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SUMMARY

Diverse environmental cues converge on and are integrated by the mTOR signaling network to
control cellular growth and homeostasis. The mammalian Tsc1-Tsc2 GTPase activating protein
(GAP) heterodimer is a critical negative regulator of Rheb and mTOR activation. The RalGAPa-
RalGAPp heterodimer shares sequence and structural similarity with Tsc1-Tsc2. Unexpectedly,
we observed that C. elegans expresses orthologs for the Rheb and RalA/B GTPases, and for
RalGAPa/B but not Tsc1/2. This prompted our investigation to determine whether RalGAPS
additionally modulate mTOR signaling. We determined that C. elegans RalGAP loss decreased
lifespan, consistent with a Tsc-like function. Additionally, RalGAP suppression in mammalian
cells caused RalB-selective activation and Sec5- and exocyst-dependent engagement of mTORC1
and suppression of autophagy. Unexpectedly, we also found that Tsc1-Tsc2 loss activated RalA/B
independently of Rheb-mTOR signaling. Finally, RalGAP suppression caused mTORC1-
dependent pancreatic tumor cell invasion. Our findings identify an unexpected crosstalk and
integration of the Ral and mTOR signaling networks.

INTRODUCTION

Mechanistic target of rapamycin (mTOR) signaling has emerged as a major signaling node
that is aberrantly activated in cancer, diabetes, and neurodegenerative disorders (Laplante
and Sabatini, 2012). mTOR is an atypical serine/threonine protein kinase that forms two
distinct signaling complexes, mTORC1 and mTORC2, that are distinguished primarily by
their association with Raptor or Rictor, respectively. Although considerable advances have
been made in understanding the signaling mechanisms that regulate mTOR activity, many
unresolved and poorly understood issues remain (Wang and Proud, 2011).
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mTORC1 activity is regulated by diverse extracellular stimuli that include growth factors
and amino acids (Laplante and Sabatini, 2012). A major upstream regulator of mMTORCL1 is
the tuberous sclerosis complex comprised of the Tscl (aka hamartin) and Tsc2 (aka tuberin)
heterodimer. Tsc1/2 acts as a GTPase activating protein (GAP) for the Rheb small GTPase
by converting active Rheb-GTP to inactive Rheb-GDP (Aspuria and Tamanoi, 2004; Inoki
et al., 2003). Rheb-GTP associates with and facilitates the localization and activation of
mTORC1 at the lysosomal surface in response to nutrients (Inoki et al., 2003). Growth
factors such as insulin and insulin-like growth factor are important stimuli of the
phosphoinositide 3-kinase (PI3K) and Ras small GTPase pathways (Huang and Manning,
2008; Pollak, 2012), activating the Akt and ERK serine/threonine kinases, respectively, that
directly phosphorylate and inactivate Tsc1/2, derepressing Rheb and promoting mTORC1
signaling. Tsc1/2 is also mutationally inactivated or lost in cancers (Laplante and Sabatini,
2012). In contrast, amino acid activation of mMTORCL1 is independent of Tsc1/2 and instead
is mediated through the Rag small GTPases (Sancak et al., 2010). While clinically relevant
functions of Tsc1/2 that are independent of Rheb and/or mTORC1 have been described, the
mechanisms thereof are unidentified (Neuman and Henske, 2011).

mTORC1 activation regulates diverse cellular processes that include the stimulation of
protein synthesis through direct phosphorylation and activation of S6 kinase 1 (S6K) and
inactivation of 4E-BP1. mTORCL1 also negatively regulates cellular catabolic processes like
autophagy, the central degradative process for recycling cellular building blocks. mMTORC1
signaling has also been implicated in the aging process, with genetic or pharmacologic
suppression of TOR extending lifespan in C. elegans, Drosophila, yeast, and mice (Lapierre
and Hansen, 2012; Laplante and Sabatini, 2012). In C. elegans, CeTORCL inhibition-
mediated lifespan extension depends on activation of the transcription factor FOXO/
DAF-16. FOXO is also a convergence point with insulin signaling and aging regulation; the
C. elegans Insulin Receptor (InsR)/DAF-2 activates a PI3K-PDK-Akt cascade to inhibit
FOXO activity, thereby decreasing lifespan.

