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Summary
Feedback inhibition of the PI3K-Akt pathway by the mammalian target of rapamycin complex 1
(mTORC1) has emerged as an important signaling event in tumor syndromes, cancer, and insulin
resistance. Cells lacking the tuberous sclerosis complex (TSC) gene products are a model for this
feedback regulation. We find that, despite Akt attenuation, the Akt substrate GSK3 is constitutively
phosphorylated in cells and tumors lacking TSC1 or TSC2. In these settings, GSK3 phosphorylation
is sensitive to mTORC1 inhibition by rapamycin or amino-acid withdrawal, and GSK3 becomes a
direct target of S6K1. This aberrant phosphorylation leads to decreased GSK3 activity and
phosphorylation of downstream substrates and contributes to the growth factor-independent
proliferation of TSC-deficient cells. We find that GSK3 can also be regulated downstream of
mTORC1 in a HepG2 model of cellular insulin resistance. Therefore, we define conditions in which
S6K1, rather than Akt, is the predominant GSK3 regulatory kinase.

Introduction
The ser/thr kinase Akt (also known as PKB) is activated downstream of growth factor-
stimulated PI3K activity and phosphorylates a variety of downstream substrates. The best-
characterized Akt targets are the Forkhead box O (FoxO) family of transcription factors (Brunet
et al., 1999) and glycogen synthase kinase 3 (GSK3) (Cross et al., 1995). FoxO proteins
(FoxO1, FoxO3a, FoxO4) regulate diverse processes through transcriptional effects on a large
number of gene targets, such as those encoding metabolic enzymes, pro-apoptotic factors, and
cell-cycle inhibitory proteins (Accili and Arden, 2004). GSK3 (GSK3α and GSK3β) regulates
an equally diverse array of cellular processes by directly phosphorylating many substrates,
including metabolic enzymes, transcription factors, cell-cycle regulatory proteins, and
cytoskeletal proteins (Cohen and Goedert, 2004;Jope and Johnson, 2004). Akt’s
phosphorylation of both FoxO and GSK3 is inhibitory (Brunet et al., 1999;Cross et al.,
1995). Therefore, under conditions where the PI3K-Akt pathway is inactive (e.g., growth factor
withdrawal), FoxO proteins and GSK3 are active and, in a cell context-dependent manner, help
drive cell-cycle arrest and/or apoptosis.
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A more recently identified Akt substrate is the TSC2 protein (also called tuberin), which is a
tumor suppressor that forms a heterodimeric complex with the TSC1 protein (also called
hamartin). Mutations in TSC1 or TSC2 give rise to the hamartoma syndrome tuberous sclerosis
complex (TSC) and the proliferative lung disorder lymphangioleiomyomatosis (LAM). The
TSC1-2 complex negatively regulates the mammalian target of rapamycin (mTOR)-raptor
complex (mTORC1). TSC2 is a GTPase-activating protein (GAP) for the Ras-related small G
protein Rheb, which somehow activates mTORC1 kinase activity when in its GTP-bound
active form (reviewed in Sarbassov et al., 2005a). While the molecular mechanism is not fully
understood, Akt-mediated multi-site phosphorylation of TSC2 (Inoki et al., 2002;Manning et
al., 2002) inhibits its ability to act as a GAP towards Rheb within cells, thereby allowing Rheb-
GTP to activate mTORC1 signaling.

mTOR activation is downstream of PI3K-Akt signaling in this pathway, however there is ample
evidence that mTOR reciprocally regulates the growth-factor responsiveness of PI3K and Akt.
When mTOR is associated with rictor in the mTOR complex 2 (mTORC2), it directly
phosphorylates Akt on S473, thereby contributing to Akt activation (Sarbassov et al., 2005b).
However, mTORC1-specific inhibitors, such as rapamycin, have been found to enhance PI3K-
Akt activation in many cell lines (e.g., O’Reilly et al., 2006;Sun et al., 2005;Tremblay et al.,
2005), demonstrating the existence of a basal mTORC1-dependent feedback mechanism. This
feedback regulation has garnered significant interest over the past few years, as it could have
widespread implications for the pathology and treatment of common human diseases, such as
cancer and diabetes, as well as TSC and LAM (reviewed in Harrington et al., 2005;Manning,
2004;Sabatini, 2006)). However, the precise mechanism and downstream consequences of
mTORC1 feedback inhibition of PI3K-Akt signaling are, as yet, poorly defined.

Interestingly, cells and tumors lacking a functional TSC1-2 complex exhibit constitutively high
levels of mTORC1 activity and, consequently, are strongly defective in growth factor-
stimulated PI3K-Akt signaling (Jaeschke et al., 2002;Kwiatkowski et al., 2002;Manning et al.,
2005;Radimerski et al., 2002;Zhang et al., 2003). Studies on TSC-deficient cells have revealed
multiple mTORC1-dependent feedback mechanisms, as Akt is less responsive to insulin, IGF1,
PDGF, and even serum, and prolonged exposure to rapamycin can restore Akt activation in
these cells (Harrington et al., 2004;Shah and Hunter, 2006;Shah et al., 2004). Therefore, loss
of the TSC1-2 complex provides mTORC1 gain of function evidence to support the many
studies that have used rapamycin to implicate mTORC1 signaling in the feedback inhibition
of PI3K and Akt. Given the robust and genetically defined nature of systems lacking TSC1 or
TSC2, they are ideal for studying the molecular effects of this mTORC1-driven feedback loop.

