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SUMMARY
The tuberous sclerosis complex (TSC) tumor suppressors form the TSC1-TSC2 complex, which
limits cell growth in response to poor growth conditions. Through its GTPase-activating protein
(GAP) activity toward Rheb, this complex inhibits the mechanistic target of rapamycin (mTOR)
complex 1 (mTORC1), a key promoter of cell growth. Here, we identify and biochemically
characterize TBC1D7 as a stably-associated and ubiquitous third core subunit of the TSC1-TSC2
complex. We demonstrate that the TSC1-TSC2-TBC1D7 (TSC-TBC) complex is the functional
complex that senses specific cellular growth conditions and possesses Rheb-GAP activity.
Sequencing analyses of samples from TSC patients suggest that TBC1D7 is unlikely to represent
TSC3. TBC1D7 knockdown decreases the association of TSC1 and TSC2 leading to decreased
Rheb-GAP activity, without effects on the localization of TSC2 to the lysosome. Like the other
TSC-TBC components, TBC1D7 knockdown results in increased mTORC1 signaling, delayed
induction of autophagy, and enhanced cell growth under poor growth conditions.

INTRODUCTION
The mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) is a protein kinase
complex that plays a key evolutionarily conserved role in promoting cell growth (i.e., an
increase in cell size) through the inhibition of catabolic processes, such as autophagy, and
stimulation of anabolic processes, including protein and lipid synthesis (Laplante and
Sabatini, 2012). Due to the substantial energy and nutrient demands of such anabolic
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processes, cells have evolved an exquisite network of signaling pathways that sense and
relay the status of cellular growth conditions to mTORC1. Two classes of small G-proteins,
the Rag and Rheb GTPases, lie directly upstream of mTORC1 to control its activation state
in response to specific growth signals. Recent evidence suggests that the Rag proteins, in
complex with the Ragulator, specifically mediate the ability of mTORC1 to sense amino
acids (Kim et al., 2008; Sancak et al., 2010; Sancak et al., 2008; Zoncu et al., 2011), which
constitute an essential signal for mTORC1 activation (Hara et al., 1998). On the other hand,
Rheb is controlled by numerous stimuli affecting mTORC1, including growth factors,
hormones and cytokines, cellular energy levels, and stress (Huang and Manning, 2008;
Laplante and Sabatini, 2012). Due to perturbations in the signaling network upstream of
Rheb, mTORC1 is aberrantly regulated in a variety of disease settings, including genetic
tumor syndromes, the majority of sporadic cancers, common neurological disorders, such as
autism and Alzheimer’s, and metabolic diseases, such as obesity and type-2 diabetes
(Ehninger and Silva, 2011; Laplante and Sabatini, 2012; Menon and Manning, 2009).
Therefore, a detailed understanding of the regulation of Rheb and mTORC1 will provide
mechanistic insights into both normal growth control and the molecular events contributing
to the pathology of these diverse diseases.

TSC1 and TSC2 are the tumor suppressor genes mutated in the tumor syndromes tuberous
sclerosis complex (TSC) and lymphangioleiomyomatosis (LAM), and their gene products
form a protein complex that integrates signals upstream of Rheb and mTORC1. TSC1 and
TSC2 (also referred to as hamartin and tuberin) are large proteins with limited similarity to
other proteins, with the exception of an approximately 200 amino acid stretch at the C-
terminus of TSC2 that resembles the GTPase-activating protein (GAP) domain of Rap1Gap.
This domain within TSC2 acts as a GAP for Rheb, and complex formation with TSC1
stabilizes TSC2 and enhances its GAP activity (Garami et al., 2003; Inoki et al., 2003a; Tee
et al., 2003; Zhang et al., 2003b). Through stimulation of the intrinsic GTPase activity of
Rheb, the TSC1-TSC2 complex switches Rheb from its mTORC1-activating, GTP-bound
state to its inactive GDP-bound state. Interestingly, most of the signals that regulate Rheb
and mTORC1 impinge on the TSC1-TSC2 complex, such that poor growth conditions
activate the complex while growth-promoting conditions inhibit the complex to,
respectively, inhibit or activate Rheb and mTORC1 (Huang and Manning, 2008). For
instance, many growth factors and cytokines activate mTORC1 via an Akt-mediated
inhibitory phosphorylation of TSC2 within the complex (Inoki et al., 2002; Manning et al.,
2002; Potter et al., 2002), while energy stress inhibits mTORC1, at least in part, through an
AMPK-dependent activating phosphorylation on TSC2 (Inoki et al., 2003b; Shaw et al.,
2004). Consistent with these signaling mechanisms, loss of function of the TSC1-TSC2
complex leads to constitutive mTORC1 activation that is largely insensitive to perturbations
in cellular growth conditions (Jaeschke et al., 2002; Kwiatkowski et al., 2002). It is now
clear that the TSC1-TSC2 complex is a point of convergence for a network of signaling
pathways that convey information regarding cellular growth conditions to Rheb and
mTORC1 to properly control cell growth. However, much remains to be understood
regarding the molecular characteristics of this key signal-integrating node that is commonly
misregulated in human diseases.

The TSC1-TSC2 complex is believed to function as a heterodimer (van Slegtenhorst et al.,
1998). While dozens of interacting proteins have been described in the literature (Guo et al.,
2010; Rosner et al., 2008), the functional significance of these associations remains
unknown. Importantly, none of the proteins found to bind to the TSC1-TSC2 complex, in
either hypothesis-driven or unbiased experiments, have been characterized as additional
subunits of the complex. Here, we describe the identification of Tre2-Bub2-Cdc16 (TBC) 1
domain family, member 7 (TBC1D7) in a stringent search for proteins that associate with
the TSC1-TSC2 complex. The biochemical characterization presented here demonstrates
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that TBC1D7 is a third resident component of the TSC1-TSC2 complex, and like the other
members of the complex, it is required for the proper regulation of Rheb and mTORC1 by
cellular growth conditions.