Although described originally as a tuberin-related protein (TULIP1; (Schwarzbraun et al.,
2004), RalGAPal and its closely related isoform, RalGAPa2, were independently
discovered later as GAPs for the RalA and RalB small GTPases (Chen et al., 2011;
Shirakawa et al., 2009). Ral GTPases are best known as regulators of the octameric exocyst
complex which controls vesicular transport by tethering secretory vesicles to the plasma
membrane prior to fusion (Heider and Munson, 2012). The exocyst also functions
independent of exocytosis and aberrant Ral activation has been implicated in cancer growth
(Bodemann and White, 2008). In non-cancer cells Ral-exocyst signaling has been implicated
in cellular motility (Spiczka and Yeaman, 2008), autophagosome formation (Bodemann et
al., 2011), protein sorting (Shipitsin and Feig, 2004), and cytokinesis (Cascone et al., 2008).
The RalGAPal and a2 GAP catalytic domains share significant sequence identity with the
GAP catalytic domain of Tsc2 (26-27% identity). Similar to the requirement for Tscl
association with Tsc2 for GAP activity, each RalGAP« catalytic subunit requires
heterodimerization with a common regulatory RalGAP j subunit (aka RGC1) for their GAP
activities (Chen et al., 2011). To date, no other RalGAPs have been described and the
embryonic lethality of RalGAPS knockout mice is consistent with the likelihood that there
are no other mammalian RalGAPs (unpublished). C. elegans expresses orthologs of human
Ras (LET-60), Rheb (RHEB-1) and Ral (RAL-1), as well as other components of Ral
effector (Frische et al., 2007) and TOR signaling (Lapierre and Hansen, 2012; Laplante and
Sabatini, 2012). Strikingly, C. elegans expresses RalGAP a and f but not Tscl and Tsc2
orthologs. This contrasts with D. melanogaster, which expresses orthologs of Tsc1/2 as well
as Rheb, Ral, and RalGAPa/B (Figure 1A). These observations prompted our interest in
determining whether RalGAPs may serve as a point of integration of the Ral and mTOR
signaling networks.

Mol Cell. Author manuscript; available in PMC 2015 January 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Martin et al.

RESULTS

Page 3

In this study we established that GAPs for Ral and Rheb facilitate the integration of Ral and
mTOR signaling networks to control aging, autophagy and tumor cell invasion. First, we
identified the RalGAP complex, acting through inhibition of RalB, as a negative regulator of
mTORC1 signaling through Sec5 and the exocyst complex. Second, we identified Tsc1/2 as
an mTORC1-independent negative regulator of Ral. Third, loss of C. elegans RalGAP « or
orthologs phenocopied CeTORCL activation and decreased lifespan, suggesting that in C.
elegans RalGAP substitutes for the Tsc complex. Finally, we showed previously that RalB
activation drives pancreatic cancer invasion and metastasis (Lim et al., 2006), and we now
showed that RalB-mediated mTORC1 activation is critical for this activity. In summary, our
observations establish an unexpected signaling crosstalk between the Ras-Ral and Rheb-
mTOR signaling axes.

Aging in C. elegans is Controlled by RalGAP Signaling

The strong GAP domain sequence identity (26-27%) and same heterodimeric complex
requirement of the RalGAPs and the Tsc/RhebGAP (Figure 1A) prompted us to examine
whether they may exhibit functional similarities. Unexpectedly, we noted that while C.
elegans expresses Ral (RAL-1), Rheb (RHEB-1), RalGAP catalytic a (HGAP-1/Y18H1A.3)
and regulatory  (HGAP-2/D2085.5) subunit orthologs, notably C. elegans, alone among
well-studied model organisms, lacks Tscl or Tsc2 orthologs (Figure 1A and Supplemental
Table S1). Evolutionary loss of Tsc1/2, otherwise conserved from yeast to humans (Neuman
and Henske, 2011), would likely have dire fecundity consequences unless another ancestral
protein substituted for this function.

Since Tsc1/2 are known to modulate mTOR signaling to control aging (Lapierre and
Hansen, 2012; Laplante and Sabatini, 2012), we determined if RalGAPs could function
similarly in C. elegans. Reduced function (rf) of the insulin/IGF receptor ortholog DAF-2
results in doubled lifespan, which in turn is completely suppressed by loss of FOXO/
DAF-16 (Kenyon et al., 1993; Kimura et al., 1997; Lin et al., 1997; Ogg et al., 1997). As
expected, positive control daf-16(RNAI) reduced daf-2(rf) lifespan. Reduction of RalGAPa/
HGAP-1 or RalGAPB/HGAP-2 function significantly reduced lifespan in daf-2(rf) and wild-
type backgrounds (Figures 1B,C and S1B). This result is consistent with the requirement of
both subunits for a functional RalGAP (Chen et al., 2011; Shirakawa et al., 2009).
Interestingly, we also determined that RAL-1 (RNAI) but not RHEB-1(RNAI) significantly
increased C. elegans lifespan (Figure 1D), observations previously described in a whole-
genome RNA.I screen (Kim and Sun, 2007). Importantly, ral-1 suppression in hgap-1 mutant
animals resulted in extended lifespan (Figure 1E), suggesting that hgap-1 acts through
RAL-1 to control lifespan. Loss of LET-363/CeTOR results in 3™ stage larval arrest (Jia et
al., 2004). hgap-1 (RNAi) and an hgap-2 putative null mutation failed to rescue CeTOR
mutant larval arrest, consistent with HGAP-1/2 signaling upstream of CeTOR (Figures S1C
and S1D).

