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Mouse embryonic stem cells (ES cells) can proliferate indefinitely. To identify potential signals involved in
suppression of self-renewal, we previously screened a kinase/phosphatase expression library in ES cells, and observed
that inhibition of Dual Leucine zipper-bearing Kinase (DLK) increased relative cell numbers. DLK protein was detected in
both the pluripotent and differentiated states of mouse ES cells while DLK kinase activity increased upon
differentiation. Overexpression of DLK in mouse ES cells displayed reductions in relative cell/colony numbers and
Nanog expression, suggesting a suppressive role of DLK in self-renewal. By examining protein sequences of DLK, we
identified 2 putative Akt phosphorylation sites at S584 and T659. Blocking PI3K/Akt signaling with LY-294002 enhanced
DLK kinase activity dramatically. We found that Akt interacts with and phosphorylates DLK. Mutations of DLK amino
acid residues at putative Akt phosphorylation sites (S584A, T659A, or S584A and T659A) diminished the level of DLK
phosphorylation. While the mutated DLKs (S584A, T659A, or S584A and T659A) were expressed, a further reduction in
cell/colony numbers and Nanog expression appeared in mouse ES cells. In addition, these mutant DLKs (S584A, T659A,
or S584A and T659A) exhibited more robust kinase activity and cell death compared to wild type DLK or green
fluorescence (GFP) controls. In summary, our results show that DLK functions to suppress self-renewal of mouse ES cells
and is restrained by Akt phosphorylation.

Introduction

Embryonic stem cells (ES cells) are derived from the inner cell
mass of blastocysts. Once cultured in vitro, ES cells have abilities
to proliferate indefinitely and retain pluripotency to differentiate
into cells of the 3 germ layers and almost all cell types with the
exception of placenta.1-3 A prerequisite for mouse ES cells to pro-
liferate and maintain pluripotency is addition of leukemia inhibi-
tory factor (LIF).4,5 LIF activates phosphoinositide 3-kinase
(PI3K)/Akt and Jak1/Stat3 pathways to sustain ES cell growth
and expression of pluripotent transcription factors, Nanog, Oct4
and Sox2.6-8 Withdrawal of LIF leads to a decrease of renewal,
and mouse ES cells begin to differentiate. As a downstream effec-
tor of LIF, Nanog is a homeobox transcription factor that
expresses in pluripotent stem cells and diminishes upon differen-
tiation.9,10 Nanog coordinates with Oct4 and Sox2 to form
mutual regulatory networks that not only suppress differentiation
genes, but also induce self-renewal genes.11-14 Recently, the
dependence on LIF was shown to be dispensable for mouse ES
cell maintenance upon overexpression of Nanog.9,10 Evidence

indicates that constitutive overexpression of Nanog can rescue
disruption of self-renewal caused by inactivation of Jak1/Stat3
pathways.9,10 In Nanog knockout mouse ES cells, colony expan-
sion is reduced and cells are susceptible to differentiation sig-
nals.15 These findings verified the pivotal roles of these intrinsic
transcription factors in mouse ES cells, and demonstrated the sig-
nificance in regulation of Nanog.

Akt is the major effector that participates in cell metabolism,
survival, proliferation and tumorigenicity in somatic cells.16,17 In
mouse ES cells, PI3K/Akt signaling is essential for self-renewal
and Nanog expression.8,18-22 Inhibition of Akt activity with LY-
294002 reduces cellular growth, pluripotency and expression
amounts of Nanog protein.18,19,21,22 On the other hand, the
increase of Akt activity by overexpression of ERas or knockout of
PTEN promotes cell survival and tumorigenic properties of
mouse ES cells.23,24 Even in the absence of LIF, Akt overexpres-
sion maintains the undifferentiated status of ES cells and Nanog
expression levels.20 In addition, Akt is reported to phosphorylate
Oct4 directly in embryonic carcinoma cells for maintaining
tumorigenicity.25 These studies revealed that Akt may regulate
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multiple substrates to orchestrate complex signaling within
mouse ES cells. The phenomenon is similar to its master regula-
tory functions in somatic cells.

In this study, we identified DLK as a suppressor of mouse ES
cell self-renewal. DLK kinase activity was strongly restrained by
Akt phosphorylation in self-renewal state. Disruption of Akt
phosphorylation sites in DLK elevated DLK enzyme activity and
caused significant reductions in mouse ES cell numbers/colonies
and Nanog expression. The modulation of the suppressive activ-
ity of DLK is therefore required for the maintenance of ES self-
renewal.