RESULTS
TBC1D7 is a stably-associated and ubiquitous binding partner of the TSC1-TSC2 complex

To better understand the molecular function of the TSC1-TSC2 complex, we sought to
identify proteins that interact with the complex at high stoichiometry. Co-expressed flag-
tagged TSC1 and TSC2 were immunopurified from cells and flag-peptide eluates were
processed for protein identification using mass spectrometry. The most abundant protein in
two independent purifications was a 293 amino acid (~34kDa) protein designated TBC1D7
(Figures 1A and S1A). While there are very few publications on this protein, two previous
studies reported an association with TSC1 (Nakashima et al., 2007; Sato et al., 2010); see
Discussion). Sequence alignment searches revealed that TBC1D7 is broadly conserved
across multiple phyla (Figure S1B), with a conservation pattern that largely overlaps with
that of TSC1 and TSC2 orthologs (Serfontein et al., 2010). TBC1D7 predominantly consists
of a putative TBC domain (Figure S1C), a structure represented in the genomes of all
eukaryotes. The TBC domains of several proteins have been shown to posses GAP activity
towards specific members of the Rab family of small GTPases, and this is thought to be the
conserved function of this domain family (Frasa et al., 2012). However, the central region of
the TBC1D7 TBC domain does not align well with other TBC domains and, importantly,
lacks two out of three signature motifs that contain residues shown to be essential for the
Rab-GAP activity of other TBC proteins (Figures S1C, D; Frasa et al., 2012).

The endogenous interaction of TBC1D7 with the TSC1-TSC2 complex was confirmed in
reciprocal immunoprecipitations with a panel of six unique antibodies to TSC1 or TSC2,
along with an antibody raised against TBC1D7 (Figure 1B), the specificity of which was
confirmed through siRNA-mediated knockdown of TBC1D7 (Figure S1E). TBC1D7 was
present in both TSC1 and TSC2, but not control IgG, immunoprecipitations from a diverse
series of mouse tissues, including metabolic tissues and those most commonly affected in
the TSC disease (Figure 1C), suggesting that the expression and interaction of TBC1D7 with
the TSC proteins is ubiquitous. To determine what proportion of total cellular TBC1D7 was
associated with the TSC1-TSC2 complex, cell lysates were fractionated over a sucrose
density gradient. Interestingly, TBC1D7, which is considerably smaller than TSC1 (~130
kDa) and TSC2 (~200 kDa), fractionated into two pools, one in low-density fractions and a
second in high-density fractions that also contained TSC1 and TSC2 (Figure 1D).
Importantly, like TSC1, TBC1D7 co-immunoprecipitated with TSC2 only from these denser
fractions, indicating that their co-fractionation reflects their association (Figure 1E). From
multiple such experiments, it appears that 40–50% of total cellular TBC1D7 is associated
with the TSC1-TSC2 complex. We were surprised to also find a pool of TSC2 not
associated with stoichiometric levels of TSC1 in fractions of intermediate density (Figures
1D, E), indicating that both TSC2 and TBC1D7 exist as TSC1-free and -associated entities
in cells. The co-fractionation of TBC1D7 with both TSC1 and TSC2 suggests that it
primarily binds to the TSC1-TSC2 complex, as opposed to either protein individually. TSC1
and TSC2 are thought to interact at a 1:1 ratio (Zhang et al., 2003a) and to function as a
heterodimer in all organisms in which they are expressed (Gao and Pan, 2001; Plank et al.,
1998; Potter et al., 2001; van Slegtenhorst et al., 1998). Indeed, label-free quantitative mass
spectrometry-based analyses to estimate the relative stoichiometry of TSC1 and TSC2 that
co-immunoprecipitated with endogenous TBC1D7 yielded a near 1:1 ratio of TSC1 and
TSC2 (Figure 1F), providing further evidence that TBC1D7 primarily binds to the TSC1-
TSC2 complex.
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TSC1 and TSC2 strongly associate with one another, as the purified complex is resistant to
various detergents, high salt concentrations, and pH extremes (Gao and Pan, 2001; Nellist et
al., 1999; Plank et al., 1998; Potter et al., 2001; van Slegtenhorst et al., 1998), whereas the
binding of more loosely associated proteins is readily disrupted under such conditions
(Huang et al., 2008). To assess the strength of the TSC1-TSC2-TBC1D7 interaction,
endogenous complexes were immunoprecipitated with a TSC1 antibody and then washed
extensively with buffers containing increasing concentrations of NaCl or SDS (Figure 1G).
Like TSC2, the association of TBC1D7 with the complex was found to be resistant to
washes containing ten times the physiological concentration of salt, whereas higher
concentrations of SDS could separate TBC1D7 from the complex. Collectively, these
findings identify TBC1D7 as a strongly-associated, ubiquitous binding partner of the TSC1-
TSC2 heterodimer, distinguishing it from previously characterized TSC1- or TSC2-
associated proteins.

TBC1D7 binds to and is stabilized by TSC1 within the TSC1-TSC2 complex
Having established that TBC1D7 strongly and ubiquitously interacts with the TSC1-TSC2
complex, we sought to determine the interdependency of the three proteins for their
association within the complex. Through reciprocal immunoprecipitations, we found that all
three proteins associate in wild-type mouse embryonic fibroblasts (MEFs) but that TBC1D7
and TSC2 do not interact in littermate-derived Tsc1−/− MEFs (Figure 2A). On the other
hand, TBC1D7 and TSC1 can associate in the absence of TSC2, as observed in Tsc2−/−

MEFs, although their association was reduced compared to wild-type cells (Figure 2A). To
confirm these results under isogenic conditions, we performed the same
immunoprecipitations from HeLa cells following siRNA-mediated knockdown of TSC1 or
TSC2. Again, TBC1D7 bound to TSC1 in the absence of TSC2, but not TSC2 in the absence
of TSC1 (Figure 2B), confirming that TBC1D7 binds to the complex through TSC1. To
establish whether the separation of TBC1D7 into high-density fractions (Figure 1D) reflects
binding to the TSC1-TSC2 heterodimer through TSC1, we repeated the sucrose density
fractionations following siRNA-mediated knockdown of the three complex components.
Indeed, knockdown of TSC1 had a dramatic effect on fractionation of the remaining
TBC1D7, which completely shifted to low-density fractions (Figure 2C). TSC2 knockdown
also eliminated TBC1D7 from high-density fractions, increasing its levels in low-density
fractions. However, more TBC1D7 was also found in intermediate-density fractions upon
loss of TSC2, consistent with its ability to still bind TSC1 in the absence of TSC2. Nearly
identical results were obtained in cell lines with stable shRNA-mediated knockdowns of
TBC1D7, TSC1, and TSC2 (Figure S2A). These data demonstrate that TBC1D7 resides in
high-density fractions due solely to its association with the TSC1-TSC2 complex. It is
important to note that although TBC1D7 can bind TSC1 in the absence of TSC2, our
collective data indicate that TBC1D7-TSC1 complexes lacking TSC2 are rare, or
nonexistent, in wild-type cells and that TBC1D7 primarily binds to the TSC1-TSC2
complex.

