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proteins, which are likely the most important
effects of mTOR inhibitors to consider in their
clinical use (Fig. 4G). Our findings also support
the idea (30, 31) that concomitant IGF-1 receptor
inhibition may improve the anticancer efficacy
of mTOR inhibitors. Finally, the discovery of
Grb10 as an mTORC1 substrate validates our
approach and suggests that the other potential
downstream effectors that we identified may also
serve as starting points for new areas of investi-
gation in mTOR biology.
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Phosphoproteomic Analysis Identifies
Grb10 as an mTORC1 Substrate That
Negatively Regulates Insulin Signaling
Yonghao Yu,1 Sang-Oh Yoon,1* George Poulogiannis,2 Qian Yang,1,3 Xiaoju Max Ma,1†
Judit Villén,1‡ Neil Kubica,1§ Gregory R. Hoffman,1 Lewis C. Cantley,2

Steven P. Gygi,1∥ John Blenis1∥

The evolutionarily conserved serine-threonine kinase mammalian target of rapamycin
(mTOR) plays a critical role in regulating many pathophysiological processes. Functional
characterization of the mTOR signaling pathways, however, has been hampered by the paucity
of known substrates. We used large-scale quantitative phosphoproteomics experiments to
define the signaling networks downstream of mTORC1 and mTORC2. Characterization of one
mTORC1 substrate, the growth factor receptor–bound protein 10 (Grb10), showed that
mTORC1-mediated phosphorylation stabilized Grb10, leading to feedback inhibition of the
phosphatidylinositol 3-kinase (PI3K) and extracellular signal–regulated, mitogen-activated
protein kinase (ERK-MAPK) pathways. Grb10 expression is frequently down-regulated in
various cancers, and loss of Grb10 and loss of the well-established tumor suppressor phosphatase
PTEN appear to be mutually exclusive events, suggesting that Grb10 might be a tumor
suppressor regulated by mTORC1.

The evolutionarily conserved Ser-Thr pro-
tein kinase mammalian target of rapamy-
cin (mTOR) functions as the core catalytic

component of two structurally and functionally
distinct signaling complexes. mTOR complex
1 (mTORC1) regulates protein translation, au-
tophagy, and cell growth, whereas mTOR com-
plex 2 (mTORC2) regulates the actin cytoskeleton
and cell survival (1–3). mTORC1 and mTORC2
respond to upstream inputs such as growth fac-
tors, energetic status, and amino acid levels (3),

but relatively few downstream targets of mTOR
have been identified.

Misregulated mTOR activity is a common fea-
ture of most cancers (1), but clinical trials eval-
uating the mTORC1 selective inhibitor rapamycin
as an anticancer agent have met with limited suc-
cess (2). Rapamycin resistance has emerged as a
major challenge to its clinical use (4) and is caused
in part by feedback loops that activate the phos-
phatidylinositol 3-kinase (PI3K) and extracellular
signal–regulated, mitogen-activated protein kinase

(ERK-MAPK) signaling pathways in rapamycin-
treated cells through poorly understood mecha-
nisms (5, 6). Identifying substrates of mTORC1
and mTORC2 will be important for understand-
ing how mTOR signals downstream and for de-
fining components of feedback loops involved in
rapamycin resistance.