Results

Knockdown of DLK increases mouse ES cell numbers and
the expression level of Nanog protein

In our previous study, we performed the high-throughput
shRNA screen in which 929 individual kinases/phosphatases
were knocked-down and we pinpointed dozens of positive regu-
lators of mouse ES cell renewal.26,27 In an effort to find kinases/
phosphatases that inhibit self-renewal, we re-examined the
screening results and discovered several candidate suppressors.
Among these genes, DLK knocked-down by infected with
shRNA enhanced cell numbers dramatically. To re-confirm this
phenotype, we transfected 2 different sh-DLK plasmids and one
sh-Control plasmid separately in D3 mouse ES cells. Consistent
with pervious virus infection results, cell numbers of sh-DLK
transfectants were increased while measured by Alamar blue assay
and trypan blue exclusion assay, and compared to the sh-controls
(Fig. 1A and B). These sh-DLK transfectants also exhibited mod-
erate reduction of sub-G1 levels in flow cytometry analysis
(Fig. S1A). Alkaline phosphatase activity is a pluripotent marker
of ES cells. Compared to control mouse ES cells, sh-DLK trans-
fectants displayed more colonies with alkaline phosphatase activ-
ity and the colony sizes were larger (Fig. 1C and D). This
suggests that down-regulation of DLK in mouse ES cells enhan-
ces ES cell renewal.

Nanog and Oct4 are well-known for playing critical roles in
mouse ES self-renewal.7,9,10 By Western blot analysis, downregu-
lation of DLK increased Nanog protein significantly (Fig. 1E).
Thus, the sh-DLKs not only promoted mouse ES cell expansion,
but also upregulated Nanog expression in D3 mouse ES cells.
This phenomenon was also demonstrated in R1 mouse ES cells
(Fig. S1B and C).

DLK kinase activity is upregulated upon differentiation of
mouse ES cells

DLK is a mixed-lineage kinase and involves in MAPK path-
way.28-31 In developmental studies, it has been reported that
DLK is expressed in E10 and involves in late neuronal develop-
ment.32-36 However, in mouse ES cells or in developmental
stages before E10, the functional role(s) of DLK are unknown.
DLK proteins are expressed at a low level in undifferentiated
mouse ES cells and mouse embryonic fibroblasts (MEFs)
(Fig. S2A). To examine DLK expression levels in

undifferentiated and differentiated ES cells, embryoid bodies
(EBs) which contain ectoderm, mesoderm, and endoderm cells
were formed. On day 6 and day 12 of EB formation, DLK RNA
expression levels were upregulated to about 2-fold and 10-fold
while compared with undifferentiated mouse ES cells (Fig. 2A).
DLK protein slightly decreased on 5th or 6th day in mouse EBs,
but increased on 10th, 12th, 20th day in EBs (Figs. 2B and S2A).
Meanwhile, the expression levels of Nanog and Oct4 protein
decreased in EBs (Fig. 2B). Different from the protein expression
pattern on 6th day of EBs, DLK kinase activity increased gradu-
ally during the EB differentiation process (Fig. 2C).

Once LIF is withdrawal from the culture, inactivation of
PI3K/Akt signaling leads mouse ES cells to differentiate.6,8,37 At
the same time, cell numbers and expression of self-renewal
markers begin to decrease. Consistent with a previous report,38

in the absence of LIF, Nanog protein and phosphorylated Akt
were both reduced in D3 mouse ES cells (Fig. 2D and Fig. S2B).
Interestingly, upon the reduction or removal of LIF, DLK kinase
activity increased significantly (Fig. 2E). An inverse correlation
was observed between DLK kinase activity and LIF concentration
(Fig. 2E). However, DLK protein decreased while LIF was
removed (Fig. 2D). The inconsistency between DLK protein
expression amounts and DLK enzyme activity was also observed
in the EB formation process (Fig. 2B and C). These findings
indicate the activation of DLK kinase activity upon ES cell differ-
entiation and imply the existence of post-translational modifica-
tion(s) on DLK protein at the onset of differentiation.

Overexpression of DLK reduces mouse ES cell self-renewal
To examine potential suppressive role(s) of DLK in mouse ES

cells, the Dlk gene was overexpressed. Expression of DLK protein
levels in the transfected mouse cells were close to the protein lev-
els of 15 and 20 day EBs (Fig. 3A). In the transfectants, DLK
kinase activity increased robustly (Fig. 3B). By Alamar blue assay,
mouse ES cells transfected with DLK had lower relative cell num-
bers compared to mouse ES cells transfected with GFP (Fig. 3C).
Since Nanog protein was up-regulated in sh-DLK mouse ES cells
(Fig. 1E), whether induction of DLK also influences Nanog
expression was investigated. As expected, down-regulation of
Nanog protein was observed in the DLK transfectants (Fig. 3D).