RalGAP Signaling Controls mTORC1 Activity

We next pursued further analysis in mammalian cell models where there are well-
established assays to access both mTOR and Ral signaling. We isolated and analyzed mouse
embryonic fibroblasts (MEFs) isolated from RalGAP/f/fl conditional knockout embryos.
Upon ectopic Cre recombinase expression and RalGAP/ deletion there was a marked
decrease in RalGAPR protein expression and increased RalA/B but not Rheb GTP-loading
(Figures 2A and S2A). There was also a large increase in the phosphorylation of the
mTORC1 substrate S6K (pS6K(T389); Figure 2A), suggesting an increase in mMTORC1
activity. Interestingly, loss of RalGAPS resulted in increased mTOR kinase activity as
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measured by in vitro kinase assays, suggesting a crucial role for RalGAPS in controlling
mTOR kinase activity (Figures 2B and S2B). We also observed that overexpression of
RalGAPp with wild-type but not GAP-dead RalGAPal resulted in diminished mTOR
kinase activity (Figure S2C). RalGAPp suppression also enhanced mTORC1 signaling that
was Raptor dependent and rapamycin treatment ablated pS6K formation in both empty and
Cre treated RalGAPB/f MEFs, consistent with a role for mTORC1 in regulating the
increase in pS6K upon loss of RalGAPp (Figures 2C and S2D). We also observed that RalB
but not Rheb is necessary for the enhanced pS6K in Cre treated RalGAP /1/f MEFs
indicating that it is RalB but not Rheb that is necessary for mTORCL1 activation downstream
of RalGAP signaling (Figure 2D).

Enhanced activity of mTORC1 suppresses autophagy (Kim et al., 2011). To determine
whether RalGAPp loss-induced mTORCL1 activity was associated with a reduction in
autophagy, we utilized two markers of autophagy: formation of the processed form of
endogenous LC3 (LC3B-II) and LC3-punctae formation (Klionsky et al., 2012). RalGAPB
depletion resulted in the appearance of fewer GFP-LC3 punctae and a decrease in LC3BI|I
protein levels (Figures 2E, 2F, S2E). Treatment with rapamycin restored LC3B processing,
indicating a role for RalGAP upstream of mTOR in autophagy regulation (Figure S2F).

RalB Associates with mTOR and Regulates mTORCL1 Signaling in Aging, Autophagy and
Tumor Cell Invasion

Rheb-GTP directly engages mTORC1 and promotes mTOR kinase activity and signaling
(Laplante and Sabatini, 2012). Tsc1/2 possesses RhebGAP activity to directly antagonize
Rheb-mTOR signaling (Tee et al., 2003). Since we found that RalGAP loss activated
mTORC1 activity, we investigated whether this was through Ral activation. Since RalGAP
did not show GAP activity for Rheb in vitro (Chen et al., 2011; Shirakawa et al., 2009), we
assessed the possibility that mTOR is an effector of activated Ral. We determined that
mTOR co-precipitated preferentially with constitutively GTP-bound RalB(Q72L) but not the
constitutively GDP-bound RalB(S28N) mutant (Figure 3A). Recombinant RalB had a strong
interaction with the kinase domain of mTOR (Figure S3A), similar to that reported for Rheb
(Long et al., 2005). Consistent with Rheb and RalB interacting with the same region of
mTOR, we found that RalB could successfully compete with Rheb for mTOR binding
(Figure S3C). These data are consistent with mTOR serving as an effector of activated RalB.

Interestingly, expression of RalB(Q72L) or RalB(S28N) caused an increase or decrease in
pS6K levels, respectively (Figure 3A), suggesting that activated RalB association with
mTOR could modulate mTORC1 activity. Analyses with RalA, which shares 82% sequence
identity with RalB (Feig, 2003; Neel et al., 2011), did not show association with mTOR
(Figure S3B). We also determined that endogenous mTOR and Raptor (but not Rictor or
other mTORC2 components; Figure S3B) co-immunoprecipitated with endogenous RalB,
and this association was enhanced by serum but not amino acid stimulation (Figures 3B and
S3E). RalB association with mTOR was dependent on the expression of Raptor but not
Rictor (Figure 3C) further indicating a role for RalB in regulating mTORC1 but not
mTORC2 signaling. Finally, we found that stable shRNA depletion of RalB but not RalA
abrogated serum stimulation of pS6K formation (Figure 3D), indicating the necessity of
RalB for serum-stimulated mTOR activation and consistent with the ability of RalB but not
RalA to associate with mTOR.

The Tuberous Sclerosis Complex (TSC) Regulates Ral GTPase Signaling

We next addressed whether Tscl and Tsc2 could also regulate Ral activation. First, we
ectopically expressed the catalytic RalGAPal subunit in Tsc2-null (=/-) MEFs and found
that RalGAPal expression resulted in a decrease in mTORCL activity, comparable to that
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seen upon re-expression of Tsc2 (Figure 4A). Examination of Tscl or Tsc2 knockout MEFs
found that the GTP-bound levels (and total protein) of both RalA and RalB were elevated
(Figure 4B). Rapamycin treatment did not result in changes to RalB-GTP levels, indicating
mTORC1-independent enhancement in Ral activity (Figure 4C). Knockdown of Rhebl
decreased pS6K (Figure 4D) but not RalB-GTP levels (Figure S4A), further implicating a
Rheb-mTOR-independent mechanism for Tsc2 regulation of Ral activity. Despite the ability
of active RalB to complex with Tsc2 (Figure S4B), we found that Tsc2 does not possess
GAP activity towards Ral. Interestingly, we observed that overexpressed Tsc proteins could
heterodimerize with RalGAP proteins, indicating that loss of Tsc expression could possibly
reduce RalGAP function (Figures S4C and S4D). To address the necessity of RalB for
enhanced mTORCL1 activity in Tsc2-null cells, we used stable ShRNA expression to deplete
RalB or Rhebl. Loss of either RalB or Rhebl resulted in a similar decrease in mTORC1
activity (Figure 4D).

