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Background: DEPTOR is a negative regulator of mTOR activity and thus plays a role in the regulation of cell metabolism and
growth.
Results: DEPTOR levels decrease upon differentiation of embryonic stem cells, and reduction of DEPTOR levels is sufficient to
promote differentiation.
Conclusion: DEPTOR is a stemness factor that regulates pluripotency.
Significance: Manipulation of DEPTOR activity provides a means of influencing embryonic stem cell renewal and differentiation.

The mammalian target of rapamycin (mTOR) pathway regu-
lates stem cell regeneration and differentiation in response to
growth factors, nutrients, cellular energetics, and various
extrinsic stressors. Inhibition of mTOR activity has been shown
to enhance the regenerative potential of pluripotent stem cells.
DEPTOR is the only known endogenous inhibitor of all known
cellular mTOR functions. We show that DEPTOR plays a key
role in maintaining stem cell pluripotency by limiting mTOR
activity in undifferentiated embryonic stem cells (ESCs).
DEPTOR levels dramatically decrease with differentiation of
mouse ESCs, and knockdown of DEPTOR is sufficient to
promote ESC differentiation. A strong decrease in DEPTOR
expression is also observed during human ESCs differentiation.
Furthermore, reduction in DEPTOR level during differentiation
is accompanied by a corresponding increase in mTOR complex
1 activity in mouse ESCs. Our data provide evidence that
DEPTOR is a novel stemness factor that promotes pluripotency
and self-renewal in ESCs by inhibiting mTOR signaling.

Stem cells undergo symmetric and asymmetric cell division
resulting in self-renewal and differentiation. Both microenvi-
ronmental cues and intrinsic signals are required for the main-
tenance of stem cell populations, and dysregulation of these
signals is associated with a decline in their regenerative poten-
tial. Mammalian target of rapamycin (mTOR)4 is a serine/thre-

onine kinase that responds to extracellular cues to regulate a
variety of cellular processes, including metabolism, protein
expression, autophagy, and growth (1). Due to its key role in
integrating growth factor and nutrient signaling to cell growth
and metabolism, mTOR is a critical regulator of cell differenti-
ation and tissue regeneration (1). Although mTOR activity is
essential for stem cell (SC) maintenance, modest reduction in
mTOR activity enhances self-renewal of adult SC populations
by preventing uncontrolled growth and cell exhaustion (2). It
has been reported that mTOR activity is increased in hemato-
poietic stem cells in aged mice and that elevated levels of mTOR
activity can lead to premature aging in hematopoietic stem cells
in young mice (3). Inhibition of mTOR improved the regener-
ative potential of hematopoietic stem cells in old mice. Addi-
tionally, negative regulators of mTOR, USP9X, PTEN, and
Fbw7, are important in maintenance of quiescence and preven-
tion of SC exhaustion (4 – 6). mTOR has also been shown to
regulate proliferation and self-renewal of human and mouse
embryonic stem cells and to have a required role in reprogram-
ming of somatic cells into induced pluripotent stem cells (7–9).

DEPTOR (DEP domain-containing mTOR interacting pro-
tein, also known as DEPDC6) was recently identified as a neg-
ative regulator of mTOR signaling that inhibits the activities of
both mTOR complexes 1 and 2 (mTORC1/2) (10). Through its
effects on mTOR signaling, DEPTOR plays an important role in
various cellular processes, including cell growth, apoptosis,
autophagy, and adipogenesis (10 –12). Recently, it was shown
that reduction of DEPTOR expression promotes muscle hyper-
trophy and increased myoblast size (13). DEPTOR levels are in
turn regulated by mTOR activity; mTOR activation results in
DEPTOR phosphorylation and ubiquitination, leading to its
degradation by the ubiquitin proteasome pathway (14). DEPTOR
levels are high in multiple myelomas, resulting in decreased
mTORC1 activity, loss of mTORC1-mediated inhibition of
phosphoinositide-3 kinase (PI3K) signaling, and increased cell
survival (10).