We performed two sets of large-scale, quan-
titative phosphoproteomics experiments to char-
acterize the signaling network downstream of
mTOR (Fig. 1 and figs. S1 to S3). The first stable
isotope labeling with amino acids in cell culture
(SILAC) experiment (Rapa screen) was performed
usingTsc2−/−mouse embryonic fibroblasts (MEFs)
[see supporting online material (SOM) text for
detailed description of the screen]. We identified
4484 and 6832 unique phosphorylation sites
on 1615 and 1866 proteins from two biological
replicate experiments, respectively (table S1 and
databases S1 and S2).
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Several hundred peptides corresponding to
85 and 147 proteins in the two replicates (data-
base S3 and fig. S1) were determined to contain
rapamycin-sensitive phosphorylation sites (de-
fined as phosphorylated peptides in control cells
whose abundance were more than twice that in
samples from rapamycin-treated cells). Many
known effectors of the canonical mTORC1 signal-
ing pathwaywere identified in the down-regulated
population, including p70S6K, 4EBP1/2, Akt1s1
(PRAS40), rpS6, eIF4B, eIF4G1, and GSK3b
(table S2 and Fig. 1, C and D). A representative
identification of the known rapamycin-sensitive
phosphorylation sites on rpS6 is shown in Fig.
1B. In addition, the identification of many ki-
nases, for example, unc-51–like kinase 1 (ULK1),

in the down-regulated proteins provides poten-
tial points for signal integration and crosstalk
(table S2) [see SOM text and table S3 for Gene
Ontology (GO) analysis and detailed discussion
of the hits].

Rapamycin is an allosteric inhibitor that only
partially inhibits mTORC1 signaling and has no ef-
fect on the activity of mTORC2 under short-term
treatment conditions (2). In contrast, adenosine
triphosphate (ATP)–competitive mTOR inhibi-
tors block the activity of both mTORC1 and
mTORC2 (1). To identify rapamycin-insensitive
mTORC1, and mTORC2 substrates, we used the
mTOR inhibitor Ku-0063794 and performed a
second SILAC experiment (Ku screen) (Fig. 1, A
and C, and fig. S1). In this experiment, 100 pro-

teins were determined to contain down-regulated
phosphopeptides after Ku-0063794 treatment
(database S3 and table S2) (see SOM text for
detailed discussion).

One of the enriched GO classes of hits in the
Rapa screen is the receptor protein tyrosine ki-
nase (RTK) signaling pathway (P = 0.01, table
S3), suggesting that mTORC1 might modulate
its upstream regulators by altering the activities
of RTKs. In particular, phosphorylation of S501
and S503 on the growth factor receptor–bound
protein 10 (Grb10) was strongly inhibited by a
2-hour rapamycin treatment (Fig. 2A, fig. S4A,
and table S2). The intensity of a triply phospho-
rylated Grb10 peptide (T76, S96, and S104) also
decreased after rapamycin treatment (table S2).
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Fig. 1. Sample preparation and data analysis for quantitative phospho-
proteomic profiling of the mTOR downstream signaling networks. (A) Sche-
matics of the two SILAC mass spectrometry experiments are shown with a
plot highlighting the ratio distribution of phosphopeptides identified in each
screen (see data summary in table S1). Note that most of the phospho-
peptides have a ratio of 1:1 between the light and heavy populations and
hence have a value close to 0 on a Log2 axis. Proteins with down-regulated
phosphorylation in each screen are highlighted in the red box. (B) Typical
mass spectrometry (MS) and tandem mass spectrometry (MS/MS) spectra in
which LS*SLRAS*TSKSESSQK from ribosomal protein S6 (S235 and S240)

was identified as a rapamycin-sensitive phosphopeptide. The light and heavy
peptides differ by 26 daltons, corresponding to two labeled Lys and one
labeled Arg in this particular peptide. (C) Quantitative differences between
the rapamycin-sensitive and insensitive mTOR downstream phosphorylation
events. Phosphopeptides identified in both screens were extracted and their
corresponding treatment/control ratios (see table S1 for treatment condi-
tions) were plotted on a Log2 scale. Log2(treatment/control) ≤ –1 is consid-
ered to be down-regulated (see SOM text for detailed discussion). (D) The top
10 pathways enriched in the down-regulated phospho-proteins identified in
the Rapa screen.
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We developed a phospho-specific antibody
(fig. S5, A and B) and found that rapamycin treat-
ment induced rapid dephosphorylation of Grb10
at S501 and S503 (Fig. 2B). Grb10 phosphoryl-
ation was also decreased in Tsc2−/− MEFs de-
prived of amino acids (Fig. 2C). To determine
whether S501 and S503 of Grb10 can be phos-
phorylated by other kinases, we treated Tsc2−/−

cells with staurosporine, a broad-spectrum kinase
inhibitor that, however, does not suppress mTOR
activity (7). No change in the phosphorylation of
Grb10 was observed (Fig. 2D). S6K activity was
inhibited by staurosporine treatment, as shown
by a complete loss of rpS6 phosphorylation, sug-
gesting that Grb10 was directly phosphorylated
by mTORC1 rather than by S6K.