In a previous study, we found that Akt signaling to its downstream targets FOXO1 and FOXO3a
was defective in Tsc2-deficient cells and tumors due to feedback inhibition (Manning et al.,
2005). In the study described here, we were surprised to find that in these same cells, GSK3
phosphorylation, on the site normally phosphorylated by Akt, occurs in a growth factor-
independent manner and is elevated in both mouse and human TSC tumors. We find that loss
of TSC1-2 complex function leads to constitutive phosphorylation and inhibition of GSK3 due
to aberrant S6K1 activity. This alternative regulation of GSK3 leads to misregulation of GSK3
substrates and contributes to the ability of TSC-deficient cells to proliferate in the absence of
growth factors. Finally, we provide evidence that mTORC1-S6K1 signaling can regulate GSK3
under other conditions of cellular insulin resistance. The mTORC1-mediated inhibition of
GSK3 in these settings has clear implications for TSC and LAM and, potentially, for cancer
and type-2 diabetes.
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Results
Aberrant GSK3 phosphorylation in TSC-deficient cells and tumors

As stated above, cells lacking either TSC1 or TSC2 are defective in growth factor-mediated
activation of Akt. This is reflected in a diminished phosphorylation of Akt and its substrate
FOXO3a in Tsc2−/− MEFs relative to littermate-derived wild-type cells, both basally and in
response to serum, IGF1, or PDGF (Figure 1A). Surprisingly, a second Akt substrate,
GSK3β, is highly phosphorylated in these cells, even under serum starvation conditions, and
is not further stimulated by growth factors. This constitutive phosphorylation of GSK3β on the
inhibitory Akt site (S9) parallels that of S6K1 phosphorylation on T389, which reflects the
high levels of growth factor-independent mTORC1 signaling typical of TSC null cells.

As we had previously demonstrated defects in Akt activation and signaling to FOXO1 in the
liver hemangiomas of a mouse model of TSC (Manning et al., 2005), we next examined GSK3
phosphorylation in these lesions. As in TSC null MEFs, phosphorylated GSK3 was detected
in the liver hemangiomas arising in Tsc2+/− mice (Figure 1B) and was substantially higher in
the cells comprising the tumor than in adjacent normal tissue (Figure 1B, inset). Therefore,
these tumors, which contain elevated mTORC1 signaling concomitant with Akt attenuation
(Manning et al., 2005), exhibit high levels of GSK3 phosphorylation.

Tumors classified as cortical tubers are a hallmark of the TSC brain and contain abnormally
large cells, referred to as “giant cells”, which express both neuronal and glial markers (Crino,
2004). These cells, which are readily detected by vimentin staining (Hirose et al., 1995), display
elevated mTORC1 signaling (Crino, 2004). We found that the majority (77.4%) of vimentin-
positive giant cells (>30 μm in diameter) within surgical resections from a TSC patient
exhibited high levels of GSK3 phosphorylation (representative cell shown in Figure 1C).
Therefore, like markers of mTORC1 activation, GSK3 phosphorylation is elevated in TSC-
deficient cells and tumors.

PI3K-independent/mTORC1-dependent phosphorylation of GSK3 in cells lacking the TSC1-2
complex

To determine the mechanism of alternative GSK3 regulation in TSC-deficient cells, we
compared the sensitivities of GSK3 phosphorylation to the PI3K inhibitor wortmannin and the
mTORC1 inhibitor rapamcyin in littermate-derived pairs of wild-type and Tsc1 or Tsc2 null
MEFs. In wild-type MEFs, the phosphorylation of Akt and its downstream targets FOXO3a
and GSK3α/β are stimulated by IGF1, inhibited by wortmannin, and completely resistant to
rapamycin (Figure 2A-Tsc1+/+, 2B-Tsc2+/+). However, in both Tsc1−/− and Tsc2−/− MEFs,
Akt and FOXO3a are not phosphorylated, while GSK3α and β are constitutively
phosphorylated in a manner that is resistant to wortmannin and sensitive to rapamcyin (Figure
2A-Tsc1−/−, 2B-Tsc2−/−). In the TSC-deficient cells, the sensitivity of GSK3 phosphorylation
to these drugs is identical to that of S6 phosphorylation, while in wild-type cells S6
phosphorylation is sensitive to both wortmannin and rapamycin.

In order to further demonstrate that this misregulation of GSK3 results from loss of TSC1-2
complex function, we examined GSK3 phosphorylation in Tsc2−/− MEFs reconstituted with
empty vector, wild-type TSC2, or a TSC patient-derived mutation of TSC2. Wild-type TSC2,
expressed at levels similar to endogenous (Figure S1A), restored growth factor-responsive,
wortmannin-sensitive, rapamycin-resistant phosphorylation of Akt and GSK3 (Figure 2C).
However, TSC patient mutant-reconstituted cells were identical to empty vector, as both
displayed Akt attenuation and constitutive rapamycin-sensitive phosphorylation of GSK3. As
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expected, wild-type TSC2, but not the patient mutant, also restored growth-factor dependent
S6K1 phosphorylation that was sensitive to both wortmannin and rapamycin.

To determine whether the aberrant phosphorylation of GSK3 requires chronic loss of the
TSC1-2 complex or whether transient loss is sufficient, we knocked down TSC2 expression
in HeLa cells using siRNAs. Upon efficient knock down of TSC2, growth factor-independent
phosphorylation of both S6K1 and GSK3 is evident following 16 or 24 h serum starvation, and
both are acutely sensitive to rapamycin (Figures 2D and S1B). Therefore, functional
inactivation of the TSC1-2 complex leads to constitutive and rapamycin-sensitive GSK3
phosphorylation.