Inhibition of PI3K enhances DLK kinase activity and DLK
interacts with Akt

DLK activity but not DLK protein was consistently upregu-
lated upon ES differentiation in the withdrawal of LIF or in EB
formation (Fig. 2). Thus a post-translational modification mech-
anism to restrain DLK activity in the self-renewal state of ES
cells, or to unbridle DLK activity at the differentiation stage may
exist. By analyzing DLK amino acid sequences in mouse, rat, and
human, we found 2 conserved putative Akt phosphorylation
motifs, R-X-R-X-X-S/T,39,40 in the C-terminal region (Fig. 4A).
The potential phosphorylation sites are located at Serine 584 and
Threonine 659 (Fig. 4A). In mouse ES cells, Akt is crucial for
maintaining self-renewal.20 Inhibition of PI3K/Akt signaling
with LY-294002 reduces mouse ES proliferation, pluripotency,
and Nanog expression.18,19,21,22 Those effects are similar to the
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effects of overexpressing DLK in mouse
ES cells (Fig. 3C and D). Based on
these findings, DLK may be regulated
by Akt. To test this hypothesis, we
firstly added 0 mM, 0.25 mM and
1.0 mM of LY-294002, the PI3K/Akt
inhibitor, into the ES cell culture. Con-
sistent with previous reports, LY-
294002 reduced Akt activity and Nanog
expression (Figs. 4B and S3A). Nanog
protein decreased to 0.67-fold and
0.17-fold respectively upon the treat-
ment of 1mM LY-294002 in D3 and
R1 cells (Figs. 4B and S3A). While
PI3/Akt signaling was inhibited by LY-
294002, DLK activity was dramatically
upregulated in the two strains of mouse
ES cells (Figs. 4C and S3B). These
observations confirm the influence of
PI3K/Akt signaling on DLK activity
and led us to explore a potential associa-
tion between DLK and Akt.

To examine if DLK interacts with
Akt, we overexpressed Myr-Akt (the
constitutive active form of Akt) and
DLK in mouse ES cells and performed
co-immunoprecipitation assays. By co-
immunoprecipitation assay and West-
ern blot analysis, we found DLK was
co-precipitated with Akt (Fig. 4D). In
addition, the interaction between
endogenous DLK and Akt in wild type
ES cells was substantiated by reciprocal
co-immunoprecipitation assays with
either Akt antibody or DLK antibody
(Fig. 4E).

Akt phosphorylates DLK
To examine if Akt can phosphorylate

DLK in vitro, recombinant DLK 541–
888 (including 2 putative Akt phos-
phorylation sites at S584 and T659)
and DLK 668–888 (without S584 and
T659) were purified from E.coli and
subjected to Akt phosphorylation assay.
While Akt was incubated with DLK
541–888 or DLK 668–888, phosphory-
lation of both Akt and DLK were
detected (Fig. 5A and B). But phos-
phorylation intensity in DLK 668–888
was attenuated substantially (Fig. 5A).
In the assay, auto-phosphorylation
appeared on Akt protein but not on DLK protein (Fig. 5A and
B). To examine if Akt phosphorylates DLK at S584 and T659
sites, the 2 putative Akt phosphorylation sites were separately
mutated or both mutated to alanine in DLK 541–888 (referred

to as S584A, T659A, and S584A/T659A). After incubated with
Akt, the phosphorylation levels of DLK 541–888 S584A and
DLK 541–888 T659A slightly decreased (Fig. 5B). Of note, the
phosphorylation level in DLK S584A/T659A mutant was a lot

Figure 1. Knockdown of DLK increases mouse ES cell relative cell numbers and expression of Nanog
protein. D3 mouse ES cells were transfected with sh-Control, sh-DLK-1 and sh-DLK-2 separately, and
selected with 1mg/ml puromycin. (A) Relative cell numbers increased in mouse ES cells transfected
with sh-DLKs while compared to sh-control. Relative cell numbers were analyzed by the Alamar blue
assay. (B) Absolute cell numbers increased in sh-DLK transfectants while compared to sh-control.
Absolute cell numbers were measured by the trypan blue exclusion assay. (C) Mouse ES cells trans-
fected with sh-DLKs had more and larger colonies. The alkaline phosphatase activity was stained and
photographed under microscope. (D) Both colony numbers and colony sizes increased in sh-DLK ES
cells. Colonies stained with alkaline phosphatase on 24-well plates were photographed and calculated.
(E) Nanog and Oct4 proteins were upregulated in sh-DLK ES cells. The expression levels of the indi-
cated proteins were detected by Western blotting. The error bars in the figures represent standard
error of the mean (mean §SEM). P values were obtained from 2-tailed Student’s t-tests (***, P <

0.0001; **, P< 0.001; *, P< 0.05).
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less than that in DLK 541–888 or single mutants (Fig. 5B).
These results revealed that to disrupt both putative phosphoryla-
tion sites of Akt will effectively impair DLK phosphorylation.
Therefore, both S584 and T659 residues of DLK can be modi-
fied by phosphorylation by Akt.