Consistent with previous findings (Benvenuto et al., 2000; Kwiatkowski et al., 2002), loss of
TSC1 in these experiments led to a decrease in the levels of TSC2 (Figures 2A, B).
Interestingly, like TSC2, TBC1D7 protein levels were diminished upon loss of TSC1
(Figure 2A–C), and this decrease in both TSC2 and TBC1D7 was indistinguishable under
various cell culture conditions (Figure S2B). Transient knockdown of TSC2 had the
opposite effect on TBC1D7, modestly increasing its levels (Figure 2B and S2B). To clarify
the effects of TSC1-deficiency on TBC1D7 and TSC2, we monitored their stability in
TSC1-knockdown cells over a time course of cyclohexamide treatment to block new protein
synthesis (Figure 2D). In control cells, TSC2 levels remained relatively stable over time,
while TBC1D7 was found to be more labile. However, in TSC1-knockdown cells, the rate
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and degree of degradation of both TBC1D7 and TSC2 were substantially increased,
demonstrating that TSC1 stabilizes both proteins. Given that approximately 50% of
TBC1D7 was rapidly degraded, even in the presence of TSC1, while the remainder was
more stable, we hypothesized that the two pools of TBC1D7 vary in their stability. To test
this, we compared levels of TBC1D7 in these two pools in vehicle- versus cyclohexamide-
treated cells (Figure 2E). Indeed, only TBC1D7 in low-density fractions, representing the
free pool, was degraded over the 3-hour treatment. This is consistent with TSC1 loss leading
to decreased TBC1D7 stability and indicates that the free pool of TBC1D7 present in cells
turns over rapidly compared to that tightly bound to the TSC1-TSC2 complex.

Knockdown of TBC1D7 decreases the association of TSC1 and TSC2 without effects on
the lysosomal localization of TSC2

In order to determine whether TBC1D7, as a component of the TSC1-TSC2 complex,
affects the association of TSC1 and TSC2, these proteins were immunoprecipitated from
cells in which TBC1D7 was knocked down (Figure 3A). In the absence of TBC1D7, a
complex between TSC1 and TSC2 was still detected, but a reproducible reduction in their
association was observed (Figure 3A). As expected, in sucrose density fractions, both
transient (Figure 3B,C) and stable (Figure S3A,B) knockdown of TSC2 caused a complete
shift of TSC1 to fractions of intermediate density (Figures 3B and S3A), and TSC1
knockdown had the same effect on the fractionation of TSC2 (Figures 3C and S3B).
Consistent with the partial dissociation of TSC1 and TSC2 observed in immunoprecipitation
experiments, both transient and stable knockdown of TBC1D7 resulted in the shifting of
some TSC1 (Figures 3B and S3A) and TSC2 (Figures 3C and S3B) to intermediate-density
fractions containing the uncomplexed proteins. As a control, none of these knockdowns
affected the fractionation pattern of the mTORC2 component Rictor (Figure S3C), which
weakly interacts with the TSC1-TSC2 complex (Huang et al., 2008). These data further
demonstrate that TBC1D7 represents a third core subunit of the TSC1-TSC2 complex.

In order to begin to understand the role of TBC1D7 within the TSC1-TSC2-TBC1D7 (TSC-
TBC) complex, we determined its effects on the subcellular localization of TSC2. While
several studies have reported various localization patterns of TSC2 by immunofluorescence,
most have done so with over-expressed proteins or have failed to validate the specificity of
the antibodies used. We have tested most commercially available TSC2 antibodies for
specific localization patterns that are eliminated upon knockdown of endogenous TSC2
expression. A single highly specific TSC2 antibody was identified that demonstrates a
punctate localization pattern throughout the cell with a more concentrated pattern at a
perinuclear region (Figure 3D). To date, we have been unable to identify antibodies that
reveal specific localization patterns for endogenous TSC1 or TBC1D7 using this same
approach. Through co-localization studies with multiple markers of membranous cellular
compartments, we found that the perinuclear region to which TSC2 localization concentrates
represents, in part, late endosomes or lysosomes, as there is substantial overlap (~50%,
Figure S3D) with LAMP2 staining under serum starvation conditions (Figure 3E,
perpendicular images are inset). Knockdown of TBC1D7 had no significant effect on TSC2
localization (Figures 3E and S3D). Surprisingly, this was also true of TSC1 knockdown,
although the overall levels of TSC2 were reduced. Importantly, we found that TSC2
localization to this compartment does not reflect its degradation in the lysosome, as
lysosomal inhibitors did not increase the levels of TSC2 in the presence or absence of TSC1
(Figure S3E). It is worth noting that the partial co-localization of endogenous TSC2 with
LAMP2 is similar to that reported for mTOR (Sancak et al., 2010; Sancak et al., 2008;
Zoncu et al., 2011; see below).
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TBC1D7 does not appear to be a third TSC gene
Germline mutations in the TSC1 or TSC2 genes that disrupt or functionally inactivate the
TSC1-TSC2 complex give rise to tuberous sclerosis complex (TSC), an autosomal dominant
tumor syndrome characterized by the widespread occurrence of benign tumors, classified as
hamartomas, and a high incidence of various neurological manifestations, including epilepsy
and autism spectrum disorders (Crino et al., 2006). While mutations in TSC1 or TSC2
account for up to 85% of TSC cases, approximately 15% of patients clinically diagnosed
with TSC do not have apparent mutations in either of these two genes, leading to speculation
that a third TSC gene (i.e., TSC3) might exist (Camposano et al., 2009; Kwiatkowski, 2005).
We considered the possibility that TBC1D7, as a third resident component of the TSC1-
TSC2 complex, might be mutated in this subset of TSC patients. Therefore, we sequenced
the seven coding exons of the TBC1D7 locus (Figure S4A) from twelve TSC patients with
no mutation identified in TSC1 or TSC2 after extensive genetic analyses (Qin et al., 2010).
However, aside from known single nucleotide polymorphisms (SNPs), we found no point
mutations in exons 2 through 8 of the TBC1D7 gene, indicating that such mutations do not
occur at appreciable frequency in the germline of this population of TSC patients.