In wild-type (WT) MEFs, insulin or serum
stimulation increasedGrb10 phosphorylation in a
rapamycin-sensitive manner (Fig. 2E). Akt inhi-
bition also reduced Grb10 and S6 phosphoryl-
ation. Grb10 S503 can be phosphorylated by ERK
in vitro (8). Inhibition of the ERK-activating ki-
naseMEKwith AZD6244 abolished phosphoryl-
ation of ERKbut had no effect on phosphorylation
of Grb10 (Fig. 2E), indicating that phosphoryl-

ation of S501 and S503 on Grb10 is not mediated
by ERK in vivo. All other mTOR catalytic inhib-
itors tested, including LY294002, NVP-BEZ235,
torin, and pp242 (9), also completely abolished
Grb10 phosphorylation (Fig. 2F).

To examine a potential interaction between
Grb10 and the mTOR complexes in vivo, we ex-
pressed hemagglutinin (HA)–tagged Grb10 with
Myc-tagged raptor or rictor in human embry-
onic kidney (HEK) 293T cells. Grb10 interacted
with raptor, but not rictor, indicating that Grb10 is
a binding partner of mTORC1, but not mTORC2
(Fig. 3A).Grb10was alsophosphorylatedby recom-
binant mTOR at S501 and S503 in vitro (Fig. 3B).

Grb10 was much more abundant in Tsc2−/−

and Tsc1−/− MEFs than in their wild-type coun-
terparts (Fig. 3C and fig. S5C), and the initial loss
of Grb10 phosphorylation as a result of rapamycin
treatment was followed by a decrease in Grb10
abundance and a smaller decrease in the amount
of Grb10 mRNA (Fig. 3D). Exposure to a pro-
teosome inhibitorMG-132 suppressed rapamycin-
induced Grb10 protein degradation (fig. S5D).
These results show that mTORC1 functions to
promote accumulation of Grb10 both transcrip-

tionally and posttranslationally. Depletion of the
mTORC1 component raptor also led to decreased
abundance of Grb10 protein (Fig. 3E). Further-
more, long-term treatment with mTOR catalytic
inhibitors led to reduced levels of Grb10 in Tsc2−/−

MEFs (fig. S5E), Tsc1−/− MEFs (fig. S5F), and
HeLa cells (fig. S5G).

To explore whether Grb10 S501 and S503
phosphorylation contributed to its stabilization
and high expression, we transfected WT Grb10,
Grb10-S501A-S503A (AA), and Grb10-S501D-
S503D (DD) into HEK293T cells. Exogenous
WT and DD Grb10 proteins were expressed in
similar amount, but the AAmutant of Grb10 was
less abundant, perhaps due to protein instability
(Fig. 3F). To confirm this result, we generated
Tsc2−/− MEFs stably expressing the HA-tagged
Grb10-DD. Long-term rapamycin treatment of
these cells decreased amounts of the endoge-
nous, WT Grb10 but had no effect on the abun-
dance of the DD mutant protein (Fig. 3G). This
result appears not to result from protein over-
expression, because in Tsc2−/− cells expressing
HA-tagged WT Grb10, rapamycin treatment de-
creased the abundance of both the endogenous
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and ectopically expressed Grb10 (fig. S5H). These
data support a critical role for mTORC1 in sta-
bilizing Grb10 through phosphorylation of the
S501 and S503 residues. It is important to note
that phospho-Akt levels still increased in these
cells (Fig. 3G), likely resulting from increased in-
sulin receptor substrate 1 (IRS1) levels after pro-
longed rapamycin treatment.