Lastly we used tissue from the Eker rat, which carries a germline deletion of one Tsc2 allele
(Yeung et al., 1995), to determine whether there was altered Ral activity associated with
Tsc2 loss in vivo. We found increased total RalB and RalB-GTP levels in renal tumor tissue
which had decreased Tsc2 levels (Figures 4E and S4E), suggesting that TSC loss
derepresses RalB in vivo.

RalB Regulates Serum-induced mTORC1 Translocation to the Plasma Membrane

We next determined if RalB activation could regulate mTORCL1 subcellular localization. We
observed a dense perinuclear colocalization of mCherry-tagged RalB with both endogenous
mTOR and GFP-Raptor in starved cells (Figures 5A and S5A). Upon serum stimulation
RalB plasma membrane localization was enhanced, where it colocalized with both mTOR
and GFP-Raptor (Figures 5A and S5A).

We next examined whether serum-induced mTOR localization to the plasma membrane was
RalB-dependent. In control NS shRNA expressing cells mTOR was enriched in the plasma
membrane fraction after serum stimulation (Figure S5B). RalB suppression caused a marked
reduction in mTOR recruitment to the plasma membrane fraction demonstrating that RalB is
necessary for mTOR plasma membrane recruitment (Figure S5B). mTORCL is well-
established to signal at the lysosome (Sancak et al., 2010). We did observe RalB
colocalization with lysosomal marker LAMP2 but this was unchanged upon serum
stimulation (Figure S5C).

Since we observed that the active form of RalB preferentially associated with mTOR (Figure
3A), we constructed a FRET-based RalB activity sensor to determine the subcellular
localization of active RalB. The biosensor is a unimolecular reporter consisting of CFP and
YFP inserted between the Sec5 Ral-binding domain and wild-type RalB. We verified the
biosensor detection of active RalB (Figure S5D). We observed that serum stimulation or
depletion of RalGAPp enhanced RalB activation at plasma but not endomembrane
compartments (Figures 5B and 5C).

We generated GFP-Raptor mutants with either the Rheb or RalB membrane-targeting
regions fused to the Raptor C-terminus to determine if mTORC1 recruitment to the
localization of RalB was alone sufficient for activation. As reported previously (Sancak et
al., 2010), GFP-Raptor Rheb-C was perinuclear localized, consistent with the lysosomal
compartment (Figure 5D), and this was sufficient for mMTORCL activation in serum-starved
cells (Figure 5E). GFP-Raptor RalB-C was localized on both internal membranes and the
plasma membrane, similarly to what we observed for RalB (Figure 5D). This localization
was sufficient for mTORCL activation in serum-starved cells (Figure 5E) indicating that
RalB-dependent plasma membrane translocation is sufficient for mTORC1 activation.

Mol Cell. Author manuscript; available in PMC 2015 January 23.
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Lastly we constructed GFP-Sec5 Ral binding domain (RBD) fusion proteins bearing
different GTPase C-terminal membrane targeting sequences. The isolated RBD can bind and
block endogenous Ral-GTP signaling (Bodemann et al., 2011). Addition of the different C-
termini allowed us to selectively turn off Ral signaling at different cellular locations. We
found that addition of the RalB, Rheb, and H-Ras C-termini showed the localization patterns
(Figure S5E) for their respective GTPases. Only expression at the plasma membrane (RalB-
C and H-Ras-C) and not the lysosome (Rheb-C) was capable of impairing mTORC1
signaling in response to serum stimulation (Figure S5F). We conclude that the plasma
membrane and not the lysosomal subcellular pool of RalB is necessary for proper serum-
induced mTORC1 activation.