The TSC1-TSC2-TBC1D7 (TSC-TBC) complex receives growth signals and is the functional
GAP for Rheb

As the only well-established role of the TSC1-TSC2 complex is the regulation of Rheb and
mTORC1, we determined whether the TSC-TBC complex is the functional unit in this
capacity. The ability of the TSC1-TSC2 complex to act as a GAP for Rheb in cells is
controlled by upstream pathways leading to inhibitory or activating phosphorylation of
various sites on TSC2. To determine whether the TSC-TBC complex is controlled in this
manner, the regulated phosphorylation of TSC2 was assessed in TBC1D7 versus TSC1
immunoprecipitations of the complex. Interestingly, both the insulin-stimulated, Akt-
mediated (S939 and T1462; Figure 4A) and phenformin-stimulated, AMPK-mediated
(S1387; Figure 4B) phosphorylation of TSC2 was found at similar levels in TBC1D7 and
TSC1 immunoprecipitations. Therefore, it is primarily the TSC-TBC complex that is
regulated by these well-characterized pathways upstream of Rheb.

The TSC2-GAP domain is essential for the inhibition of Rheb by the TSC1-TSC2 complex
(Inoki et al., 2003a; Tee et al., 2003; Zhang et al., 2003b). To establish whether the TSC-
TBC complex is functional as a Rheb-GAP, we immunopurified endogenous complexes
with either TBC1D7 or TSC1 antibodies and performed GAP assays on recombinant,
purified Rheb (Figure 4C). TBC1D7 immunoprecipitates exhibited comparable levels of
Rheb-GAP activity to TSC1 immunoprecipitates, especially considering that more TSC2
was present in the TSC1 immunoprecipitates. Importantly, this GAP activity was dependent
on TSC2, as endogenous complexes from cells with stable knockdown of TSC2 failed to
stimulate the GTPase activity of Rheb above the intrinsic levels observed with control IgG.
Therefore, most, if not all, of the Rheb-GAP activity of the TSC1-TSC2 complex is in
association with TBC1D7. In order to determine whether TBC1D7 knockdown affects the
biochemical activity of the complex, we immunoprecipitated endogenous complexes from
cells with control or TBC1D7 knockdown and measured Rheb-GAP activity. Interestingly,
this activity was partially reduced in cells with stable shRNA knockdown of TBC1D7, and
this was evident in Rheb-GAP assays with both TSC1 and TSC2 immunoprecipitations
(Figure 4D). The effect of TBC1D7 knockdown on the GAP activity of the complex was not
due to an increase in the inhibitory phosphorylation of TSC2 by Akt (Figure S4B). In fact,
TBC1D7 knockdown led to decreased phosphorylation of TSC2-T1462 and Akt-S473 in
response to insulin, reminiscent of the effects of TSC1 or TSC2 loss on mTORC2 and Akt
signaling (reviewed in Huang and Manning, 2009). The reduction in endogenous GAP
activity upon loss of TBC1D7 is consistent with the resulting decreased association of TSC1
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and TSC2 described above (Figures 3A–C and S3A, B) and detected again here (Figure 4D
immunoblot). The fact that reduced GAP activity is also evident in TSC2
immunoprecipitates, despite identical levels of TSC2 being present in the control and
TBC1D7 knockdown assays, reflects the importance of complex formation with TSC1 for
the full GAP activity of TSC2 towards Rheb (Tee et al., 2003).

Loss of TBC1D7 results in growth factor-independent activation of mTORC1 signaling
The collective findings above that TBC1D7 is a core component of the functional Rheb-
GAP complex that responds to upstream signals known to regulate Rheb, raised the
possibility that, like the other members of the complex, TBC1D7 might be required for
proper regulation of mTORC1 signaling by specific growth cues. In particular, TSC1 and
TSC2 are required to suppress mTORC1 signaling upon growth factor withdrawal, with
their loss resulting in sustained mTORC1 signaling in the absence of growth factors
(Jaeschke et al., 2002; Kwiatkowski et al., 2002). Indeed, cells with stable knockdown of
TBC1D7 exhibited growth factor-independent activation of mTORC1 signaling under serum
starvation conditions, as detected by the increased phosphorylation of its direct downstream
target S6K and the S6K substrate S6, both of which were sensitive to the mTORC1 inhibitor
rapamycin (Figure 5A). TBC1D7 knockdown also increased the phosphorylation of 4E-BP1,
another direct target of mTORC1, as scored by phospho-specific antibodies and
electrophoretic mobility shifts, effects that are only partially sensitive to rapamycin, as
reported by others (Choo et al., 2008). Transient knockdown of TBC1D7 in various mouse
and human cell lines similarly led to increased growth factor-independent mTORC1
signaling (Figure 5B). When directly comparing the relative effects of knocking down the
three subunits of the TSC-TBC complex, a graded effect on mTORC1 signaling is observed,
with knockdown of TBC1D7 yielding a moderate increase, the scaffolding subunit TSC1
yielding an intermediate increase, and the Rheb-GAP TSC2 yielding the largest increase
(Figure 5B, HeLa). Importantly, knockdown of TBC1D7 is not additive with knockdown of
TSC1 or TSC2 for stimulation of S6K phosphorylation, consistent with the effects of
TBC1D7 loss on mTORC1 signaling being through effects on the trimeric complex (Figure
5C). In support of the established mechanism by which the TSC1-TSC2 complex inhibits
mTORC1 by acting as a GAP for Rheb, the stimulation of mTORC1 signaling by TBC1D7
knockdown was inhibited by siRNAs targeting Rheb1, with a minor contribution from
Rheb2 (also known as RhebL1; Figure 5D).