DLK S584A, T659A and S584A/T659A mutants
significantly reduce self-renewal of mouse ES cells

The linking of PI3K/Akt signaling to DLK revealed a novel
potential regulatory pathway. Since S584 and T659 residues of
DLK are the putative Akt phosphorylation sites (Fig. 4A), to fur-
ther evaluate if Akt inhibits DLK activity, DLK amino acid resi-
due(s) at S584, T659, or both S584 and T659 were mutated to

alanine and then mutant forms
were expressed in mouse ES
cells. The cells transfected with
DLK mutants showed signifi-
cant reductions in cell numbers
while measured by Alamar blue
and cell counting assays
(Fig. 6A and B). In addition,
colony formation numbers were
obviously decreased and most
cells went into a sub-G1 phase
(Figs. 6C, D and S4A). Like
D3 cells (Figs. 6A and 6B), R1
cells overexpressed DLK
mutants decreased in cell num-
bers (Figs. 6A, 6B and S4D).
In these remnant cells, a signifi-
cant downregulation of Nanog
and Oct4 protein was observed
in both D3 and R1 cell lines
(Figs. 6E and S4E). While wild
type or mutated DLKs were
expressed, there was no discern-
ible difference in Akt activity
(Fig. S4B). Consequently, these
DLKs were unable to influence
Akt functions. Then, a survey
of kinase activities in these
mutated DLKs (DLK S584A,
T659A and S584A/T659A)
was undertaken. Compared to
wild type DLK, elevated kinase
activities appeared in transfec-
tants that expressed the mutated
DLKs (Fig. 6F). Additionally,
compared to single mutants of
DLK, the DLK S584A/T659A
mutant has the strongest DLK
activity (Fig. 6F). In summary,
to dislodge Akt-mediated phos-
phorylation on DLK will up-
regulate DLK kinase activity
and enhance its suppressive

effects. Akt therefore functions as a rheostat to inhibit DLK activ-
ity through phosphorylation in mouse ES cells.

Discussion

Using previous functional screening data that analyzed kinases
and phosphatases in mouse ES cells as a starting point,26,27 we
have discovered that DLK plays suppressive roles in ES cell self-
renewal. Manipulation of DLK expression by knockdown or
overexpression in mouse ES cells affects cell numbers, colony for-
mation and the expression of Nanog (Fig. 1 and 3). The phe-
nomenon that DLK activity was induced in mouse EBs and in

Figure 2. DLK activity is upregulated upon differentiation. (A) The mRNA expression levels of DLK increased
upon differentiation. DLK, Nanog, and Oct4 transcripts from D3 mouse ES cells and mouse EBs (6th and 12th
days) were quantified by real-time quantitative PCR analyses. Mouse EBs were prepared by suspension method
described in the material and methods. (B) The protein expression level of DLK, Nanog, and Oct4 proteins in
mouse ES cells and EBs were detected by Western blotting. (C) DLK enzyme activity increased upon differentia-
tion (EB). DLK protein in mouse ES cells and EBs (6th and 12th days) were precipitated with DLK antibody, and
aliquoted for DLK kinase activity assays and Western blotting. Myelin Basic Protein (MBP) was used as a DLK sub-
strate to evaluate DLK kinase activity. (D) Nanog protein level decreased upon the removal of LIF. Mouse ES cells
maintained in feeder-free conditions were cultured with medium contained 1,000 units/ml of LIF, 500 units/ml
of LIF, or without LIF. These cells were harvested for analysis of DLK, Nanog, and Oct4 protein expression by
Western blotting. (E) DLK kinase activity increased upon LIF removal or reduction. Mouse ES cells maintained in
feeder free conditions were cultured with medium contained 1,000 units/ml of LIF, 500 units/ml of LIF, or with-
out LIF. DLK kinase activity was measured. The error bars in the figures represent standard error of the mean
(mean §SEM). P values were obtained from 2-tailed Student’s t-tests (***, P < 0.0001; **, P < 0.001; *, P < 0.05).
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the withdrawal of LIF further indicates a
negative relationship between DLK and
ES self-renewal (Fig. 2). Because DLK
has not been investigated before in ES
cells, our results establish functional roles
of DLK in mouse ES cells.