These data strongly suggest that GSK3 phosphorylation is independent of PI3K but
downstream of mTORC1 in TSC-deficient cells. However, in some of our treatments, we
detected a slight sensitivity of GSK3 phosphorylation to wortmannin, albeit much less than
wild-type cells. As PI3K-Akt signaling is defective in these cells, it is likely that this effect is
due to sensitivity of the PI3K-related kinase mTOR to wortmannin (Brunn et al., 1996), or to
contributions from the class III PI3K, hVPS34 (Nobukuni et al., 2005). Therefore, we compared
the sensitivity of GSK3 and S6K1 phosphorylation to increasing doses of wortmannin (15-min
pretreatment) in wild-type versus Tsc2−/− MEFs. In wild-type cells, 50-nM wortmannin greatly
reduces and 100 nM eliminates the phosphorylation of Akt, GSK3, and S6K1 (Figure 3A),
indicative of PI3K inhibition. However, in Tsc2−/− cells these doses have only a slight effect
on both GSK3 and S6K1, while rapamycin eliminates their phosphorylation. At higher doses,
wortmannin is known to directly inhibit mTOR kinase activity (Brunn et al., 1996), and this
is reflected in both GSK3 and S6K1 phosphorylation being inhibited at doses of 500 nM and
above in the Tsc2 null cells.

In order to further confirm that GSK3 phosphorylation is driven by mTORC1 signaling in TSC-
deficient cells, we examined its sensitivity to the presence of amino acids, an obligate stimulus
of mTORC1 activity (Hara et al., 1998). As found previously for S6K1 (Nobukuni et al.,
2005), in Tsc2−/− cells the constitutive phosphorylation of GSK3 is dependent on amino acids
(Figure 3B). However, unlike S6K1, in wild-type cells the IGF1-stimulated phosphorylations
of Akt and GSK3 are not sensitive to amino acid withdrawal. These data further demonstrate
that upon loss of the TSC1-2 complex there is a switch from growth factor-responsive Akt-
dependent GSK3 phosphorylation to nutrient-sensitive mTORC1-dependent GSK3
phosphorylation.

Akt signaling is attenuated in TSC-deficient cells by a rapamycin-sensitive feedback
mechanism, and full restoration of growth-factor responsive Akt activation requires prolonged
exposure to rapamycin (Harrington et al., 2004;Shah et al., 2004). Therefore, we tested the
effects of different durations of rapamycin treatment on GSK3 phosphorylation in Tsc2−/−

cells. GSK3 phosphorylation is eliminated within 15 min, as in other experiments, and remains
low after 1-h and 6-h treatments, with IGF1 having no stimulatory effect (Figure 3C). However,
after 12 and 24-h treatments, GSK3 phosphorylation is responsive to IGF1, as is Akt. While
basal phosphorylation of GSK3 is also increased by prolonged rapamycin, it is still significantly
lower than the constitutive phosphorylation in untreated TSC-deficient cells (Figure 3D).
Consistent with Akt phosphorylating GSK3 after prolonged rapamycin, the restored IGF1-
stimulated GSK3 phosphorylation is completely sensitive to wortmannin (Figure 3E).

S6K1 is the GSK3 kinase in TSC-deficient cells
For several reasons, S6K1 was the strongest candidate for the mTORC1-dependent kinase
responsible for GSK3 phosphorylation in the absence of Akt signaling. First, S6K1 and S6K2
are the only members of the AGC kinase family, to which Akt belongs, known to be acutely
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sensitive to mTORC1 inhibition. Second, Akt and S6K1 have similar substrate specificities in
vitro (Alessi et al., 1996), and the Akt sites on GSK3α (S21) and β (S9) closely resemble those
of the S6K1 sites on eIF4B (S422; Raught et al., 2004) and ribosomal S6 (S236; Flotow and
Thomas, 1992) (Figure 4A). Finally, S6K1 was found previously to be capable of
phosphorylating GSK3α and β in vitro (Sutherland and Cohen, 1994;Sutherland et al., 1993).
Therefore, we first tested whether the constitutively active S6K1 from Tsc2−/− MEFs or HeLa
cells with siRNA-mediated knock down of TSC2 could directly phosphorylate GSK3. We
found that endogenous S6K1 isolated from serum-starved TSC2-deficient cells, but not control
cells, could phosphorylate recombinant GSK3β on S9 in vitro, and this activity is sensitive to
pretreatment of the cells with rapamycin (Figure 4B,C).

To test whether S6K1 is the in vivo GSK3 kinase in TSC null cells, we used S6K1-specific
siRNAs to reduce S6K1 levels in both Tsc1−/− and Tsc2−/− MEFs. GSK3 is highly
phosphorylated under serum starvation conditions in these TSC-deficient cells, and knockdown
with S6K1 siRNAs, but not control siRNAs, nearly abolish this constitutive phosphorylation
in both cell lines (Figure 4D,E). Interestingly, siRNAs targeting S6K2, alone or in combination
with S6K1 siRNAs, had little effect on GSK3 phosphorylation in these cells, despite
significantly decreasing S6 phosphorylation (Figure S2). Therefore, constitutive S6K1 activity
in cells lacking the TSC1-2 complex leads to growth-factor independent phosphorylation of
GSK3 on the same site that Akt phosphorylates in wild-type cells.

Decreased GSK3 kinase activity and activation by rapamycin in TSC-deficient cells
GSK3 is an unusual kinase in that it is activated by growth-factor withdrawal due to
deactivation of its inhibitory kinase Akt. Our finding that GSK3 is constitutively
phosphorylated by S6K1 in TSC-deficient MEFs suggests that GSK3 remains inhibited in these
cells under serum-starvation conditions. To test this, we compared endogenous GSK3 kinase
activity in immunoprecipitates from serum-starved littermate-derived Tsc2+/+ and Tsc2−/−

MEFs. Consistent with the inhibitory phosphorylation of GSK3 under these conditions, GSK3
activity was significantly lower in the Tsc2−/− cells relative to the wild-type cells (Figure 5A).
This ~40% decease in activity is similar to that reported for insulin-stimulated GSK3 inhibition,
which is caused by Akt-mediated phosphorylation (Cross et al., 1995). Importantly, while a
30-min treatment with rapamycin had only a minor effect on GSK3 activity in wild-type cells,
it strongly activated the kinase in Tsc2−/−cells, consistent with rapamycin blocking the
inhibitory phosphorylation in these cells (Figure 5A).