In addition to growth factors, the activity of mTORC1 is dependent on the presence of
nutrients, such as glucose and amino acids, which are sensed through both TSC1-TSC2
complex-dependent and -independent pathways upstream of mTORC1. Consistent with
previous findings that amino acid-sensing by mTORC1 occurs largely independent of the
TSC1-TSC2 complex (Kim et al., 2008; Sancak et al., 2010; Sancak et al., 2008; Smith et
al., 2005), amino acid withdrawal eliminates mTORC1 signaling in both control and
TBC1D7 knockdown MEFs (Figure 5E). While withdrawal of glucose similarly reduces
mTORC1 signaling, the level of S6K phosphorylation was elevated in TBC1D7
knockdowns relative to controls. These results are consistent with glucose withdrawal and
energy stress acting through both TSC-TBC complex-dependent and independent
mechanisms (Gwinn et al., 2008; Inoki et al., 2003b; Kalender et al., 2010; Shaw et al.,
2004). These data suggest that TBC1D7 does not influence amino acid sensing by
mTORC1, which involves the Rag GTPases recruiting mTORC1 to the LAMP2-containing
compartment for activation by Rheb (Kim et al., 2008; Sancak et al., 2010; Sancak et al.,
2008; Zoncu et al., 2011). That TBC1D7 acts upstream of Rheb rather than the Rag
GTPases was further demonstrated by a lack of change in mTOR co-localization with
LAMP2 upon knockdown of TBC1D7 (Figure 5F). Therefore, like TSC1 and TSC2,
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TBC1D7 participates in the proper sensing of both growth factors and glucose, but not
amino acids, by mTORC1.

In order to determine whether the effects of TBC1D7 on mTORC1 signaling influence
known cellular processes regulated by mTORC1, we examined autophagy and cell size,
which are known to be affected by loss of function of the TSC1-TSC2 complex (Gao and
Pan, 2001; Menon et al., 2012; Parkhitko et al., 2011; Potter et al., 2001; Tapon et al., 2001).
While prolonged (>2 h) starvation of amino acids strongly inhibits mTORC1 signaling in
TBC1D7 knockdown cells, a delay in mTORC1 inhibition upon amino acid withdrawal is
evident in these cells, especially in the presence of dialyzed serum (Figure 5G). This is
consistent with findings reported previously for Tsc2−/− MEFs (Smith et al., 2005). To
detect the onset of autophagy induced by amino acid withdrawal, we examined the
conversion of LC3B-I to its lipidated form (LC3B-II) in control versus TBC1D7 knockdown
cells. As predicted from the delayed inhibition of mTORC1 signaling, TBC1D7 knockdown
cells exhibited a delay in the initiation of autophagy over a time course of amino acid
withdrawal (Figure 5G). Finally, we found that the growth factor-independent activation of
mTORC1 signaling upon TBC1D7 knockdown (Figures 5A–E) coincides with an increase
in cell growth, as both transient (Figure 5H) and stable (Figure S5A) knockdowns of
TBC1D7 result in a significant increase in cell size. Collectively, these data support a model
in which TBC1D7, as a core component of the TSC-TBC complex, regulates Rheb and
mTORC1 signaling in response to alterations in specific cellular growth conditions to
control downstream cellular processes (Figure 6).

DISCUSSION
Our biochemical studies demonstrate that TBC1D7 is a third functional subunit of the
TSC1-TSC2 complex, distinguishing it from dozens of previously identified, but poorly
characterized, binding partners of the complex (Rosner et al., 2008). Two previous
independent studies have also reported an interaction between endogenous TBC1D7 and
TSC1 (Nakashima et al., 2007; Sato et al., 2010), but these studies did not recognize this
protein as a component of the TSC1-TSC2 complex. In the first study, TBC1D7 was found
to co-immunoprecipitate with the complex through an interaction with TSC1 (Nakashima et
al., 2007), which we confirm in our characterization. However, TBC1D7 overexpression
experiments led to the conclusion that this interaction inhibits the TSC1-TSC2 complex and
activates mTORC1 by promoting the ubiquitination of TSC1. Contradictory to these
findings, we demonstrate that loss of TBC1D7 partially disrupts the association between
TSC1 and TSC2, resulting in a decrease in Rheb-GAP activity. Given our biochemical and
cell biological data that the endogenous TSC-TBC complex is the functional unit negatively
regulating Rheb and mTORC1, it seems likely that overexpression of this single core
subunit could disrupt the stoichiometric complex and its downstream functions, possibly
explaining the conclusions of this other study. Our data also indicate that the binding of
TBC1D7 to the complex is not affected by changes in cellular growth conditions known to
control the activity of the complex, consistent with TBC1D7 being a component, rather than
a transient regulator, of the complex. The second study found that TBC1D7 was stabilized
by TSC1, which we confirm and expand upon to demonstrate the existence of an unstable
free pool of TBC1D7 in cells. These investigators suggested that in lung cancer cells a
TBC1D7-TSC1 complex promotes cell proliferation independently of mTORC1 (Sato et al.,
2010). While we find that such a complex can exist when TSC2 is absent from the cell, our
biochemical experiments on the endogenous TSC-TBC complex indicate that complexes
between TBC1D7 and TSC1 without TSC2 are rare or nonexistent in cells and tissues.
Finally, while the authors of both studies propose that this association may be cell and
tissue-specific, we demonstrate a broad tissue-distribution of endogenous TSC-TBC
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complexes and have yet to identify a mammalian setting without this complex. This finding
is consistent with the ubiquitous nature of its downstream targets, Rheb and mTORC1.

The molecular function of TBC1D7 is unknown but likely depends on its TBC domain,
which spans nearly two-thirds of this small protein. TBC domains in other proteins possess
GAP activity toward specific Rab family members, suggesting that the function of TBC1D7
will also be tied to a small G-protein. Importantly, TBC1D7 belongs to a subgroup of
“unconventional” TBC-domain family members and lacks two out of three conserved
motifs, which in classical TBC domains are essential for GAP activity (Frasa et al., 2012).
Unconventional TBC domains generally lack known targets, and some have been described
to be devoid of Rab-GAP activity while maintaining the ability to bind other small G
proteins (Frittoli et al., 2008; Martinu et al., 2004). Surprisingly, in a high-throughput screen
for targets of TBC proteins, recombinant TBC1D7 was found to have specific in vitro GAP
activity towards Rab17, compared to over 40 other Rabs (Yoshimura et al., 2007).
Overexpression of these two proteins was also found to affect formation of the primary
cilium in RPE1 cells. However, we have found no significant effect of knocking down
TBC1D7 on cilia formation or length using the same cell line (data not shown), and a
specific Rab17 ortholog does not appear to be conserved in arthropods, which express clear
orthologs of TBC1D7, TSC1, and TSC2. Further studies are required to determine whether
TBC1D7 has physiologically relevant GAP activity towards, or binds to, members of the
Rab or other small G-protein families. In addition, it will be important to determine whether
such activities are altered by its complex formation with TSC1 and TSC2.