Activation of PI3K/Akt signaling is
essential for self-renewal of mouse ES
cells.18-22 Many proteins and signaling
pathways involved in proliferation or plu-
ripotency are modulated by PI3K/Akt
including Gsk3b/Myc, FoxO, mTOR
and Tbx3/Nanog pathways.8,21,22,41-43,

In this study, for the first time, DLK was
demonstrated to be an Akt substrate. Akt
interacts with and phosphorylates DLK
(Figs. 4 and 5). The strength of PI3K/
Akt signaling determines DLK kinase
activity in undifferentiated mouse ES
cells. Blocking PI3K/Akt signaling with
LY-294002 or mutating Akt phosphory-
lation sites at S584 or T659 leads to acti-
vation of DLK kinase activity (Figs. 4
and 6). These results not only emphasize
the ‘master regulator’ characteristics of
Akt in mouse ES cells, but also suggest
the existence of an inhibitory phosphory-
lation mechanism on DLK.

Recently, some kinases expressed in
mouse ES cells were found to decline
‘stemness’.44 Addition of ERK and
Gsk3b kinase inhibitors (2i condition)
with LIF in the culture medium pro-
motes cell viability and prevents differen-
tiation of mouse ES cells even in the
absence of serum.44,45 The usage of these
chemical kinase inhibitors therefore pro-
vides a new strategy to keep mouse ES
cells in the self-renewal state. Some DLK
inhibitors have been shown to suppress
DLK functions in neurons and retinal
ganglion cells.46,47 It will be interesting
to examine effects of these DLK inhibitors in 2i plus LIF
medium, or to develop a new cocktail for the expansion of mouse
ES cells.

In an in vitro phosphorylation assay, we confirmed Akt phos-
phorylates DLK (Fig. 5). Disruption of the predicted phosphory-
lation sites at S584 and T659 residues on DLK, or deletion of a
protein segment with S584 and T659 from DLK protein, led to
the decrease in Akt-mediated phosphorylation (Fig. 5). However,
there remained a weak phosphorylation signal in the double
mutated or truncated DLKs (Fig. 5). Based on previous reports
that many Akt substrates have non-typical Akt phosphorylation
motifs,48-50 there might be additional non-typical motif(s) on
DLK protein. The importance of this weak phosphorylation in
DLK is still unknown. Determining the precise location(s) of

this additional phosphorylation site(s) by mass spectrometry may
help to reveal the detailed regulatory mechanisms between DLK
and Akt.

Because DLK had been found to promote apoptosis of neuro-
blastoma cells and breast cancer epithelial cells,51,52 the un-phos-
phorylated over-active DLK discovered in our experiments may
act as a powerful suppressor in these cells or other cell types. To
find DLK activator proteins or a chemical inducer that specifi-
cally sustains active DLK may be a feasible way to destroy cancer
cells or cancer stem cells. On the other hand, phosphorylation
status of DLK at S584 and T659 may provide growth potential
information in tested cells. Cells with high levels of phosphory-
lated DLK or low levels of un-phosphorylated active DLK at
S584 and T659 may promote tumorigenesis. In addition, DLK

Figure 3. Overexpression of DLK reduces mouse ES cell numbers and the expression of Nanog. (A)
The protein expression amounts in DLK overexpression mouse ES cells were similar in Day 15 and
Day 20 EBs. DLK protein was detected in DLK overexpressing mouse ES cells (D3) and EBs (5th, 10th,
15th and 20th days) by Western blotting. (B) DLK kinase activity was up-regulated upon the overex-
pression of DLK. DLK protein precipitated with DLK antibody was aliquoted for DLK kinase activity
assays and Western blotting. MBP was used as DLK substrate to evaluate DLK kinase activity. (C) The
overexpression of DLK reduced relative cell numbers in ES cells. Relative cell numbers of mouse ES
cells transfected with GFP or DLK plasmid were analyzed by the Alamar blue assay in 96-well plates.
In the experiment, 2.0 £ 104 cells were transfected. (D) Overexpression of DLK slightly down regu-
lated the expression amount of Nanog. The expression of DLK, Nanog and Oct4 proteins were ana-
lyzed by Western blotting. The error bars in the figures represent standard error of the mean
(mean §SEM). P values were obtained from 2-tailed Student’s t-tests (***, P < 0.0001; **, P < 0.001; *,
P < 0.05).
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Figure 4. Inhibition of PI3K/Akt signaling increases DLK activity in D3 ES cells. (A) DLK has conserved Akt putative phosphorylation sites in
mouse, human, and rat. Mouse, rat and human DLK protein sequences were aligned with CLUSTAL 2.0.12 multiple sequence alignment pro-
gram.58 Two putative Akt phosphorylation sites in C-terminal of mouse DLK protein are located at Serine 584 and Threonine 659. (B) LY-
294002 treatment down-regulated Akt activity and expression of Nanog protein. Western blotting was performed to detect DLK, phospho-Akt
at S473, phospho-Akt at T308, total Akt, Nanog and actin after D3 mouse ES cells were treated with 0, 0.25 and 1.0 mM of LY-294002. Under
the same condition, (C) DLK activity increased does-dependently upon the treatment of LY-294002. Western blotting and kinase assay using
MBP as substrates were carried out as DLK protein was immunoprecipitated. (D) DLK interacted with Akt in the overexpression system.
Akt immunoprecipitated products from lysates of mouse ES cells overexpressed DLK, Akt, or DLK plus Akt were hybridized with DLK and Akt
antibody in Western blotting analysis. (E) The interaction between endogenous DLK and Akt was demonstrated by co-immunoprecipitation
assay. After DLK or Akt protein was immunoprecipitated from D3 mouse ES cells, the co-immunoprecipitated proteins were identified by West-
ern blotting and interaction between endogenous DLK and Akt was demonstrated. The rabbit IgG was used as negative control in the
experiment.
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play crucial roles in neuronal develop-
ment, injure response and adult kerati-
nocyte differentiation.32-36,53-56 It will
be interesting to examine if Akt also
modulates DLK activity in these cells.