We also examined the status of GSK3-specific phosphorylation sites on well-characterized
substrates within these cells. Following 6 hours of serum starvation, phosphorylation of the
GSK3 sites on both glycogen synthase (GS; S641) and c-Myc (T58) were significantly lower
in the Tsc2−/− cells than the wild-type cells (Figure 5B). Importantly, short-term rapamycin
treatment (30 min) increased the phosphorylation of both GS and c-Myc in the Tsc2−/− cells
but had no effect on the wild-type cells. GSK3-mediated phosphorylation of c-Myc on T58
targets it for degradation (Sears et al., 2000), thereby contributing to c-Myc instability upon
growth-factor withdrawal. In agreement with this mode of regulation, after 6 h serum starvation
c-Myc protein levels are higher in the Tsc2−/− cells than the wild type cells.

To demonstrate that these effects on GSK3 signaling are due to loss of TSC2, we examined
Tsc2−/− MEFs reconstituted with vector or human TSC2. After four hours of serum starvation,
the TSC2-reconstituted MEFs showed a loss of GSK3 phosphorylation and elevated levels of
GSK3-dependent (i.e., SB216763-sensitive) GS phosphorylation (Figure 5C). Furthermore,
rapamycin had no effect on GS phosphorylation in the presence of wild-type TSC2, whereas
it enhanced GSK3-mediated GS phosphorylation in the vector control cells. We also examined
c-Myc phosphorylation and protein levels in these reconstituted MEFs following four hours
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of serum withdrawal. Compared to vector-control cells, those cells reconstituted with wild-
type TSC2 have greatly elevated levels of c-Myc T58 phosphorylation and a corresponding
decrease in total c-Myc protein levels (Figure 5D, replicates shown). Finally, Tsc2−/− MEFs
reconstituted with the patient-derived mutation are similar to the vector control cells in that
they contain low levels of c-Myc phosphorylation and increased levels of total c-Myc.
Therefore, the ability of GSK3 to properly regulate downstream targets is defective in cells
lacking a functional TSC1-2 complex.

Constitutive GSK3 inhibition contributes to the growth factor-independent proliferation of
TSC-deficient cells

We next tested whether defects in GSK3 regulation might affect the proliferation properties of
cells lacking the Tsc1-2 complex. In full serum, we find that Tsc2−/− MEFs proliferate slightly
slower than their wild-type counterparts (Figure 6A), perhaps due to their decreased
responsiveness to serum (Figure 1A; Zhang et al., 2003). However, under serum starvation
conditions, the Tsc2−/− cells continue to divide, whereas the wild-type cells arrest (Figure 6B).
This serum-free proliferation of Tsc2-deficient cells is dependent on mTORC1 activity, as
rapamycin treatment leads to a growth arrest comparable to untreated wild-type cells. Since
rapamycin treatment of TSC-deficient cells blocks the constitutive phosphorylation of GSK3
(Figures 2 and 3) and leads to its activation (Figure 5), we hypothesized that GSK3 activation
could contribute to the cytostatic effects of rapamycin on these cells. To test this, we cultured
Tsc2−/− MEFs for 48 hours in serum-free media in the presence of rapamycin or rapamycin
plus one of two structurally distinct GSK3 inhibitors, LiCl or SB216763 (Coghlan et al.,
2000;Cohen and Goedert, 2004;Stambolic et al., 1996). Interestingly, co-treatment with either
GSK3 inhibitor partially, but significantly, rescues the Tsc2 null cells from the cytostatic effects
of rapamycin, as detected by both cell counts (Figure 6C) and BrdU incorporation (Figure 6D).
Tsc1−/− MEFs behave in a similar manner under low serum conditions (Figure S3A). However,
GSK3 inhibitors have no effect on the proliferation of wild-type cells under these conditions
(Figure S3B) nor do they affect the ability of rapamycin to inhibit mTORC1 signaling (data
not shown). To assure that the effect of these compounds on Tsc2−/− cells is due specifically
to GSK3 inhibition, we knocked down both GSK3α and β using siRNAs (Figure 6E). Compared
to the pharmacological inhibitors, this efficient genetic ablation of GSK3 expression even more
strongly rescues Tsc2−/−cells from rapamycin-induced growth arrest, while having only a mild
effect on vehicle-treated cells (Figure 6F).

In a reciprocal line of experiments, we tested the effects of a mutant of GSK3 that lacks the
inhibitory phosphorylation site (GSK3β-S9A) on the proliferation properties of Tsc2−/− MEFs.
Expression of human TSC2 completely blocks the serum-free proliferation of these cells,
thereby demonstrating the specificity of this phenotype for loss of TSC2 (Figure 6G).
Interestingly, expression of GSK3β-S9A also suppresses this growth factor-independent
proliferation, albeit not to the extent of TSC2 expression. Therefore, these collective data
demonstrate that constitutive phosphorylation and inhibition of GSK3 is a contributing factor
to the mTORC1-dependent serum-free proliferation property of TSC-deficient cells.

mTORC1-dependent phosphorylation of GSK3 under other conditions of cell intrinsic insulin
resistance