Our findings further confirm and expand upon current models of mTORC1 regulation by
nutrients and growth factors (Figure 6; Laplante and Sabatini, 2012). Loss of any of the
three components of the TSC-TBC complex results in the sustained activation of mTORC1
signaling, albeit to different degrees, upon growth factor withdrawal, and this is driven by
elevated levels of GTP-bound Rheb. However, mTORC1 signaling remains partially
sensitive to glucose starvation, consistent with the existence of additional regulatory
mechanisms stemming from energy stress (Gwinn et al., 2008; Kalender et al., 2010). While
we detect a delay in mTORC1 inhibition upon amino acid withdrawal in cells lacking
TBC1D7, amino acids remain essential for mTORC1 signaling. This delayed inhibition is
likely to reflect an aberrant stimulatory effect of elevated Rheb-GTP levels sustaining
mTORC1 activity, as seen when Rheb is overexpressed in cells (reviewed in Huang and
Manning, 2008). While the amino acid-sensing mechanism has not been fully defined,
amino acids activate mTORC1 by stimulating its recruitment to the lysosomal surface in a
manner dependent on the Rag GTPases and the scaffolding complex referred to as the
Ragulator (Kim et al., 2008; Sancak et al., 2010; Sancak et al., 2008; Zoncu et al., 2011).
The recruitment of mTORC1 to the lysosome is not sufficient to activate it but is believed to
bring the kinase complex in contact with Rheb at this location, which when GTP-bound
potently stimulates mTORC1 activation (Sancak et al., 2007). Importantly, we find that a
substantial amount of cellular TSC2, which controls the levels of Rheb-GTP, is also
localized at the lysosome. Therefore, these two sets of GTPases, the Rags and Rheb, and
their regulatory complexes, the Ragulator and the TSC-TBC complex (or Rhebulator), are
spatially poised to integrate diverse signals to properly turn mTORC1 activity on or off
(Figure 6).

Further delineating the function of TBC1D7 within the TSC-TBC complex will provide
molecular insights into the regulation of Rheb and mTORC1 and facilitate the
characterization of putative mTORC1-independent functions of this key signal-integrating
node. Although, to date, we have not found germline point mutations in the coding region of
TBC1D7 in TSC patients, as a core subunit of the TSC-TBC complex, its molecular
function will be aberrantly affected in both the TSC and LAM diseases, where the other

Dibble et al. Page 9

Mol Cell. Author manuscript; available in PMC 2013 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



components of the complex are mutated. Finally, given that the upstream regulatory network
controlling the TSC-TBC complex is often perturbed through environmental or genetic
events, the misregulation of this complex is also likely to underlie pathological features of a
diverse set of human diseases, including other tumor syndromes, sporadic cancers,
metabolic diseases, and neurological disorders (Ehninger and Silva, 2011; Laplante and
Sabatini, 2012; Menon and Manning, 2009).

EXPERIMENTAL PROCEDURES
Cell culture, RNAi, and cell size measurements

Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine
serum (FBS; Sigma), unless otherwise noted. Tsc1−/− and Tsc2−/− MEFs and their
littermate-derived wild-type counterparts were described previously (Kwiatkowski et al.,
2002; Zhang et al., 2003a). For siRNA knockdowns, cells were transfected with 20 nM ON-
TARGETplus siRNA pools (ThermoScientific) and 2.5 μL (per ml media) RNAiMAX
Lipofectamine (Life Technologies), except in Figure 5D where siRNAs were used at 40 nM
and RNAiMAX Lipofectamine at 3.5 μL (per ml media), according to the manufacturer’s
instructions. Cells were harvested 72 h post-transfection, unless otherwise noted. The TSC2
shRNA construct was described previously (Huang et al., 2008). For cell size distributions,
freshly trypsinized cells were diluted in isotonic buffer and analyzed with a Z2 Coulter
Counter (Beckman).

Cell and tissue lysis, immunoprecipitations, and sucrose density gradient fractionation
Cells and tissues were lysed/homogenized in NP-40 lysis buffer (40 mM HEPES, pH 7.4,
120 mM NaCl, 1 mM EDTA, 1% NP-40 [Igepal CA-630], 5% glycerol, 10 mM sodium
pyrophosphate, 10 mM glycerol 2-phosphate, 50 mM NaF, 0.5 mM sodium orthovanadate,
and protease inhibitors (Sigma)), unless otherwise noted. Flag-tagged TSC1-TSC2
complexes were immunopurified from HEK-293 cells as described previously (Huang et al.,
2009) but with the 3xFlag peptide (Sigma) elution performed in lysis buffer lacking
detergent. The 3xFlag-peptide eluate was processed for MS/MS analysis, as detailed in the
supplemental materials. The TBC1D7 rabbit polyclonal antibody used for these studies was
generated by Covance using the peptide CKVGFRGVEEKKSLEI. Antibodies used for the
immunoprecipitations in Figure 1B: control IgG (Cell Signaling Technology (CST); TSC1
#1 (CST #4906), TSC1 #2 (Life Technologies (LT) #37-0400), TSC1 #3 (Santa Cruz
Biotechnology (SCB) #SC-12082), TSC2 #1 (CST #3612), TSC2 #2 (SCB #SC-892), TSC2
#3 (SCB #SC-893). TSC1 (LT #37-0400) and TSC2 (LT #37-0500) antibodies were used
for all other immunoprecipitations except for endogenous GAP assays (see below).
Antibodies for immunoblotting: TSC1 (CST #6935), TSC2 (CST #4308), Rictor (Bethyl
Laboratories), and all others were from CST. For density gradients, sucrose dissolved in
NP-40 lysis buffer lacking glycerol was used to create gradient layers of 15% (0.5 ml), 20%
(1 ml), 25% (1 ml), 27.5% (1 ml), 30% (0.5 ml), and 35% (0.5 ml) in 5 ml ultracentrifuge
tubes. Cells from a near-confluent 10 cm plate were lysed in 700 μl NP-40 lysis buffer
lacking glycerol, and 0.5 ml lysate was centrifuged over gradients at 175,000 x g for 16-17 h
at 4 C. Ten 400 ml fractions were sequentially removed from the top of the gradient.