Nanog is one of core transcription
factors that govern self-renewal of ES
cells.7-10 Expression level of Nanog is
regulated by PI3K/Akt signaling,8,18,22

and DLK (Figs. 1, 3 and 6). When
Nanog is knocked-out, ES cells main-
tain their pluripotency, but colony
numbers and cell growth are reduced.15

This phenotype is similar to that which
occurred in the DLK transfectants, dis-
playing down-regulation of cell/colony
numbers and Nanog expression but not
influencing alkaline phosphatase activity
per cell (ALP/AB value) (Figs. 6 and
S4C).

In summary, our results establish a
role for an Akt-DLK-Nanog pathway in
maintaining ES cell renewal. For the
function of Akt as a master regulator
and for the multiple established func-
tions of DLK in diverse cell types, our
finding that Akt regulates DLK activity
may yield new clues to resolving compli-
cated signaling network in ES cells and
other cell types.

Materials and Methods

Cell culture and EB formation
D3 and R1 mouse ES cells (ATCC) were cultured on inacti-

vated mouse embryonic fibroblasts STO in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 15% fetal bovine
serum (FBS; HyClone), 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, 1 mM glutamine, 0.1 mM b-mercap-
toethanol and 1,000 units/ml LIF (Millipore). In feeder free cul-
ture, FBS in the medium was replaced by Knockout Serum
Replacement (Invitrogen), and mouse ES cells were grown on
culture dishes coated with 0.2% bovine gelatin (Sigma-Aldrich).
To inhibit PI3K/Akt signaling, mouse ES cells were incubated
with medium containing LY-294002 (Tocris Bioscience) for
1 day.

For embryoid body (EB) formation, suspension and hang-
ing drop methods were used.57 In the suspension method,
mouse ES cells (5 £ 104) were suspended in 10 ml of culture
medium without LIF and transferred onto petri dishes for 6
d and 12 d In the hanging drop method, 20 ml of cells
(5,000 cells per milliliter) were put onto lids of Petri dishes
and the lids were placed back on petri dishes to let the drops
hang down. The differentiated EB cells were harvested after
5 days, 10 days, 15 d and 20 d

Plasmids
The pLKO.1 shNRA plasmids targeting mouse DLK (sh-

DLK-1 is clone TRCN0000022570 and sh-DLK-2 is clone
TRCN0000022569) and a control shNRA plasmids (sh-Control;
targeting sequence: 5’- CCGGTCCTAAGGTTAAGTCGCCC
TCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG.)
were obtained from National RNAi Core Facility (Taiwan). To
generate DLK overexpression plasmid, cDNA encoding DLK was
amplified from D3 mouse ES cells and cloned into pCDNA4A
plasmid (Invitrogen). The control plasmid was constructed by
insertion of eGFP gene into pCDNA4A. Site-directed mutagene-
sis was performed to generate mutated DLK constructs at S584,
T659, or both S584 and T659. Point mutations were created by
PCR with primers designed to change serine or threonine codon
to an alanine codon. The pCDNA3-HA vector and pCDNA3-
HA-Myr-Akt that expressed active Akt were kindly provided by
Dr. Jong-Young Yen (Academic Sinica, Taipei, Taiwan).

Transfections
Plasmids were transfected into mouse ES cells with Lipofect-

amine 2000 (Invitrogen). Sixteen hours later, mouse ES cells
transfected with shRNAs were selected with 1 mg/ml puromycin,
and mouse ES cells transfected with pCDNA4 backbone plas-
mids were selected with 30 mg/ml zeocin.