Here we describe a novel function for DEPTOR as a stemness
factor that is important for maintenance of the pluripotent state
of embryonic stem cells. We show that the expression of
DEPTOR is high in both mouse and human embryonic stem
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cells (mESCs and hESCs), and its levels are dramatically
reduced in differentiated cells. No other known regulators of
mTOR activity/signaling showed a similar decrease in expres-
sion during differentiation. Decrease in DEPTOR levels during
differentiation of mESCs was accompanied by increased
mTORC1 activity, as measured by S6 phosphorylation. More
importantly, we show that knockdown of DEPTOR promoted
differentiation of mESCs, even in the presence of small mole-
cules required for maintenance of the undifferentiated state of
stem cells. Our findings indicate that pluripotent stem cells
employ high levels of DEPTOR to maintain stem cell renewal by
limiting mTOR activity in undifferentiated cells. Upon initia-
tion of differentiation, DEPTOR expression is down-regulated,
resulting in increased mTOR activity required for efficient dif-
ferentiation of stem cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation—Mouse R1 ESCs cells (ATCC)
and human H1 ESCs were maintained as described previously
(15–17). The cells were maintained at 37 °C in an atmosphere of
90% N2, 5% CO2, and 5% O2. HEK293T cells (ATCC) were
grown in Dulbecco’s modified Eagle’s medium (DMEM; Cell-
gro) supplemented with 10% fetal bovine serum (FBS; Invitro-
gen). Cells were grown under 5% CO2 at 37 °C. Differentiation
of mESCs was done in neuronal stem cell medium (17). For
mRNA extractions, cells were removed from the plate using
Accutase, and for protein extractions, cells were lysed directly
in 1� gel loading buffer. Differentiation was done for 26 days
and with medium change on alternate days. Samples were col-
lected at the indicated times and analyzed. H1 hESCs were dif-
ferentiated as described previously (16).

Lentiviral Infection—Lentiviral particles were produced in
HEK293T cells. R1 mESCs were infected with virus in the pres-
ence of 8 �g/ml Polybrene (EMD Millipore Corp.), and the
medium was changed into normal growth medium 2 days after
infection. Drug selection (puromycin, 2 �g/ml) was started 3
days after infection, and the cells were selected in the drug
medium for at least 3 days prior to use.

Quantitative PCR (qPCR)—mRNA from R1 mESCs was
extracted using an RNeasy kit (Qiagen). 1 �g of mRNA was
amplified (Taqman RT-PCR kit from Applied Biosystems), and
1% of this reaction was analyzed in qPCR (Bioline SensiFAST
Probe No-ROX mix). Primers and probe pairs for each gene
were used based on recommendations from Roche Applied Sci-
ence. mRNA from H1 hESCs was extracted using the RT-PCR
kit from Roche Applied Science and amplified using a Bio-Rad
cDNA kit. qPCR was done using gene-specific primers and
SYBR Green mix from Bio-Rad. Actin was used as an internal
control.

Western Blotting and Immunofluorescence—Protein samples
were boiled in 1� LDS sample buffer (Invitrogen), and Western
blot analysis was done as described previously (6). R1 mESCs
were plated on Matrigel-coated coverslips, and immunofluo-
rescence analysis was done as described previously, except per-
meabilization and blocking was done using 0.3% Triton X-100,
5% FBS in PBS (6).

Bioinformatic Analysis of Promoter Regions—LASAGNA-
Search was used to identify OCT4 binding sites in the mouse

and human promoter regions up to 950 bp upstream of the
transcription start sites of the DEPTOR, PRAS40, and TSC2
genes. Only sequences with p values of �0.001 were analyzed
and confirmed with the UCSC Genome Browser.