Our findings that GSK3 falls under control of mTORC1 signaling when Akt activation is
attenuated in TSC-deficient cells suggest that this alternative mode of GSK3 regulation might
occur in other models of cellular insulin resistance. It is widely known that chronic exposure
of insulin-responsive cells to insulin desensitizes PI3K-Akt signaling to further insulin
stimulation and, like TSC-deficient cells (Harrington et al., 2004;Shah and Hunter, 2006;Shah
et al., 2004), this insulin resistance has been shown to involve mTORC1-dependent
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downregulation of the IRS1 and IRS2 proteins (reviewed in Harrington et al., 2005;Manning,
2004). Therefore, we tested whether GSK3 phosphorylation can be regulated by mTORC1
signaling in insulin resistant HepG2 cells. As expected, 16-h pretreatment with insulin
significantly lowered the responsiveness of Akt phosphorylation to acute (15 min) insulin
(Figure 7A, compare lanes 3 and 6). While chronic insulin decreased basal Akt and FOXO3a
phosphorylation, it had very little effect on the basal state of GSK3 and S6K1 phosphorylation
(compare lanes 1 and 4). Interestingly, in addition to inhibiting S6K1 phosphorylation, short-
term (15 min) rapamycin treatment significantly lowered the basal phosphorylation of GSK3
under these conditions, while it slightly increased phosphorylation of Akt and FOXO3a (lane
5). The opposing effects of rapamycin on Akt and GSK3 phosphorylation under this state of
insulin resistance were quantified using an infrared imaging system (Figure 7B). This approach
demonstrates a significant increase in Akt phosphorylation concomitant with a significant
decrease in GSK3α and β phosphorylation in response to rapamycin. Therefore, these data
suggest that mTORC1-S6K1 regulation of GSK3 might extend to other settings in which the
PI3K-Akt pathway is subjected to feedback inhibition, such as during conditions of insulin
resistance.

Discussion
S6K1 as a bona fide GSK3 kinase

In addition to Akt, several members of the AGC kinase family can phosphorylate GSK3 on its
amino-terminal regulatory site in vitro (e.g., Goode et al., 1992;Sutherland and Cohen,
1994;Sutherland et al., 1993), and some have suggested roles in GSK3 regulation in vivo. For
instance, there are data demonstrating that stimulus-specific activation of PKA, PKC, or RSK
isoforms can lead to GSK3 phosphorylation in some settings (e.g., Eldar-Finkelman et al.,
1995;Fang et al., 2002;Li et al., 2000). In the early 90’s, in vitro data from the Cohen laboratory
lead to speculation that S6K1 was the GSK3 kinase downstream of insulin (Sutherland and
Cohen, 1994;Sutherland et al., 1993). However, based on seminal studies from the same
laboratory, it is now widely believed that Akt is the relevant GSK3 kinase downstream of
receptor tyrosine kinase signaling (Cross et al., 1995) (Figure 7C, top). Our data demonstrate
that under conditions where growth factor stimulation of Akt is attenuated, S6K1 can directly
phosphorylate and inhibit GSK3 in vivo (Figure 7C, bottom). This raises an interesting question
with regard to signaling specificity of AGC family kinases, many of which share overlapping
features in their substrate specificities. Under normal growth factor-stimulated conditions,
undefined temporal or spatial factors, perhaps combined with differences in kinase activity
thresholds, are likely to dictate that Akt rather than S6K1 is the predominant regulatory kinase
for GSK3. Interestingly, exogenous amino acids have been shown to transiently inhibit GSK3
and activate glycogen synthase in muscle cells without affecting Akt, and this effect is blocked
by rapamcyin, thereby implicating mTORC1 signaling (Armstrong et al., 2001;Peyrollier et
al., 2000). Our data show that GSK3 phosphorylation is dependent on amino acids in the
absence of TSC1-2 complex function. Therefore, in certain settings, GSK3 is regulated by the
availability of nutrients through mTORC1-S6K1 signaling (Figure 7C, bottom). In this context,
GSK3 would be active when nutrients are sparse, thereby allowing it to contribute to inhibition
of macromolecular synthesis through phosphorylation of specific substrates, such as glycogen
synthase and eIF2B (Cohen and Goedert, 2004;Jope and Johnson, 2004).

Implications for human disease
Our finding that GSK3 is aberrantly regulated by S6K1 upon loss of the TSC1-2 complex has
important implications for the pathogenesis of the TSC and LAM diseases. Elevated mTORC1
signaling is clearly a driving force behind the neoplastic lesions in these diseases. However,
this increased mTORC1 signaling also leads to feedback inhibition of Akt (Harrington et al.,
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2004;Radimerski et al., 2002;Shah et al., 2004), perhaps contributing to the benign nature of
tumors lacking TSC gene function (Manning et al., 2005). Inhibition of tumor promoting
signals from the PI3K-Akt pathway could, in theory, block tumorigenesis altogether. As GSK3
inhibition contributes to the effects of PI3K-Akt signaling on cell proliferation, growth, and
survival, the constitutive inhibition of GSK3 described here is likely to be an important factor
in TSC tumor development. Importantly, we found that pharmacological or genetic inhibition
of GSK3 was not sufficient to stimulate growth factor-independent proliferation of wild-type
cells (not shown). This suggests that, while aberrant GSK3 inhibition is a key factor, other
signaling events triggered by loss of the TSC1-2 complex, including mTORC1-dependent
increases in protein translation, also contribute to this property in TSC-deficient cells.

GSK3 has a large number of substrates that, when misregulated, could contribute to the location
and unusual characteristics of many TSC lesions (Cohen and Goedert, 2004;Jope and Johnson,
2004). For instance, tumors within the TSC brain are comprised of neurons with aberrant
morphology (Crino, 2004), and TSC patients display a number of neuropsychiatric disorders
(Prather and de Vries, 2004), both of which could, at least partially, be explained by
misregulation of the many known neuronal targets of GSK3. In addition, the characteristic
accumulation of glycogen within TSC cardiac rhabdomyomas (Gomez et al., 1999) could be
explained by increased glycogen synthase activity in TSC-deficient cardiomyocytes due to
constitutive inhibition of GSK3. It is intriguing that GSK3 activity has recently been found to
be required for proper localization of the polycystic kidney disease protein polycystin-2 (or
PKD2) within kidney cells (Streets et al., 2006), potentially explaining the occurrence of kidney
cysts in TSC patients. Furthermore, GSK3 inhibition has also been shown to enhance smooth
muscle cell survival, even under hypoxic conditions (Loberg et al., 2002), a property that is
likely to contribute to the pathogenesis of LAM. Therefore, in addition to the known
downstream targets of mTORC1 signaling, we must now consider that many of the targets and
processes downstream of GSK3 are also likely to be misregulated upon functional loss of the
TSC1-2 complex.