Grb10 functions as a negative regulator of
insulin signaling. In Grb10 null mice, PI3K-Akt
pathway hyperactivationwas observed in insulin-
sensitive tissues (10, 11). We therefore exam-
ined the possibility that mTORC1-mediated Grb10
phosphorylation and accumulation activated a
negative feedback loop from mTORC1 to the
PI3K-Akt pathway. ThePI3K-Akt andERK-MAPK
pathwayswere both refractory to insulin or insulin-

like growth factor (IGF) stimulation in Tsc2−/−

cells, as a result of constitutively elevatedmTORC1
signaling (5, 6). In contrast, phosphorylation of
bothAkt andERKwas increased inGrb10-depleted
cells deprived of serum or stimulated with insulin
or IGF (Fig. 4A and fig. S6A). Conversely, over-
expression of Grb10 in HEK293 cells suppressed
activation of PI3K (fig. S6B) by inhibiting in-
sulin receptor–dependent phosphorylation of IRS
and its subsequent recruitment of PI3K (fig. S6,
C and D) (12). Knockdown of Grb10 in Tsc2−/−

MEFs to a level close to that in WT cells did not
completely restore the sensitivity of PI3K to insulin
stimulation (fig. S6E), suggesting that additional
mechanisms (e.g., lower IRS levels in Tsc2−/−

MEFs) contribute to the feedback inhibition (fig.
S6F). Our data complement the previous findings

and suggest that activation of mTORC1-S6K pro-
motes negative feedback inhibition of PI3K through
a two-pronged mechanism: first, mTORC1-S6K–
mediated phosphorylation and degradation of a
positive regulator of PI3K signaling, IRS (6, 13, 14);
second, mTORC1-mediated phosphorylation and
accumulation of a negative regulator of PI3K sig-
naling, Grb10.

We next asked whether PI3K activation in
Grb10-depleted cellswould promote survival against
stress-induced apoptosis. In response to either
staurosporine or etoposide, reduced caspase 3
cleavage was observed in Grb10 knockdown
cells compared with that of control cells, in-
dicating that Grb10 depletion is sufficient to
protect cells from apoptosis (Fig. 4B and fig. S6G).
Because rapamycin can protect cells from energy
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Fig. 3. Effect of mTOR-mediated phosphorylation to promote stability of
Grb10. (A) Grb10 interacts with raptor, but not rictor. HA-tagged Grb10 was
transfected with Myc-raptor or Myc-rictor into HEK293T cells. Cells were lysed in
lysis buffer A, and the lysates were subjected to immunoprecipitation using
antibody to HA conjugated beads. Raptor and rictor were probed with an
antibody against the Myc-tag. WCL, whole cell lysates. (B) Grb10 is phospho-
rylated by mTOR in vitro. Recombinant GST-Grb10 was prepared from bacteria
and was incubated with recombinant mTOR in vitro. Phosphorylation of Grb10
at S501 and S503 was detected by using the phospho-specific antibody against
these two sites. S6K and ribosomal protein S6 kinase (RSK) were used as the
positive and negative controls, respectively, and the experiments were per-
formed in parallel with the mTOR-Grb10 in vitro kinase assay. WB, Western
blotting. (C) Grb10 is highly overexpressed in Tsc2−/− cells. (D) Long-term
rapamycin treatment leads to Grb10 degradation in Tsc2−/− cells. Grb10 protein

expression levels inversely correlated with Akt activity. mRNA level was deter-
mined using quantitative reverse transcription polymerase chain reaction based
on three biological replicate experiments. (E) Knockdown of raptor in Tsc2−/−