RESULTS

DEPTOR Levels Decrease with mESC Differentiation—
DEPTOR is a negative regulator of both mTORC1 and
mTORC2. To determine whether DEPTOR plays a role in reg-
ulating mTOR signaling in stem cells, we measured changes in
DEPTOR levels upon mESC differentiation. We differentiated
mESCs toward neuronal fate using our previously published
protocol using Wnt and TGF-� inhibitors along with IGF1 for
10 days as monolayers (Figs. 1 and 2) (18). As shown in Fig. 1A,
differentiation of R1 mESCs resulted in a dramatic decrease in
DEPTOR protein levels. Similar decreases were observed for
the pluripotency markers OCT4 and NANOG (Fig. 1A). We
also observed a decrease in Deptor mRNA levels (Fig. 1B),
suggesting that DEPTOR transcription is turned off during dif-
ferentiation. Differentiation of R1 mESCs into neurons was
confirmed by changes in cell morphology and immunofluores-
cence (Fig. 1, C and D). The differentiation was efficient, as can
be seen from the loss of pluripotency marker OCT4 and the
presence of differentiation markers PAX6 and DCX (Fig. 1D).
Consistent with Western blot and qPCR analysis, DEPTOR was
absent from the differentiated cells, whereas a high level of
cytoplasmic DEPTOR was detected in mESCs (Fig. 1D). It is
known that knockdown of pluripotency markers, including Oct4,
results in differentiation of mESCs. Interestingly, DEPTOR tran-
script levels were decreased upon Oct4 knockdown in mESCs,
as measured by microarray expression profiling (19). We con-
firmed this by qPCR using gene-specific primers. As shown in
Fig. 1E, knockdown of Oct4 using shRNA in R1 mESCs resulted
in decreased DEPTOR expression in the cells. There was a con-
comitant decrease in two other pluripotency markers, Nanog
and Zfp42. More importantly, the decrease in DEPTOR levels
was similar in magnitude to that of Nanog and Zfp42. Fig. 2
shows time courses for DEPTOR and OCT4 mRNA (A) and
protein (B) expression during differentiation toward a neural
lineage over a 10-day period. Expression of the differentiation
markers �3-tubulin and NeuN of these cells at day 10 is shown
in Fig. 2C.

mTORC1 Activity and Proteins Involved in mTOR Signaling
Change during Differentiation—To further characterize changes
in mTOR signaling associated with ESC differentiation, we
assayed mTORC1 and mTORC2 activity in cells by measuring
the phosphorylation of ribosomal protein S6 and Akt (protein
kinase B), respectively. Differentiation of R1 mESCs resulted in
a dramatic increase in S6 phosphorylation, indicating increased
mTORC1 activity. We also observed increased phosphoryla-
tion of the mTORC1 substrate 4E-BP upon differentiation (not
shown). Fig. 3A shows a time course of S6 phosphorylation after
3, 6, and 10 days of differentiation. The ratios of phosphorylated
S6 (pS6) to total S6 (tS6) protein at these time points are shown
in Fig. 3B.

Fig. 3C shows representative Western blots for mTOR sub-
strates and interacting proteins at day 1 (Undiff.) and 10 days
(Diff.) following directed differentiation. We did not observe
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increased AKT phosphorylation at the mTORC2 site Ser-473.
However, we observed a change in AKT migration on SDS-
PAGE. In differentiated cells, AKT migrated slowly, suggesting
that it had other post-translational modifications. We also
observed an increase in total AKT upon differentiation. There
was also a decrease in mTOR and a number of its key interact-
ing proteins upon differentiation. RAPTOR and RICTOR,
components of mTORC1 and mTORC2, respectively, showed
modestly decreased protein levels (�40%) with differentiation.
PRAS40, an mTOR-interacting protein that negatively regu-
lates mTOR activity, and TSC2, an upstream inhibitor of
mTOR signaling, also decreased with differentiation to a simi-
lar extent, suggestive of a tight control in mTOR signaling.
However, none of these regulators of mTOR decreased to the
same degree as DEPTOR during differentiation. Although we
observed a decrease in mTOR levels, the fraction of mTOR
phosphorylated at both Ser-2448 and Ser-2481 showed a mod-
est increase with differentiation (Fig. 3C). Phosphorylation of
mTOR at Ser-2448 and Ser-2481 has been shown to correlate

with mTOR activation (20, 21). Fig. 3D shows quantification of
these observations from multiple experimental replicates (n �
3 in each case). Our data indicate that during differentiation of
mESCs toward neuronal fate, there is a modest decrease in lev-
els of mTOR signaling components associated with an increase
in mTORC1 activity. However, DEPTOR uniquely is turned off
completely, indicating its critical requirement in pluripotent
stem cells.