Immunofluorescence microscopy
HeLa cells plated on glass coverslips were serum starved for 16–18 h, fixed in 4%
paraformaldehyde in PBS for 15 min, permeabilized in 0.2% Triton X-100 in PBS for 10
min, blocked with Odyssey blocking buffer diluted 1:1 in PBS (Licor Biosciences) for 1 h,
incubated with primary antibodies (in blocking buffer) overnight at 4 C, and secondary
antibodies for 1 h at room temperature. Primary antibodies were LAMP2 (Abcam #ab25631,
1:100), TSC2 (CST #4301, 1:1000), and mTOR (CST #2983, 1:100). Secondary antibodies
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were anti- mouse Alexa488 (Molecular Probes, 1:1000) and anti- rabbit Cy3 (Jackson
ImmunoResearch, 1:1000). Pseudoconfocal images (~0.3 μm planes) were acquired with a
Zeiss Axiotome fluorescence microscope with Axiovision software and the Axiotome
feature engaged. Perpendicular images (representing single planes) were constructed from z-
stacks of ten contiguous focal planes. Identical exposure times were used for comparative
analyses.

GAP Assays
In vitro Rheb-GAP assays were performed as previously described (Tee et al., 2003), with
the following modifications. Endogenous complexes were immunopurified with antibodies
for TBC1D7 (Sigma #SAB1400543), TSC1 (CST #6935), and TSC2 (SCB #sc-892) from
lysates combined from two (Figure 4C) or four (Figure 4D) 15 cm dishes of serum-starved
(6 h) HeLa cells per reaction. Approximately 500 ng of recombinant GST-Rheb was used
per reaction and assays were incubated at 30 C for 1 h.

Statistical Analyses
Significance of differences in cell size distributions was determined using an unpaired two-
tailed Student’s T-test assuming equal variance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. TBC1D7 is a ubiquitous, stably-associated third core subunit of the TSC1-TSC2
complex.