Figure 5. Akt phosphorylates DLK in vitro. (A) Akt phosphorylated both purified His-DLK 541-888, His-
DLK 668-888 in vitro. In vitro phosphorylation assay was performed by incubation 400 ng of purified
recombinant His-DLK 541-888 and His-DLK 668-888 with or without 15 ng of Akt for 15 minutes. Elutes
purified from lysate of E.coli transformed with pGEX-4T vector (modified to expressed 6xHis) were
used as negative control. 5 mCi of [g-32P] ATP was added in each reaction. To quantify these proteins
by Western blotting, the [g-32P]ATP was changed to 20 mM of cold ATP for Western blotting. (B) The
mutation of S584A and T659A hampered Akt phosphorylation. In in vitro phosphorylation assay, puri-
fied recombinant His-DLK 541-888, His-DLK 541-888 S584A, His-DLK 541-888 T659A, His-DLK 541-888
S584A/T659A or His-DLK 668-888 was incubated with or without of Akt. The experimental conditions
were the same as in experiment (A).
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Alamar blue assay and trypan blue exclusion assay
Mouse ES cells were incubated with medium containing 10%

Alamar blue (AbD Serotec) at the 4th day after transfection.
Within 6 hours, Alamar blue activities were measured by
OD570 and OD600 in testing medium. To count cell numbers,
transfected mouse ES cells were trypsinized and resuspended
with serum. The dissociated cells were mixed with trypan blue
(0.04%) and counted with a hemocytometer.

Alkaline phosphatase staining and colony formation assay
Mouse ES cells (1 £ 105 cells in 24 well plates) were trans-

fected with shRNA or overexpression plasmids. On 4th day after

selection with puromycin or zeocin, cells
were washed with PBS twice, fixed with
methanol for 5 minutes, and stained
with an Alkaline Phosphatase detection
kit (Millipore). Cell colonies were kept
in PBS and photographed under the
microscope. To count colony numbers

and to obtain the relative area per colony (colony size), cell colo-
nies on each whole well were first photographed with a digital
camera and then measured by Image-Pro Plus software (Media
Cybernetics).

Western blotting
Cells were lysed with lysis buffer (20 mM Tris-HCl pH 7.5,

100 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 100 mM
sodium orthovanadate, 50 mM sodium fluoride, 12.5 mM
b-glycerophosphate and complete protease inhibitor (Roche)),
and centrifuged at 16,000 xg for 30 minutes to eliminate cell
debris. The supernatants (protein lysates) were quantified using

Figure 6. DLK mutated at S584 and T659
significantly reduces mouse ES cell numbers
and Nanog expression. D3 mouse ES cells
were transfected with GFP, DLK, DLK S584A,
DLK T659A, or DLK S584A/T659A. (A) The
transfection of DLK S584A, DLK T659A, and
DLK S584A/T659A significantly reduced rel-
ative cell numbers measured by the Alamar
blue assay. (B) Mouse ES cells expressed
DLK S584A, DLK T659A, or DLK S584A/
T659A displayed significantly reduced cell
numbers after counting by trypan blue
exclusion assay. (C) Mouse ES cells
expressed DLK S584A, DLK T659A, or DLK
S584A/T659A dramatically reduced num-
bers of undifferentiated cell colonies. The
alkaline phosphatase activity was stained
and photographed under microscope. (D)
Colony numbers decreased obviously in
mouse ES cells expressed DLK S584A, DLK
T659A, or DLK S584A/T659A. Colonies
stained with alkaline phosphatase on 24-
well were photographed and calculated. (E)
Transfection of DLK S584A, DLK T659A, and
DLK S584A/T659A DLK downregulated
expression amount of Nanog and Oct4. The
protein expression levels were detected by
Western blotting. (F) DLK mutant at S584A,
DLK T659A, or DLK S584A/T659A had higher
DLK kinase activity compared to wild type.
Wild type DLK and different mutation forms
of DLK (DLK S584A, DLK T659A, and DLK
S584A/T659A) were expressed, precipitated
and aliquoted for Western blotting and
kinase assay. In the kinase assay, MBP was
used as substrates and the acquired signals
were normalized to each precipitated DLKs.
The error bars in the figures represent stan-
dard error of the mean (mean §SEM). P val-
ues were obtained from 2-tailed Student’s
t-tests (***, P < 0.0001; **, P < 0.001; *, P <