The Exocyst is the RalB Effector Complex Necessary for mTORC1 Modulation

The best characterized Ral effector proteins are two components of the octomeric exocyst
complex involved in vesicle sorting (Sec5 and Ex084), and RalBP1 (aka RLIP76) which has
roles in endocytosis and actin reorganization (Neel et al., 2011). To determine their possible
association with mTOR, we expressed GFP-tagged Sec5, Ex084, or RalBP1 in HEK293T
cells. We then immunoprecipitated the GFP-tagged effector and we found co-precipitation
of endogenous mTOR with Sec5 and Exo84 but not RalBP1 (Figure 6A). Next we profiled
all eight exocyst subunits and found that each could co-precipitate with mTORC1 to varying
degrees (Figure S6A)

We used siRNA to deplete cells of either Sec5 or Exo84 to determine if either was necessary
for RalB interaction with mTOR. Knockdown of Sec5 but not Exo84 caused a reduction in
the coprecipitation of endogenous RalB with immunoprecipitated endogenous mTOR and a
reduction in pS6K levels (Figure 6B) implicating Sec5 as the key effector that determines
RalB-dependent mTORC1 signaling. Depletion of Sec5 but not Exo84 by siRNA resulted in
a reduction of pS6K in RalGAP A1/fl MEFs upon Cre treatment consistent with a direct role
for Sec5 in RalGAPB-RalB mediated mTORCL1 activation (Figure 6C). Overexpression of
Sec5 with active RalB enhanced mTORC1 activity while co-expression of active RalB with
Ex084 resulted in a decrease in pS6K (Figure S6B) similar to what has been described
previously (Bodemann et al., 2011). Using mTOR and Sec5 prepared by in vitro
transcription/translation we found that Sec5 could directly interact with mTOR as measured
by co-IP (Figure S6C). Finally, using a variant of Sec5 with a T11A mutation that perturbs
the Ral-Sec5 association (Fukai et al., 2003), we found that Ral binding is not required for
Secb to associate with mTORC1 (Figure S6D), suggesting that activated RalB associates
with a preformed but inactive Sec5-mTOR complex.

Since there are exocyst-independent functions of Sec5 (Chien et al., 2006), we next
determined if RalB-Sec5 engagement of mTOR involved the canonical exocyst complex.
We determined immunoprecipitation of endogenous Sec8, a non-Ral effector exocyst core
component, also displayed mTOR association independent of the presence of serum (Figure
6D). We also found that upon serum stimulation RalB and endogenous mTOR are found at
the plasma membrane together with endogenous Sec8 (Figure 6E). These results suggest that
RalB association with mTOR is exocyst-dependent.

RalGAP Suppresses Pancreatic (PDAC) Tumor Cell Invasion

We determined previously that RalA but not RalB is necessary for pancreatic ductal
adenocarcinoma (PDAC) anchorage-independent growth in vitro and tumorigenesis in vivo,
while RalB is necessary for PDAC invasion and metastasis in vitro and in vivo (Lim et al.,
2006). PDAC tumors also have elevated mTOR activity (Falasca et al., 2011). Therefore, we
examined PDAC cells to assess whether RalGAP proteins could regulate pancreatic tumor
cell growth and invasion. We found expression of both RalGAPal and a2 in addition to the
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regulatory RalGAPR subunit In PDAC tumor cell lines, (Figure 7A). As expected, we found
that stable shRNA knockdown of RalGAPp enhanced the levels of both GTP-bound RalA
and RalB (Figure 7B). This observation was also true for shRNA depletion of RalGAPal
(Figure S7A). RalGAPp depletion did not enhance anchorage-dependent or anchorage-
independent growth (Figures S4B and S4C), but knockdown of RalGAPp and RalGAPal
caused a substantial increase in invasion through Matrigel (Figures 7C and Figure S4A).

Similar to our observations in MEFs, we also observed an increase in mTORC1 activity
when PDAC tumor cells were depleted of RalGAPp (Figure 7D). The increased invasion
upon knockdown of RalGAPf was abolished by rapamycin treatment (Figure 7E), indicating
that invasion is driven through mTORC1 signaling.

DISCUSSION

The importance of mMTORCL signaling in cancer is well-established, with two mTORC1
inhibitors approved for cancer treatment (Henske, 2012). Independently, there is
considerable evidence for aberrant Ral GTPase activation in driving cancer growth, invasion
and metastasis (Bodemann and White, 2008; Neel et al., 2011). Based on the sequence
identity and structural heterodimeric complex nature of the GAPs for Ral and Rheb small
GTPases, we addressed possible crosstalk between these two signaling networks. We
determined that RalGAPs negatively regulate mTORC1 activation via RalB interaction with
Sec5 and the exocyst to regulate mTORC1 subcellular localization and activity. RalGAP
analysis in C. elegans, where the Tsc1/2 complex is absent, also supported a functional
relationship with TOR signaling. Although Ral GTPases have well-validated roles in cancer,
the effector functions important for these roles have remained poorly understood (Bodemann
and White, 2008; Neel et al., 2011). Our findings suggest that mTORCL activation is an
important consequence of RalB activation. Surprisingly, we also determined that loss of the
Tscl/2 complex increased Ral activation. Although clinically relevant functions of Tsc1/2
independent of Rheb-mTOR signaling have been described, the mechanistic basis for these
activities has remained elusive (Neuman and Henske, 2011). We suggest that Ral activation
is an important Rheb-independent consequence of Tsc1/2 loss important in disease.