2. TSC1 binds to and stabilizes both TSC2 and TBC1D7 within the trimeric
complex.

3. The TSC1-TSC2-TBC1D7 (TSC-TBC) complex is the functional Rheb-GAP
upstream of mTORC1.

4. As part of the TSC-TBC complex, TBC1D7 inhibits mTORC1 and downstream
functions.
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Figure 1. Endogenous TBC1D7 binds tightly and ubiquitously to the TSC1-TSC2 heterodimer
(A) Relative abundance of proteins identified in TSC1-TSC2 purifications. Co-expressed
Flag-TSC1 and -TSC2 were immunoprecipitated from lysates of HEK-293 cells, and tryptic
peptides from 3xFlag-peptide eluates were identified using LC-MS/MS. Proteins with three
or more peptides identified in both of two independent purifications, but absent in anti-Flag
immunoprecipitates from cells expressing empty vector, are listed. The spectral abundance
of a protein is calculated from the number of peptides identified (spectral count) and the
amino acid length of the protein. See supporting data in Figure S1A.
(B) Reciprocal co-immunoprecipitations of endogenous TBC1D7, TSC1, and TSC2.
Endogenous proteins were immunoprecipitated from HeLa cell lysates using the indicated
antibodies (listed in Experimental Procedures). See supporting data in Figure S1E.
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(C) Co-immunoprecipitation of TBC1D7 with TSC1 and TSC2 from mouse tissues. TSC1
and TSC2 were immunoprecipitated from lysates of the indicated mouse tissues. WAT
(white adipose tissue).
(D) One of two cellular pools of TBC1D7 co-fractionates with TSC1 and TSC2 in a density
gradient. HeLa cell lysate was ultracentrifuged over a sucrose gradient and ten sequential
fractions of increasing density were collected. Immunoblot band intensities were quantified
using ImageJ software and graphed as a percentage of the summed band intensities in all
fractions for each protein.
(E) TBC1D7 and TSC1 co-immunoprecipitate with TSC2 from high-density fractions.
TSC2 was immunoprecipitated from the indicated combined fractions from (D).
(F) Stoichiometry of TBC1D7-bound TSC1 and TSC2. Endogenous TBC1D7 (or control
IgG) was immunoprecipitated from a HeLa cell lysate and tryptic peptides were detected
using LC-MS/MS. The ratio of TSC1 and TSC2 in the TBC1D7 immunoprecipitate (the
control lacked these proteins) was estimated using two established quantitative methods,
spectral abundance and average total ion current (TIC). Both methods yielded the same ratio
as indicated in the schematic summary.
(G) TBC1D7 is tightly bound to the TSC1-TSC2 complex. HeLa cells were lysed with
buffer lacking NaCl and SDS. A single TSC1 immunoprecipitate from this lysate was split
and washed with lysis buffer containing the indicated concentrations of NaCl or SDS.
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Figure 2. TBC1D7 binds to and is stabilized by TSC1 within the TSC1-TSC2 complex
(A) TSC1-dependent association of TBC1D7 with TSC2 in MEFs. Immunoprecipitations
with TBC1D7, TSC1, TSC2, or control IgG (C) antibodies were performed using lysates of
littermate-derived wild-type (+/+) and either Tsc1−/− (left) or Tsc2−/− (right) MEFs.
(B) TSC1-dependent association of TBC1D7 with TSC2 in HeLa cells.
Immunoprecipitations as in (A) were performed using lysates of HeLa cells with siRNA-
mediated knockdown of TSC1 or TSC2, compared to control (siC).
(C) High-density fractionation of TBC1D7 is dependent on TSC1 and TSC2. Lysates of
HeLa cells with siRNA-mediated knockdown of TBC1D7, TSC1, and TSC2 were
ultracentrifuged over a sucrose gradient and ten sequential fractions of increasing density
were collected. TBC1D7 immunoblot band intensities were quantified using ImageJ
software and graphed as a percentage of the summed band intensities in all fractions for each
protein. See supporting data in Figure S2A.
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(D) Loss of TSC1 decreases the stability of both TBC1D7 and TSC2. HeLa cells with
siRNA-mediated knockdown of TSC1 were incubated with 100 μM cyclohexamide (chx)
for the indicated duration. Immunoblot band intensities were quantified as in (C) and
graphed as a percentage of the untreated (0 h) samples.
(E) The “free” pool of TBC1D7 is unstable. HeLa cells were incubated with cyclohexamide
or water (vehicle) for 3 h and fractionated as in (C). Fractions 3 and 7 from both treatments
are also compared on the same immunoblot (right).
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Figure 3. Knockdown of TBC1D7 leads to decreased association of TSC1 and TSC2 without
effects on TSC2 localization
(A) Knockdown of TBC1D7 leads to a decrease in the co-immunoprecipitation of TSC1 and
TSC2. Immunoprecipitations with TSC1, TSC2, or control IgG (C) antibodies were
performed using lysates of HeLa cells with siRNA-mediated knockdown of TBC1D7,
compared to control (siC).
(B,C) Knockdown of TBC1D7 alters the fractionation patterns of both TSC1 and TSC2.
Lysates from HeLa cells with siRNA-mediated knockdown of TBC1D7, TSC1, or TSC2
were ultracentrifuged over a sucrose gradient and ten sequential fractions of increasing
density were collected. Immunoblot band intensities for TSC1 (B) and TSC2 (C) were
quantified using ImageJ software and graphed as a percentage of the summed band
intensities in all fractions. See supporting data in Figure S3A–C.
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(D) Localization of endogenous TSC2. HeLa cells with siRNA-mediated knockdown of
TSC2 compared to a control (siC) were serum starved for 16 h and immunofluorescently
labeled with a TSC2 antibody. An enlarged view of a single cell is shown below.
(E) Knockdowns of TBC1D7 and TSC1 do not have gross effects on the localization of
TSC2, including its co-localization with LAMP2 at the lysosome. HeLa cells with the
indicated siRNA-mediated knockdowns were prepared as in (D), but co-immunolabeled for
TSC2 (red) and LAMP2 (green). In merged images, yellow and orange regions indicate co-
localization, and inset boxes show planes perpendicular to the main image that were
constructed from z-stacks (arrows indicate cell shown in inset). Corresponding immunoblots
and an enlarged view of a single cell are shown to the right. See supporting data in Figure
S3D,E.
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Figure 4. The TSC-TBC complex responds to growth cues and has Rheb-GAP activity
(A) TBC1D7 is associated with TSC2 that is phosphorylated by Akt in response to insulin.
Serum starved (18 h) HeLa cells were stimulated with insulin (100 nM) for 10 min prior to
lysis and immunoprecipitation (IP) with TBC1D7, TSC1, or control IgG (C) antibodies.
(B) TBC1D7 is associated with TSC2 that is phosphorylated by AMPK in response to
energy stress. MEFs were grown in the presence of fresh serum (10%) with or without
phenformin (1 mM) for 2 h prior to lysis and IP as in (A).
(C) TBC1D7 is associated with TSC2 that has Rheb-GAP activity. HeLa cells with stable
shRNA-mediated knockdown of TSC2 (shTSC2) or a firefly luciferase control (shLUC)
were serum starved for 6 h prior to lysis and IP as in (A). Immunopurified complexes were
subjected to Rheb-GAP assays using recombinant GST or GST-Rheb pre-loaded with
GTP[α-32P]. Rheb-bound GTP and GDP were separated by thin layer chromatography
(TLC) and quantified using a phosphoimager in duplicate experiments. Mean GDP levels
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were graphed as percent of total GTP plus GDP (%GDP), with error bars for standard error
of the mean.
(D) Knockdown of TBC1D7 leads to a net decrease in Rheb-GAP activity of TSC2. Rheb-
GAP assays were performed, analyzed, and graphed as in (C) except using HeLa cells with
stable shRNA-mediated knockdown of TBC1D7 (shTBC7) or a GFP control (shGFP), and
twice the amount of cells. See supporting data in Figure S4B.
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Figure 5. TBC1D7 negatively regulates mTORC1 signaling under poor growth conditions
(A) Growth factor-independent mTORC1 signaling in cells with stable knockdown of
TBC1D7. HeLa cells with stable shRNA-mediated knockdown of TBC1D7 (shTBC7) or a
GFP control (shGFP) were serum starved for 16 h and, where indicated, treated with
rapamycin (20 nM) for the final 15 min.
(B) Growth factor-independent activation of mTORC1 signaling in a variety of cell lines
with knockdown of TBC1D7. The indicated cell lines with siRNA-mediated knockdown of
human (293E, RPE1, HeLa) or mouse (MEF) TBC1D7 compared to controls (siC) were
serum starved for 16 h prior to lysis.
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(C) Dual knockdown of TBC1D7 with TSC1 or TSC2 does not have an additive effect on
mTORC1 signaling. HeLa cells were co-transfected with the indicated siRNAs and treated
as in (B).
(D) mTORC1 signaling in TBC1D7-deficient cells remains Rheb-dependent. HeLa cells
were co-transfected with the indicated siRNAs and treated as in (B).
(E) mTORC1 signaling in TBC1D7-deficient cells is resistant to growth factor and glucose-
withdrawal but not amino acid withdrawal. MEFs were treated as in (B) but following serum
starvation, the indicated samples were either starved of all amino acids or glucose for an
additional 3 h. Light and dark exposures of the same phospho-S6K blot are shown.
(F) Co-localization of mTOR and LAMP2 is not affected by loss of TBC1D7. HeLa cells
were serum starved for 16 h and immunofluorescently labeled with mTOR and LAMP2
antibodies. In merged images of mTOR (red) and LAMP2 (green), co-localization is
represented by yellow and orange pixels. Insets in each merged image show planes
perpendicular to the primary image that were constructed from z-stacks. Arrows indicate the
cells shown in these insets.
(G) Autophagy induction is delayed in TBC1D7-deficient cells. HeLa cells with stable
shRNA-mediated knockdown of TBC1D7 (shTBC7) or GFP as a control (shGFP) were
grown in complete growth media and then starved of all amino acids (-aa) with or without
dialyzed FBS (dFBS) for the indicated duration (min). LC3B-II to -I ratios were quantified
with ImageJ software and are shown normalized to the 20 min shGFP samples.
(H) Knockdown of TBC1D7 increases cell size. HeLa cells were transfected with control
(siC) or TBC1D7 (siTBC7) siRNAs and, 24-h post-transfection, were serum starved for 48
h. The distribution of cell diameters (in μm) within the population of cells was measured
using a Z2 Coulter counter. p<0.0001 for comparison of siC and siTBC7 size distributions
(average of 5 replicates, with 28,400 cells measured in each). See supporting data in Figure
S5.
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Figure 6. Model of the TSC-TBC Complex
Schematic of the integrated regulation of mTORC1 by the Rag GTPases through the
Ragulator, and Rheb through the TSC-TBC complex (or Rhebulator). See text for details.
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