A basal mTORC1-dependent inhibition of Akt signaling has recently been recognized in a
number of cancer cell lines and in tumor biopsies (O’Reilly et al., 2006;Sun et al., 2005). It
will be interesting to determine whether Akt substrates are differentially affected by this
feedback mechanism and, more specifically, whether GSK3 is regulated downstream of
mTORC1 in these settings. In this regard, a recent study of breast cancer cell lines demonstrated
that rapamycin treatment could activate GSK3 and that this contributed to the ability of
rapamycin to enhance apoptosis in response to paclitaxel (Dong et al., 2005). However, no
effect on GSK3 phosphorylation was observed, and the mechanism remains unknown. As there
are a number of PI3K-independent pathways that affect mTORC1 and S6K1 signaling
(Sarbassov et al., 2005a), it is possible that S6K1-mediated inhibition of GSK3 could also
contribute to tumorigenesis downstream of oncogenic events that activate such pathways.

In addition to TSC-deficient cells, we found that another model of cell intrinsic insulin
resistance displays mTORC1-dependent phosphorylaton of GSK3. In mammals, insulin-
stimulated inhibition of GSK3 by Akt plays a role in maintaining blood glucose levels by
increasing glycogen synthesis in insulin-responsive tissues, such as liver and skeletal muscle
(Cline et al., 2002;Coghlan et al., 2000;McManus et al., 2005). Activation of mTORC1-S6K1
signaling in liver and muscle has been linked to insulin resistance (e.g., Khamzina et al.,
2005;Tremblay et al., 2005;Um et al., 2004), especially under states of obesity. Whether
mTORC1 and S6K1 can regulate GSK3 under such conditions is currently unknown, but this
could represent a compensatory mechanism to partially alleviate the consequences of insulin
resistance in some tissues. Analogous to our findings here, it is possible that GSK3 would come
under control of dietary amino acids in these tissues.
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Knowledge of alternative wiring of signaling pathways triggered by loss of tumor suppressors
or under specific pathological or physiological states is critical to our complete understanding
of the consequences of such perturbations. The study described here adds to the complexity of
signaling crosstalk between the PI3K and mTOR pathways, which can be either interdependent
or independent depending on cell intrinsic and extrinsic factors. As detailed above, our finding
that GSK3 is controlled by the nutrient-sensitive mTORC1 pathway in certain cellular contexts
has the potential to help explain clinical features and predict clinical outcomes in a diverse
array of human diseases.

Experimental Procedures
Cell culture, constructs, and siRNAs

HeLa cells and MEF lines were maintained in Dulbecco’s modified Eagle medium with 4.5 g/
L glucose (DMEM) containing 10% fetal bovine serum (FBS). Immortalized littermate-derived
pairs of wild-type and null Tsc1 (3T3 immortalized) and Tsc2 (p53−/−) MEFs were provided
by D.J. Kwiatkowski (Brigham and Women’s Hospital, Boston MA) and were described
previously (Kwiatkowski et al., 2002;Zhang et al., 2003). For amino acid starvation, cells were
incubated in Eagle’s minimum essential medium (MEM) overnight, washed once in PBS, and
then incubated for 2 hours in the presence (DMEM) or absence (Dulbecco’s PBS) of amino
acids, both containing 1 g/l glucose. For insulin resistance experiments, HepG2 cells were
cultured for 16 h in MEM plus 0.1% FBS with or without 100 nM insulin, and prior to the final
indicated treatments, the medium on all samples was changed to fresh MEM plus 0.1% FBS
without insulin.

Retroviral IRES-hygro constructs expressing human TSC2 or a patient-derived TSC2 missense
(Figures 2 and 5) were provided by D.J. Kwiatkowski. Retroviral pBabe-puro-TSC2 (Figure
6G) was described previously (Brugarolas et al., 2004). pBabe-puro-GSK3β-S9A was
generated by standard site-directed mutagenesis from a cDNA clone of human GSK3β.

All RNAi experiments were carried out with SMARTpool siRNAs (Dharmacon) and
Lipofectamine 2000 (invitrogen) according to the manufacturers’ instructions using the
following concentrations or the same concentrations of a non-targeting pool of control siRNAs:
80 nM human TSC2, 10 or 50 nM mouse S6K1, 80 nM mouse GSK3α and β.

For proliferation assays, equal numbers of cells (3.5–7 × 104) were seeded into 6-well plates
and incubated with or without 10% FBS in the presence of vehicle (0.1% DMSO) or the
indicated inhibitors. The appropriate fresh medium was provided each day. Each growth
condition was carried out in triplicate, and cells were counted every 24 h using a
hemacytometer. For BrdU incorporation, cells were cultured on coverslips in serum-free media
in the presence of the indicated inhibitors for 48 hours, with 10 μM BrdU added for the final
24 h. BrdU incorporation was detected using a fluorescein-conjugated anti-BrdU antibody
(Roche) according to the manufacturer’s instructions. Each condition was carried out in
triplicate.

Immunoblots and kinase assays
Cell lysates and immunoblots were prepared as described previously (Manning et al., 2002).
All IP-kinase assays were adaptations of a previously described protocol (Manning et al.,
2002); the specific details are provided with the supplemental materials. The antibodies used
in this study were obtained from Cell Signaling Technologies. The phospho-specific antibodies
recognize Akt-S473, FOXO3a-T32, GSK3α-S21, GSK3β-S9, S6K1-T389, S6-S236, GS-
S641, and c-Myc-T58. For quantification purposes, an Odyssey Infrared Imaging System (LI-
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COR) was employed according to the manufacturer’s protocol, and the relative intensities of
protein bands were measured using the Odyssey version 1.2 software.