Decrease in DEPTOR Levels Is Associated with H1 hESCs
Differentiation—To determine whether DEPTOR has a con-
served role in human ESCs, we analyzed DEPTOR levels in
undifferentiated or 2-week differentiated H1 hESCs. Cells were
differentiated toward a neuronal lineage using DKK, IGF1, and
Noggin (15, 16). After 2 weeks of differentiation, cells were ana-
lyzed for OCT4, PAX6, and DEPTOR expression using qPCR.
As seen in Fig. 4, differentiation of H1 hESCs was accompanied
by down-regulation of DEPTOR expression. This was associ-
ated with loss of OCT4 expression and a gain of PAX6 expres-
sion indicative of neural lineage. Reduction in DEPTOR levels

FIGURE 1. DEPTOR is down-regulated during mESCs differentiation. A, representative image of DEPTOR, OCT4, and NANOG protein levels in undifferenti-
ated and differentiated R1 mESCs with quantitation of at least three biological replicates. B, Deptor, Oct4, Nanog, and Zfp42 mRNA expression in undifferenti-
ated and differentiated mESCs analyzed using qPCR. C, morphological changes of differentiated R1 mESCs analyzed under phase contrast. Scale bar, 20 �m. D,
representative immunofluorescence image showing the loss of DEPTOR and Oct4 and the presence of differentiation markers Pax6 and Doublecortin with
differentiation. Scale bar, 50 �m. E, Deptor, Oct4, Nanog, and Zfp42 mRNA expression upon Oct4 knockdown in mESCs. ***, p � 0.0005. Error bars, S.E.
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with hESC differentiation, in a manner similar to that observed
in mESCs, indicates that this mechanism for regulating mTOR
signaling during stem cells differentiation is conserved between
mice and humans.

DEPTOR Knockdown Is Sufficient to Promote Differentiation
of mESCs—To test if DEPTOR played a role in the maintenance
of mESC pluripotency, we reduced DEPTOR levels in the cells
using shRNA. R1 mESCs were infected with lentivirus express-
ing either control shRNA constructs or shRNA targeting
DEPTOR (Figs. 5 and 6). Following infection, drug selection
was used to enrich for cells expressing shRNA. Knockdown of
DEPTOR (shRNA2) was verified by qPCR and Western blot
analysis (Fig. 5, A and B). DEPTOR knockdown cells displayed
differentiation phenotypes in culture conditions (�LIF �2i)
used to maintain pluripotent mESCs within 3–5 days of drug
selection. This included a loss in the tightly packed refractile
colony morphology of mESC colonies (Figs. 5C and 6B) (22, 23).
qPCR analysis showed a reduction in expression of pluripo-

tency markers Oct4, Nanog, and Zfp42 in cells with DEPTOR
knockdown (Fig. 5A). These results suggest that DEPTOR is a
key regulator of differentiation in mESCs. Interestingly, we
observed that the differentiation phenotype was sensitive to
the degree of DEPTOR knockdown. When a different
shRNA sequence targeting DEPTOR (shRNA4) giving less
than 80% knockdown was used, differentiation of mESCs was
observed only in media lacking LIF but still containing two
inhibitors involved in maintaining ESC fate (Fig. 6) (24). This
suggests that mESCs are extremely sensitive to DEPTOR lev-
els, and even small amounts of DEPTOR can promote the
pluripotent phenotype. Fig. 6 also shows the effects of
DEPTOR shRNA4 on expression of pluripotent markers (A),
colony morphology (B), and induction of expression of the
endodermal and ectodermal differentiation markers Hnf4A
and Pax6, respectively (C).