0.05).
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Bradford reagent (Bio-Rad). After boiling in 1x sample buffer
(50 mM Tris-HCl pH 6.8, 100 mM DTT, 2% SDS, 10% glyc-
erol and 0.04% bromophenol blue), equal amounts of protein
were separated through SDS-polyacrylamide gels and transferred
onto PVDFmembranes. Membranes were probed with antibodies
against DLK (GTX124127; generated by GeneTex, Inc..), Nanog
(MLC-51; eBioscience), Oct4 (H-134; Santa Cruz), phospho-Akt
S473 (#4060; Cell Signaling), phospho-Akt T308 (#2695; Cell
Signaling), Akt (#4691; Cell Signaling) and actin (AC-15; Sigma-
Aldrich). After washing with PBS, membranes with antibodies
binding to targeting proteins were incubated with an HRP conju-
gated secondary antibody and detected by ImmobilonTM Western
Chemiluminescent HRP substrate (Millipore). The signals were
acquired using a LAS-4000 image system (Fujifilm). Finally,
brightness and contrast of a whole image was adjusted linearly by
Multi Gauge version 3.0 (Fujifilm).

Quantitative real-time PCR analysis
Total RNAwas extracted withMaestroZolTM Plus RNA Extrac-

tion Reagent (Omics Biotechnology). To synthesize cDNA, RNA
was treated with DNase I (Promega), and reverse transcription was
performed using random hexamers and the Superscript III first
strand synthesis kit (Invitrogen). Quantitative real-time PCR was
performed with cDNA, gene-specific primers (supplemental
Table 1) and KAPA SYBR� FAST qPCR Master Mix (Kapa Bio-
systems). The threshold cycle (Ct) that reflects relative expression
level of an amplified gene was analyzed and normalized against the
Ct value of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Immunoprecipitation and kinase assays
Cell lysates isolated from mouse ES cells were incubated with

antibodies (anti-DLK) overnight at 4�C. Protein G-sepharose
beads (GE Healthcare) were added to capture immune complexes
for 3 hours and samples were spun down at 3,000 £g for 5
minutes. The precipitated products were washed 3 times with
lithium chloride buffer (500 mM lithium chloride, 100 mM
Tris-HCl, pH 7.6, 0.1% Triton X-100 and 1 mM DTT) and
boiled in 1x sample buffer for 5 minutes. For cross-linked immu-
noprecipitations, cells were lysed in lysis buffer without Tris-base
and EDTA, and immune complexes bound to protein G-sephar-
ose were incubated with 2mM of dithiobis succinimidyl propio-
nate (DSP; Thermo Scientific) crosslinking reagent for 30
minutes. The remaining unreacted DSP was quenched with
20 mM of Tris-HCl, pH 7.5.

In kinase assays, precipitated proteins were aliquoted into 2
tubes after washing. One aliquot used for kinase reactions was re-
washed 3 times with kinase buffer (20 mM MOPS, pH 7.2,
2 mM EGTA, 10 mM MgCl2, 0.1% Triton X-100, 1 mM
DTT and 0.1 mM sodium orthovandate). Then reactions were
carried out in kinase buffer with 1 mg of myelin basic protein
(MBP; Sigma-Aldrich) and 5 mCi of [g-32P]ATP for 15
minutes. After boiled in 1£ sample buffer to stop reactions,

samples were subjected to SDS-PAGE. Gels were dried on a gel
dryer and emission signals of labeled MBP were visualized by
scanning with a phospho-screen (Typhoon 9400; GE Health-
care). Finally, the other aliquot of precipitated protein was used
for quantification of protein amounts by Western blotting

Recombinant protein purification and in vitro
phosphorylation assays

DNA coded for C-terminal fragments of DLK from 541 to
888 amino acids (aa) residues and from 668 to 888 aa residues
were cloned into pGEX-4T vector whose GST gene was replaced
by 6xHis. The plasmids were transformed into E. coli BL21
(DE3)pLysS, and recombinant DLK proteins were induced by
IPTG and purified with His-Select Nickel Affinity Gel (Sigma-
Aldrich). The bound proteins were eluted with buffer containing
100 mM sodium phosphate, pH 8.0, 5 M NaCl and 250 mM
imidazole. To express mutated His-DLK, nucleotides coding for
serine at 584 and threonine at 659 were both or separately
mutated to alanine with PCR based site-directed mutagenesis.
The expression and purification protocols of these proteins were
the same as that of wild type His-DLK. Eluted proteins were
quantified by comparing with BSA on SDS-PAGE and adjusted
to the same concentration.

In phosphorylation assays, equal amounts of recombinant
DLK were incubated with recombinant Akt (Millipore) and
5 mCi of [g-32P]ATP for 15 minutes. Detection of DLK phos-
phorylation intensity was carried out by SDS-PAGE and phos-
pho-image scanning (Typhoon 9400; GE Healthcare).

Statistics
The error bars in figures represent standard error of the mean

(mean § SEM). P values were obtained from 2-tailed Student’s
t-tests (***, P < 0.0001; **, P < 0.001; *, P < 0.05).
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