Immunohistochemistry
Formalin-fixed paraffin-embedded liver hemangioma tissues from 12-month old Tsc2+/−mice
were obtained in a previous study (Manning et al., 2005). Immunohistochemistry with a
phospho-GSK3α/β-S21/S9 antibody (1:100) was performed according to the antibody
manufacturer’s instructions and detected using Evision+ (DakoCytomatation).

Cortical tuber resections from epilepsy surgery on a TSC patient (performed at Children’s
Hospital, Boston) were fixed in 4% paraformaldehyde and sectioned serially at 50-μm
thickness. Sections were incubated with monoclonal anti-vimentin (1:500) and polyclonal anti-
phospho-GSK3β-S9 antibodies (1:200) and were subsequently stained with fluorescent-
conjugated secondary antibodies. Negative controls included omission of the primary antibody
and did not reveal any staining. Images were obtained on Zeiss LSM510 Meta Laser Scanning
Confocal Microscope and merged using Zeiss Meta software.

Statistical analyses
Quantitative data for cell proliferation and GSK3 kinase assays were analyzed by one-way
analysis of variance using GraphPad InStat version 2.04a. Multiple comparisons were
performed using Tukey’s honestly significant difference procedure. Results obtained using the
Odyssey Infrared Imaging System were analyzed using a paired two-tailed Student’s t-test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GSK3 phosphorylation is constitutive in Tsc2 null cells and is elevated in TSC tumors
(A) Differential regulation of the Akt substrates FOXO3a and GSK3 in Tsc2−/− MEFs.
Littermate-derived Tsc2+/+ (+) and Tsc2−/− (−) MEFs were cultured in the absence (−ser) or
presence (+ser) of serum for 16 h, or serum starved then stimulated for 15 min with 50 ng/ml
IGF1 or 5 ng/ml.
(B) GSK3 phosphorylation is elevated in liver hemangiomas from Tsc2+/− mice. A
representative example from five tumors obtained from five different Tsc2+/− mice aged 12
months is shown at 200X magnification; inset with adjacent normal tissue is shown at 1000X.
Phospho-GSK3 is depicted in brown; nuclei are counterstained in blue.
(C) GSK3 phosphorylation is elevated in cortical tuber giant cells from a TSC patient. A
representative giant cell from a cortical tuber resection is shown stained with vimentin (green)
and phospho-GSK3 (red). Bar: 20 μM.
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Figure 2. Loss of the TSC1-2 complex leads to wortmannin-resistant rapamycin-sensitive
phosphorylation of GSK3
(A) Littermate-derived Tsc1+/+ and Tsc1−/− MEFs were serum starved for 16 h and then
pretreated for 15 min with 100 nM wortmannin (w) or 20 nM rapamycin (r) then stimulated
for 15 min with 25 ng/ml IGF1, where indicated. Lysates were then immunoblotted with the
indicated phospho-specific antibodies or antibodies to total GSK3 and eIF4E as loading
controls.
(B) Cells were treated as described in A, but using littermate-derived Tsc2+/+ and Tsc2−/−