Whereas differentiation or knockdown of the transcription
factor OCT4 resulted in reduced expression of DEPTOR and

FIGURE 2. Kinetics of DEPTOR and Oct4 expression during mESCs differentiation. R1 mESCs were differentiated for 10 days on Matrigel-coated plates in the
presence of IGF and inhibitors of TGF-� and BMP. Cells were collected before the start of differentiation (D0) each day for 10 days after the initiation of
differentiation (D1–D10). A, Deptor and Oct4 mRNA expression were measured by qPCR. B, protein expression was measured by Western blot analysis. In both
cases, actin was used as a control. C, differentiation of R1 mESCs was further analyzed at day 10 by immunofluorescence for the presence of differentiation
markers �-tubulin, and NeuN. Scale bar, 50 �m.
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other pluripotent markers to similar degrees (Fig. 1, B and E),
knockdown of DEPTOR had more modest effects on expres-
sion of OCT4 (Fig. 5A). This suggested that DEPTOR expres-
sion might be regulated by OCT4 directly. We searched for poten-
tial OCT4 binding sites in the promoter region of DEPTOR as
well as in genes encoding other mTOR pathway regulators,
TSC2 and PRAS40 (AKT1S1), using LASAGNA-Search (25).
Upstream promoter regions of these genes were compared with
the JASPAR (human) and TRANSFAC (mouse) public data-
bases for predicted OCT4 binding motifs. Both human and the

mouse DEPTOR promoters contain highly significant pre-
dicted OCT4 binding sites (human DEPTOR promoter, p
value � 0.000575; mouse DEPTOR promoter, p value �
0.00035). The human promoter also has a predicted binding
site for SOX2 (a pluripotency transcription factor) immediately
adjacent to the OCT4 binding site. The same analysis of the
PRAS40 and TSC2 promoters predicted no OCT4 binding
sites. This result is consistent with our observation of changes
in PRAS40 and TSC2 levels during differentiation of mESCs
(Fig. 3B).

FIGURE 3. mTORC1 kinase activity and levels of mTOR interacting proteins change upon mESCs differentiation. A, a time course of mTORC1 activity
during differentiation was analyzed by measuring S6 phosphorylation. B, the ratios of phospho-S6 (pS6) to total S6 (tS6) protein levels at these time points is
shown. C, representative Western blots of mTOR and specific interacting protein levels in undifferentiated and differentiated R1 mESCs. Protein samples
collected for undifferentiated and differentiated R1 mESCs were also analyzed for phospho-mTOR (pmTOR) Ser-2448 and Ser-2481 and total mTOR (tmTOR)
levels. Actin was used as a loading control for all of the gels. The phospho-mTOR level was further normalized to total mTOR. D, quantitation of at least three
biological replicates of experiments shown in C (*, p � 0.05; **, p � 0.005; ***, p � 0.0005). Error bars, S.E.
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DISCUSSION

Our studies establish a novel role for DEPTOR as a stemness
factor that promotes pluripotency of stem cells. DEPTOR is the
only endogenous negative regulator of mTOR known to inhibit
both mTORC1 and mTORC2 activities (10). DEPTOR acts as a
tumor suppressor, and DEPTOR knockdown results in
increased mTORC1/2 signaling. At high levels, DEPTOR facil-
itates increased mTORC2 activity by inhibiting negative feed-
back and promotes cell survival (10). Given its central role in
coupling growth factor and nutrient signaling with metabolism
and growth, the mTOR pathway has emerged as a critical reg-
ulator of stem cell maintenance. Activation of mTOR signaling
through deletion of negative regulators, TSC1 and PTEN, or
gain of function of mTOR activators, RHEB2 and AKT, in
mouse hematopoietic stem cell populations results in hyper-
proliferation and decreased SC pools (3, 26, 27). Conversely,
modest reduction in mTOR activity with rapamycin results in
enhanced self-renewal of SC populations by preventing uncon-
trolled cell growth and exhaustion (2). Studies in Drosophila
germ line and intestinal SCs have also demonstrated a role for
TSC1/2 in mTOR regulation of SC maintenance (28, 29). We
recently reported that the stemness factor USP9X is a negative
regulator of mTOR and muscle stem cell differentiation (6).
Together, these studies demonstrate the importance of inhib-
iting mTOR signaling to maintain the regenerative capacity
of stem cells. Here we describe a novel and specific role for
DEPTOR in this process.