We observed that C. elegans lacks bona fide orthologs of Tsc1 and Tsc2 but does possess a
Rheb ortholog and signaling components necessary for mTORCL1 signaling found in other
organisms. A role for mTORC1 signaling in aging and age-related diseases is well
established, but we still have much to learn about the molecular mechanisms involved. Our
finding that RalGAP-directed RNAI reduced C. elegans lifespan is consistent with a role for
RalGAP repression of Rheb-TORC1. Whether C. elegans RalGAP can act as a GAP for
RHEB-1 and whether RAL-1 can activate TOR remain to be determined.

To further implicate RalGAP in regulation of mTOR signaling, we determined that
suppression of RalGAPf caused mTORC1 activation. We established a mechanism whereby
activation of RalB but not RalA promotes activation of mMTORC1 via Sec5 and the exocyst.
In contrast to our findings, a previous study described a mechanism where RalA activation
by a RalGEF then facilitated Rheb activation of mMTORC1. They also found that growth
factor activation of mMTORC1 was independent of Ral activation (Maehama et al., 2008; Xu
et al., 2011). A second study extended this mechanism and found Rheb-dependent activation
of the RalA effector phospholipase D involved in mTORC1 activation by nutrients
(Maehama et al., 2008; Xu et al., 2011). Thus, both RalA and RalB can regulate mTORC1
but through distinct upstream stimuli and downstream effectors.

Consistent with our findings, another study observed RalB but not RalA involvement in
autophagy (Bodemann et al., 2011). They described a mechanism whereby RalB utilizes two
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distinct exocyst subcomplexes consisting of either Sec5 or Exo84. Nutrient deprivation
promoted RalB-Ex084 complex formation and autophagy. Interestingly, they also found that
nutrient deprivation inhibited the RalB-Sec5 association. This is consistent with our finding
that the RalB-mTOR complex is both dependent upon Sec5 expression and responsive to the
presence of growth factors. Our work further supports and extends their model where RalB
can utilize two exocyst subcomplexes: one where the RalB-Sec5 interaction promotes
mTOR activation and limits autophagy upon growth factor stimulation and another complex
where the RalB-Ex084 complex promotes ULKZ1 activation to enhance autophagy under
nutrient deprived conditions.

Loss of function of either Tscl or Tsc2 leads to hyperactive Rheb and chronic mMTORC1
activity, stimulating cellular growth and proliferation. Although Rheb is the only bona fide
Tsc1/2 substrate, Rheb-independent Tsc1/2 signaling and associated biological properties
have been observed. Tsc2 GAP activity has been found to act on both Rab5 (Xiao et al.,
1997) and Rapl (Wienecke et al., 1995), but in vivo characterization has been lacking. We
found that loss of either Tsc1 or Tsc2 led to enhanced Ral activity. Since Tsc1/2 displays no
RalGAP activity in vitro, it is unclear how Tsc1/2 might be regulating Ral signaling.
Nevertheless, we found that tumors deficient in Tsc2 have elevated RalB protein levels and
RalB activity, indicating a potential causal role for RalB in Tsc1/2-deficient malignancies.
Future efforts to therapeutically target RalB signaling potentially have promise in diseases
caused by Tsc1/2 loss.

RalB has been shown to be involved in many important biological processes such as the host
immune response (Chien et al., 2006), tumorigenesis (Peschard et al., 2012), tumor cell
invasion and metastasis (Bodemann and White, 2008; Neel et al., 2012), control of
autophagy (Bodemann et al., 2011) and exocytosis (Martin et al., 2012). Despite controlling
diverse biological functions, RalB is only known to interact with a limited number of
effector proteins (Martin and Der, 2012). Recently, the exocyst proteins Sec5 and Exo84
have emerged as the most important effectors of RalB. We find that the exocyst engages
mTOR and is found to colocalize with active mTOR and RalB at the plasma membrane. We
speculate that upon growth factor stimulation, active RalB utilizes the exocyst to traffic
mTORC1 to the plasma membrane, where it can actively phosphorylate substrate proteins.
This process may play a key role in tumor invasion and metastasis, where RalB and the
exocyst have known roles (Bodemann and White, 2008). In fact, we found that in pancreatic
tumor cells with elevated RalB activity due to loss of RalGAP function, mTORC1 function
is critical, as mTORCL1 inhibition with rapamycin decreased invasion in vitro. Our finding
that mMTORC1 signaling is critical for tumor cells to invade provides a way to potentially
inhibit RalB-driven PDAC invasion and metastasis.

In conclusion, we determined that GAPs for the Ral and Rheb small GTPases can facilitate
the convergence and interplay of two signaling networks previously considered distinct.
Previously, the importance of Tsc1/2-Rheb-mTOR and Ral in disease had stimulated
approaches to therapeutically block each pathway. With our finding that these are
components of a shared signaling network, combination approaches for blocking Ral or
mTOR may be more effective.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents

Detailed information on cell lines and culture conditions are described in the Extended
Experimental Procedures.
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Expression Constructs and Antibodies

Detailed information on the source of cDNA and shRNA expression plasmids and
antibodies are described in the Extended Experimental Procedures.