cells decreased Grb10 protein level. Cells were starved overnight, and the lysates
were probed with the antibodies indicated. (F) S501A-S503Amutant is unstable
compared with theWT or the S501D-S503Dmutant. The indicated amount of DNA
was transfected into HEK293T cells. (G) Rapamycin failed to induce degradation
of the S501D-S503D mutant. S501D-S503D mutant (DD) was stably expressed
in Tsc2−/− cells, and cells were treated with 20 nM rapamycin for the indicated
times. Endogenous Grb10 was detected using an antibody that preferentially
recognizes mouse Grb10, whereas the Grb10 DD mutant (of human origin) was
detected using an antibody to HA. Phosphorylation levels in this figure were
measured with phospho-specific antibodies against Grb10 (S501 and S503),
S6K (T389), RSK (T573), Akt (S473), and 4EBP (T37 and T46).
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stress-induced death (15), these results provide
additional possible explanations for the cytostatic
rather than cytotoxic effects of rapamycin in some
cancers and suggest that a complete understand-
ing of the feedback inhibition control will be crit-

ical in designing combination therapies involving
rapamycin analogs.

Comprehensive meta-analysis of published
microarray data revealed that the abundance of
GRB10was decreased in many tumor types com-

paredwith that in normal tissue counterparts (Fig.
4C). Given that loss of Grb10 results in activation
of the PI3K-Akt pathway (Fig. 4A), we performed
correlation analysis and found that there was a
significant (P< 0.05) negative correlation between
GRB10 and PTEN expression (Fig. 4, D and E).
This correlation was only observed in tumor sam-
ples but not in normal tissue controls (Fig. 4E).
PIK3CAmutations and PTEN loss are mutually
exclusive in breast cancer (16), suggesting that
increased abundance of phosphatidylinositol
3,4,5-trisphosphate (PIP3) resulting from of ge-
netic alteration of either PIK3CA or PTEN re-
lieves selective pressure targeting the other gene.
Similarly, loss of Grb10, which results in PI3K
activation, might provide the cells with growth
and survival advantages that are redundant with
respect to PTEN loss-of-function, suggesting that
Grb10 might be a tumor suppressor that is reg-
ulated by mTORC1. These data point to the pros-
pect of targeting Grb10 stability in cancer therapy.
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Fig. 4. Grb10 is involved in the feedback inhibition loop from mTORC1 to PI3K and ERK-MAPK, and
GRB10 mRNA expression is decreased in abundance in many cancers and is negatively correlated with
PTEN expression. (A) Knockdown of Grb10 in Tsc2−/− cells resulted in PI3K and ERK-MAPK hyperactivation
after insulin or IGF stimulation. C, shGFP; 1, shGrb10 #1; 2, shGrb10 #2. Phosphorylation levels were
measured against Akt (S473) and ERK1/2 (T202 and Y204). (B) Knockdown of Grb10 in Tsc2−/− cells
protected cells against apoptosis. Grb10 knockdown and control cells were starved overnight and then
treated with 100 nM staurosporine for 5 hours to induce apoptosis. Phosphorylation levels were measured
against Akt (S473). (C) Box plots indicating that GRB10 expression is significantly lower in many tumor
types compared with their corresponding normal tissues. (Only the tumor types that showed significantly
lower GRB10 expression in cancer versus normal in at least three independent microarray data sets are
included; P < 0.01, Log-rank test.) (D) Heat maps indicating a strong negative correlation between GRB10
and PTEN expression in myelomas and breast carcinomas. Low levels of GRB10 expression rarely occurred
in tumors that also showed low levels of PTEN expression. The z scores (from –1 to +1) of the normalized
expression values for the corresponding cancer data sets in (C) are shown. Red, lower expression compared
to mean (white). Blue, higher expression compared to mean (white). (E) Scatter plots comparing the
expression levels of GRB10 and PTEN in the normal and tumor samples, collected from six different
tissue types indicated in (C). The negative correlation between GRB10 and PTEN expression is evident
in the tumor but not in the corresponding normal samples.
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