FIGURE 4. DEPTOR is down-regulated during hESCs differentiation. H1
hESCs were differentiated for 2 weeks, and DEPTOR, OCT4, and PAX6 expres-
sion was analyzed using qPCR. Data for three biological replicates are shown.
Error bars, S.E.

FIGURE 5. DEPTOR knockdown promotes mESCs differentiation. A, Dep-
tor, Oct4, Nanog, and Zfp42 mRNA expression upon DEPTOR knockdown in R1
mESCs. B, representative blot of DEPTOR levels upon DEPTOR knockdown. C,
representative phase-contrast image of R1 mESC morphological changes
observed upon DEPTOR knockdown using shRNA2. The insets show higher
magnification images of colony edges. Error bars, S.E.

FIGURE 6. Validation of DEPTOR knockdown-mediated mESC differenti-
ation. A, R1 mESCs were infected with control or DEPTOR shRNA4, and cells
were selected using puromycin. Cells were then grown in the absence of LIF,
mRNA was extracted, and qPCR was performed for Deptor, Oct4, Nanog, and
Zfp42 as in Fig. 1. Actin was used as an internal control. B, morphological
change of R1 mESCs upon DEPTOR knockdown in A was analyzed under
phase contrast, and representative images are shown. C, Hnf4A and Pax6
mRNA expression mESCs after knockdown of DEPTOR using shRNA4. Error
bars, S.E.
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Differentiation of mESCs toward a neuronal fate was accom-
panied by a dramatic decrease in DEPTOR (Fig. 1). No
DEPTOR was observed in differentiated cells, as measured by
immunofluorescence (Fig. 1D). Moreover, knockdown of
OCT4 drastically reduced Deptor to levels comparable with
those of the pluripotency markers Nanog and Zfp42 (Fig. 1E),
indicating that it might have a critical role in SC maintenance.
To investigate this, we knocked down DEPTOR levels in
mESCs using shRNA. This was sufficient to cause these cells to
differentiate (Figs. 5 and 6). DEPTOR knockdown with shRNA
also caused reduction in pluripotency markers Oct4, Nanog,
and Zfp42. Based on the knockdown data and bioinformatics
analysis, Deptor plays a role downstream of OCT4. Recent
work has shown that SOX2-induced suppression of mTOR is
necessary for induced pluripotent stem cell generation (8), and
although they did not look at DEPTOR, it is plausible that
DEPTOR is the intermediate in the process based on our data.
Overall, the Deptor-mTOR pathway very likely modulates plu-
ripotency by regulating protein synthesis and autophagy by
post-transcriptionally balancing the pluripotency network and
repressing the differentiation network (9, 30).

In addition to mESCs, DEPTOR levels were dramatically
decreased upon differentiation of human ESCs (Fig. 4). This
suggests that the function of DEPTOR in stem cell maintenance
is conserved. Given the decrease in DEPTOR levels with differ-
entiation, it is not surprising that DEPTOR is absent in most
adult tissues and in primary cell lines that have committed to a
defined cell fate. These results indicate that DEPTOR is a novel
stemness factor that predominantly functions in stem cells as
an on/off switch to regulate mTOR signaling.

To further characterize the modulation of mTOR signaling
during differentiation, we analyzed the phosphorylation of
ribosomal protein S6. S6 phosphorylation increased 2–3-fold
with differentiation in mESC, indicating a strong increase in
mTORC1 activity (Fig. 3). This is consistent with what is seen
during hESC differentiation (32). We did not observe any sig-
nificant change in mTORC2 activity during differentiation (Fig.
3). Several groups have reported that constitutive activation of
mTORC1 substrate S6K1 can reduce mTORC2 activity (33–
37). Therefore, it is possible that we did not observe changes in
mTORC2 activity in differentiated cells due to hyperactivation
of mTORC1. However, we did observe that AKT levels
increased upon differentiation and that a majority of AKT
migrated slowly in SDS-PAGE, suggestive of posttranslational
modification. AKT activity is known to be regulated by phos-
phorylation, ubiquitination, acetylation, and sumoylation (38,
39).

