling, 9102), MYCN (Calbiochem,
OP13), MAX (Santa Cruz Biotechnology, sc-197), OCT4 (Santa
Cruz Biotechnology, sc-5279), DUSP7 (Santa Cruz Biotechnol-
ogy, sc-47667), ERK1/2 (Santa Cruz Biotechnology, sc-135900),
NANOG (CosmoBio, REC-RCAB0002PF), rabbit IGG (Abcam,
ab46540), and FOXA2 (Millipore, 07-633). The following primer
sets for ChIP-qPCR were designed using Primer3 (Rozen and

Skaletsky 2000): DUSP2 promoter F (59-GGACAATTTCCTG
ACGGTTG-39) and R (59-CCATTTTCTCCCAGGGTTTT-39),
DUSP2 control F (59-AACCATGTCTAGGGGTGTGC-39) and
R (59-CAGCACCAATTACAGCGAGA-39), DUSP7 promoter F (59-
GCCTAACACAGAGCACGACA-39) and R (59-AGAGCCAGTC
TTCCCTCCTC-39), and DUSP7 control F (59-GGACTGAGG
GCTTGAGAGTG-39) and R (59-CTTAGCAAGCAGCACGT
GAG-39). AP staining was carried out with an AP staining kit
(Sigma). Immunoblotting, immunostaining, AP staining, and ChIP
experiments were as described previously (Smith et al. 2010).
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