Immunofluorescence and Microscopy

HEK?293T cells were plated on 0.01% poly-L-lysine (Sigma) coated glass coverslips, fixed
with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100, then incubated with
primary antibodies, followed by an Alexa Fluor-conjugated secondary antibody (Invitrogen).
All images were acquired with sequential scanning with a LSM 710 confocal microscope.
Additional information are provided in Extended Experimental Procedures.

C. elegans Aging Assays

Synchronous daf-2(e1370); eri-1(mg366) animals were grown at 15°C to bypass dauer
formation. Late L4 animals were picked to RNA. plates at 25°C (day 0) and survival was
assessed daily thereafter. Animals that died with eggs hatching within, a common trait of
daf-2 mutants grown at 25°C, were removed from plates and not included in the final tally.
Other aging assays were performed at 20°C. RNA interference was performed using a
standard protocol (Fraser et al., 2000). HT115 bacteria were grown harboring plasmids
expressing dsRNA corresponding to gfp (Zand et al., 2011), daf-16 (I-5M24), ral-1
(111-7M13), rheb-1 (111-5C23), let-363 (1-2102), hgap-1 (1-7B15), and hgap-2 (11-6E14).
hgap-1 and hgap-2 nonsense mutations were identified by the Million Mutation Project
(Thompson et al., 2013). Additional information is provided in the Extended Experimental
Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. C. elegans RalGAP and Ral Regulate Lifespan
(A) Molecular phylogeny of Ral and Rheb GAPs. Comparison of the domain structure of
Rheb and Ral GAP catalytic and regulatory subunits between H. sapiens, D. melanogaster,

and C. elegans. Numbers indicate amino acids.

Days after adult molt
hgap-1 mutant

(B) RNAi-mediated knockdown of C. elegans hgap-1 and hgap-2 RalGAP subunits
decreases lifespan in daf-2(e1370) reduced function InsR animals (P < 0.0001).

daf-16(RNAI) was used as a positive control.

(C) Putative null mutations hgap-1(gk101481) (Y18H1A.3 W1142*) and hgap-2(gk578143)
(D2085.5a Q802*) confer reduced lifespan relative to wild-type animals (P < 0.0001).
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(D) Bacterially-mediated ral-1(RNAi) (P=0.0005) but not rheb-1(RNAi) (P=0.734) in the
eri-1(mg366) RNAI-hypersensitive background extended lifespan.

(E) Bacterially-mediated ral-1(RNAI) increased the lifespan of hgap-1(gk101481);
eri-1(mg366) mutant animals to roughly wild-type duration (P = 0.0087; compare to 1C and
1D).

For all experiments, animals were allowed to feed ad libitum with no caloric restrictions
Animals in 2B were grown at 25°C, while other experiments were performed at 20°C. P
values from log-rank test. See also Figure S1.
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Figure 2. RalGAPs Regulate mTORC1 Signaling

(A) RalGAPp-deficient MEFs have elevated Ral GTPase and mTORC1 activity.

Ral GAPAT MEFs were treated with either empty or Cre-expressing adenovirus. Cell
lysates were resolved by SDS-PAGE and then analyzed for pS6K and for RalA- and RalB-
GTP levels by a GST-Sec5-RBD pulldown assay.

(B) mTOR kinase activity is enhanced in RalGAPp-deficient MEFs. Ral GAPA /Tl MEFs
were treated with empty or Cre-expressing adenovirus. Cells were serum starved overnight
and mTOR kinase activity was assessed by in vitro kinase assays measuring S6K(T389)
phosphorylation.
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(C) Raptor is required for enhanced mMTORC1 signaling in response to RalGAP-depletion.
HEK293T cells stably expressing either NS or RalGAPB shRNA were transduced with
either NS or Raptor shRNA. Cells were selected for sShRNA expression, serum-starved, and
mTORC1 activity was measured by immunoblotting with the indicated antibodies.

(D) RalB but not Rheb is required for enhanced mTORCL1 signaling in RalGAPS-deficient
MEFs. RalGAPR/fl MEFs were transfected with the indicated siRNA pools, then treated
with either empty or Cre-expressing adenovirus. Cells were serum starved overnight and
lysates were immunaoblotted with the indicated antibodies.

(E) Depletion of RalGAP results in reduced LC3 punctae. RalGAPST/fl MEFs grown in
serum containing growth medium were analyzed for GFP-LC3 punctae content by confocal
microscopy. Images are representative of cells treated with empty (left) or Cre (right)
adenovirus-treated RalGAPA/fl MEFs.

(F) Quantitation of GFP-LC3 punctae from panel E. Fifteen cells were imaged for each
condition and GFP-LC3 punctae were quantitated. p-values were determined by an unpaired
Student’s t-test. See also Figure S2.
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Figure 3. RalB Associateswith mTORC1 and RegulatesmTORC1 Signaling

(A) Active, GTP-bound RalB associates with mTOR. HEK293T cells expressing the
indicated HA-tagged RalB proteins and Myc-tagged mTOR were subject to anti-HA
immunoprecipitation. After SDS-PAGE, association of HA-RalB with Myc-mTOR was
determined by western blotting with anti-Myc. Total cell lysates were probed with the
indicated antibodies, with anti-vinculin to verify equivalent input of total cellular protein and
anti-pS6K to determine mTORC1 activity.