MEFs.
(C) Rescue of the alternative regulation of GSK3 in Tsc2−/− MEFs with wild-type human
TSC2. Retrovirus-infected pools of Tsc2−/− MEFs stably expressing empty vector, human
TSC2, or a patient-derived mutant of TSC2 (P419S) were treated as described in A.
(D) TSC2 knockdown in HeLa cells leads to constitutive rapamycin-sensitive GSK3
phosphorylation. 48 hours post-transfection with control or TSC2 siRNAs, HeLa cells were
serum starved for 16 h and treated for 15 min with 20 nM rapamycin, where indicated.
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Figure 3. mTORC1-dependent phosphorylation of GSK3 in Tsc2 null cells
(A) S6K1 and GSK3 phosphorylation are more resistant to wortmannin in Tsc2−/− cells.
Tsc2+/+ and Tsc2−/− MEFs were serum starved for 16 h and then pretreated for 15 min with
20 nM rapamycin or increasing doses of wortmannin (50 nM up to 5 μM) then stimulated for
15 min with 50 ng/ml IGF1.
(B) Amino acid-dependent phosphorylation of GSK3 in Tsc2−/− cells. Tsc2+/+ and
Tsc2−/−MEFs were serum starved for 16 h and then put in fresh media with or without amino
acids for an additional 2 hours prior to 15 min stimulation with 50 ng/ml IGF1, where indicated.
Immunoblots for phospho and total Akt and GSK3 were performed together.
(C) Growth factor-responsive phosphorylation of Akt and GSK3 is restored to Tsc2−/−cells
after prolonged rapamycin treatment. Tsc2−/− MEFs were serum starved for 24 h in the
presence of 20 nM rapamycin for the specified duration prior to 15 min stimulation with 25
ng/ml IGF1, where indicated.
(D) Prolonged rapamycin reduces basal GSK3 phosphorylation in Tsc2−/− cells. Tsc2−/−MEFs
were serum starved for 48 h in the presence of 20 nM rapamycin for the specified duration.
(E) Prolonged rapamycin treatment restores wortmannin-sensitive GSK3 phosphorylation to
Tsc2−/− cells. Tsc2−/− MEFs were serum starved for 24 h in the presence or absence of 20 nM
rapamycin, were pretreated for 15 min with 20 nM rapamycin or 100 nM wortmannin, where
indicated, and then stimulated for 15 min with 25 ng/ml IGF1.
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Figure 4. S6K1 phosphorylates GSK3 in TSC-deficient cells
(A) The corresponding phosphorylation sites on GSK3 and the S6K1 substrates eIF4B and S6
are similar. The residues flanking GSK3α-S21, GSK3β-S9, eIF4B-S422, and ribosomal S6-
S236 are aligned.
(B) S6K1 from serum-starved Tsc2−/− MEFs, but not wild-type MEFs, can phosphorylate
GSK3β-S9 in vitro. Tsc2+/+ and Tsc2−/− MEFs were serum starved for 16 h and then treated
for 15 min with 20 nM rapamycin, where indicated. Immunoprecipitated S6K1 was used in an
in vitro kinase assay with bacterially produced GSK3β as the substrate. GSK3 phosphorylation
on S9 was detected using a phospho-specifc antibody.
(C) S6K1 from serum-starved HeLa cells treated with TSC2 siRNAs, but not control siRNAs,
can phosphorylate GSK3β-S9 in vitro. 24 h post-transfection with control or TSC2-targetting
siRNAs, HeLa cells were treated as described in B.
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(D) S6K1 knockdown in Tsc1−/− cells blocks the constitutive phosphorylation of GSK3. 24
hours post-transfection with the indicated doses of control or S6K1-targetting siRNAs,
Tsc1−/− MEFs were serum starved for 16 hours.
(E) Tsc2−/− MEFs were treated as described in D.
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Figure 5. GSK3 activity is decreased in Tsc2 null cells and reactivated by rapamycin
(A) GSK3 kinase activity is lower in serum-starved Tsc2−/− cells and is activated by rapamycin
treatment. Tsc2+/+ and Tsc2−/− MEFs were serum starved for 16 h and then treated for 30 min
with 20 nM rapamycin (Rap), where indicated. The activity of immunoprecipitated GSK3 was
assayed using a primed phospho-peptide derived from glycogen synthase. Data are presented
as mean ± SEM activity relative to untreated wild-type cells. *1 versus 3, P<0.01; **3 versus
4, P<0.001.
(B) Phosphorylation of the GSK3 sites on glycogen synthase and c-Myc are decreased in
Tsc2−/− cells and restored by rapamycin. Tsc2+/+ and Tsc2−/− MEFs were serum starved for
6 h and then treated for 30 min with Rap, where indicated. Total levels of eIF4E are provided
as a loading control.
(C) Rescue of GSK3-dependent glycogen synthase phosphorylation in Tsc2−/− MEFs by
human TSC2. Retrovirus-infected pools of Tsc2−/− MEFs were serum starved for 4 h and
treated with 10 μM SB216763 and/or Rap, where indicated. Total levels of actin are provided
as a loading control.
(D) Rescue of c-Myc phosphorylation and degradation in Tsc2−/− MEFs by human TSC2. Two
independent samples each of retrovirus-infected pools of Tsc2−/− MEFs stably expressing
empty vector, human TSC2, or a patient-derived mutant of TSC2 (P419S) were serum starved
for 4 h prior to lysis. *Indicates cross-reacting band in both B and D.
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Figure 6. Aberrant regulation of GSK3 contributes to the serum-free proliferation property of
TSC-deficient cells
(A) Proliferation of littermate-derived Tsc2+/+ (WT) and Tsc2−/− (KO) MEFs in full serum.
Cells were cultured in 10% fetal bovine serum with fresh nutrients and serum provided daily
in the presence of 0.1% DMSO (vehicle) or 20 nM rapamycin (Rap). Data are presented as
mean ± SEM.
(B) Cells were cultured as in A but under serum starvation conditions.
(C) Pharmacological inhibition of GSK3 partially blocks the effects of rapamycin on the serum-
free proliferation property of Tsc2−/− cells. Tsc2−/− MEFs were cultured for 48 h in serum free
media in the presence of vehicle, Rap, or Rap plus either 10 mM LiCl or 10 μM SB216763.
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Data are presented as the mean ± SEM percentage of cells present relative to vehicle control,
after subtracting the original cell number plated. *Rap versus Rap + LiCl or Rap + SB216763,
P<0.05.
(D) Cells were cultured as described in C but with BrdU added for the final 24 h. Data are
presented as the mean ± SEM percentage of DAPI-stained nuclei (red) also positive for BrdU
(yellow/green). *Rap versus Rap + LiCl, P<0.05.
(E) SiRNA knockdown of GSK3α and β in Tsc2−/− MEFs.
(F) SiRNA knockdown of GSK3α and β significantly blocks the effects of rapamycin on
Tsc2−/− cells. 24 hours post-transfection with control or GSKα and β-targetting siRNAs, equal
numbers of Tsc2−/− MEFs were reseeded and serum starved in the presence of vehicle or Rap
for 24 h. Data are presented as in C. **control siRNAs + Rap versus GSK3α/β siRNAs + Rap,
P<0.001.
(G) GSK3β-S9A can suppress the growth factor-independent proliferation of Tsc2−/− cells.
Retrovirus-infected pools of Tsc2−/− MEFs stably expressing empty vector (pBabe-puro) or
pBabe-puro encoding GSK3β-S9A or TSC2 were plated in equal numbers and cultured in the
absence of serum for 48 h.
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Figure 7. mTORC1-dependent phosphorylation of GSK3 under conditions of cellular insulin
resistance
(A) GSK3 phosphorylation is sensitive to rapamycin in insulin-resistant HepG2 cells. HepG2
cells were serum starved for 16 h in the absence or presence of 100 nM insulin and were treated
for 15 min with 20 nM rapamycin (R) or 100 nM insulin (I), as indicated.
(B) Rapamycin increases Akt phosphorylation but decreases GSK3 phosphorylation in insulin-
resistant HepG2 cells. Cells were treated for 16 h with 100 nM insulin and then treated for 15
min with 20 nM rapamycin. Three independent lysates from each condition were then
immunoblotted for phospho-Akt-S473, total Akt, phospho GSK3α/β-S21/S9, and total
GSK3α/β, and the data were quantified using an infared imaging system. The data are expressed
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as the mean +/− SEM relative ratio of phospho-protein to total protein between untreated and
rapamycin-treated samples. *p=0.0105; **p=0.0001; ***p=0.0439
(C) Differential regulation of GSK3 by the mitogen-stimulated PI3K-Akt pathway (green) and
the nutrient-sensitive mTOR-S6K1 pathway (blue).
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