We also observed small but significant decreases in the levels
of mTOR itself and several canonical mTOR-interacting pro-
teins upon differentiation (Fig. 3). Decreased RICTOR and
TSC2 levels with differentiation are consistent with a previous
report that analyzed mTOR signaling during differentiation of
hESCs (32). Reduction of TSC2 levels that we observed with
differentiation of mESCs is consistent with the work done in
Drosophila intestinal SCs, where knockdown of TSC2 caused
an increased mTOR activity and loss of SC pools due to
enhanced differentiation (28).

We also analyzed the levels of two other negative regulators
of mTOR, PRAS40 and USP9X. PRAS40 regulates protein syn-
thesis in myocytes and apoptosis during early embryoid body
formation (40, 41). We found that PRAS40 levels decreased
with differentiation of mESCs (Fig. 3). USP9X is a stemness
gene that promotes self-renewal of neural progenitors (42). The
decrease that we observed in USP9X levels upon differentiation
of mESCs is in agreement with the inhibitory effect of USP9X
on differentiation (Fig. 3). We note that the magnitudes of
decrease in mTOR levels and in the levels of its interactors were
similar (�40% in all cases), suggesting that the stoichiometries
of these components in mTOR complexes were not altered dur-
ing differentiation. This is in contrast to the significant decrease
in DEPTOR levels relative to other mTORC components.

The decrease in DEPTOR levels was comparable with that of
pluripotency markers in the differentiated mESCs. This was
also accompanied by increased mTORC1 activity. This indi-
cates that DEPTOR-mediated regulation of mTOR signaling is
critical to the maintenance of pluripotent stem cell populations,
and disruption of this results in differentiation of stem cells.
Recently, it was shown that inhibition of mTOR activity by res-
veratrol increased the efficiency of somatic cell reprogramming
to form induced pluripotent stem cells (43). Resveratrol is
known to cause inhibition of mTOR activity by promoting the
association of DEPTOR with mTOR (44). This is consistent
with a model where increased DEPTOR inhibition of mTOR
facilitates the transition from non-stem cell to pluripotent
states.

Complete mTOR inhibition in hESCs promotes increased
differentiation toward mesodermal and endodermal lineages
(9, 31). This is not surprising, given that loss of mTOR signaling
in mESCs results in a loss of ESC viability (7). As discussed
above, hyperactivation of mTOR can lead to proliferation and
depletion of the stem cell pool. Based on these studies, it
appears that a fine balance of mTOR activity is required in ESCs
and that complete inhibition and/or overactivation of mTOR
functions can cause reduced pluripotency in ESCs. Our data
indicate that DEPTOR is a stemness factor that helps to main-
tain this balance of mTOR signaling in ESCs. High levels of
DEPTOR in ESCs modulate mTOR activity to facilitate self-
renewal. When conditions are favorable for differentiation,
mTOR activity increases, accompanied by a reduction in
DEPTOR levels. Because mTOR can promote down-regula-
tion of DEPTOR, this results in a positive feedback loop that
ensures continued mTOR signaling and thereby efficient dif-
ferentiation of cells. Our study provides a novel connection
between DEPTOR and mTOR regulation in stem cells that
can be modulated to favor either increased regeneration
through enhanced DEPTOR activity or differentiation
through DEPTOR inhibition.

Regulation of stem cell pluripotency is critical for embryonic
development and tissue homeostasis in the adult. The mTOR
pathway, a central modulator of cell growth and proliferation in
response to growth factor and nutrient signaling, is known to
have a role in stem cell differentiation. We show that DEPTOR,
an inhibitor of TORC1 activity, is highly expressed in embry-
onic stem cells and is significantly down-regulated as they dif-
ferentiate. The expression pattern of DEPTOR during ESC dif-
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ferentiation is similar to that of the other known stemness
genes Oct4, Nanog, and Zfp24. We demonstrate that DEPTOR
knockdown is sufficient to promote differentiation of ESCs and
that DEPTOR is a critical stemness factor regulating the role of
mTOR in maintaining stem cell pluripotency.

Acknowledgment—We thank Henri Jasper for comments on the
manuscript.
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