(B) Endogenous RalB associates with mTORC1 upon serum stimulation. HEK293T cells
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- e pT389-S6K
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were starved of amino acids, serum, and glucose for 1 h. Cells were then either untreated (=)
or treated with serum to a final concentration of 10% (+) for 20 min. Lysates were resolved
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by SDS-PAGE and subject to immunoprecipitation with anti-RalB antibody. RalB-
mTORC1 complex formation was determined by western blotting immune complexes with
anti-mTOR and anti-Raptor. Total cell lysates were probed with the indicated antibodies to
verify equivalent expression of protein and to determine mTORCL activity (pS6K).

(C) Raptor is necessary for RalB to associate with mTOR. HEK293T cells stably transduced
with the indicated lentiviral ShRNA constructs for Raptor and Rictor were subject to
immunoprecipitation with an anti-RalB antibody. RalB-mTOR complex formation was
determined by western blotting RalB immune complexes with anti-mTOR antibody. Total
cell lysates were analyzed with the indicated antibodies to verify equivalent protein
expression and protein knockdown.

(D) RalB is necessary for mTORCL1 response to serum stimulation. HEK293T cells stably
transduced with the indicated lentiviral ShRNA constructs for RalA or RalB were starved of
amino acids, serum, and glucose for 1 h. Cells were then either untreated (=) or treated with
serum to a final concentration of 10% (+). Lysates were analyzed by immunoblotting with
the indicated antibodies including pS6K to determine mTORCL activity. See also Figure S3.
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Figure 4. The Tuberous-Sclerosis Complex (TSC) Regulates Ral GTPase Signaling

(A) Elevated mTORCL activity in Tsc2-null MEFs can be rescued by RalGAP expression.
Tsc2 wild type (+/+) Tsc2-null (/=) were transiently transfected with the indicated
constructs. Cells were harvested 48 h later and lysates were immunoblotted with the

ind

icated antibodies.

(B) Tsc-deficient cells have elevated Ral GTPase activity. Tscl-null (/=) MEFs stably
expressing either vector or Tscl and Tsc2 wild type (+/+) and null (-/-) MEFs were subject
to GST-Sec5-RBD pulldown assays to determine Ral-GTP formation. Pulldowns were
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analyzed by immunoblotting with anti-RalA or RalB. Total cell lysates were probed with the
indicated antibodies to determine protein expression.

(C) Elevated Ral activity in Tsc2-deficient cells is not dependent on mTOR activity. Tsc2
wild type (+/+) or null (=/=) MEFs were treated with 10 nM rapamycin for 16 h. Cells were
harvested and subject to GST-Sec5-RBD pulldown assays to determine Ral-GTP formation.
Total cell lysates were probed with the indicated antibodies to determine protein expression.
(D) RalB and Rheb1 are necessary for elevated mTORC1 activity associated with Tsc2
deficiency. Tsc2*/* or Tsc2™/~ MEFs were stably transduced with the indicated lentiviral
shRNA contructs were starved of serum, glucose, and amino acids for 1 h, then analyzed by
immunoblotting with the indicated antibodies.

(E) Tsc2-deficient tumors have elevated RalB activity. Normal and tumor kidney tissue were
isolated from Eker rats. Lysates from tissues were subject to GST-Sec5-RBD pulldown
assays to determine RalB-GTP formation. Total cell lysates were probed with the indicated
antibodies to determine protein expression. *denotes non-specific bands from the pulldown
assay. See also Figure S4E.
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Figure 5. RalB Regulates Serum-induced mTORC1 Plasma Membrane Relocalization

(A) RalB and mTOR relocalize to the plasma membrane after serum stimulation. HEK293T
cells were transfected with mCherry-RalB and 48 h later cells were serum starved overnight.
Cells were then either untreated or treated with serum to a final concentration of 10% for 10
min and fixed with paraformaldehyde. Endogenous mTOR was stained and colocalization
with mCherry-RalB was determined by confocal microscopy. Line scans show the intensity
of fluorescence for RalB (red) and mTOR (green) from the nucleus (N) to the plasma
membrane (PM).

(B) Serum stimulation results in active RalB accumulation at the plasma membrane.
HEK?293T cells expressing a RalB biosensor were serum starved overnight. Cells were then
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either untreated or treated with serum to a final concentration of 10% for 10 min. Live cells
were imaged and FRET ratios were determined as described previously (Pertz et al., 2006).
Five cells were imaged for each condition.

(C) Loss of RalGAP signaling leads to active RalB accumulation at the plasma membrane.
HEK293T cells stably expressing either NS or RalGAPB shRNA were transfected with a
RalB biosensor and serum starved overnight. Live cells were imaged and FRET ratios were
determined as in (B). At least 10 cells were imaged for each condition.

(D) Localization of Raptor to Rheb and RalB cellular sites by C-terminal membrane
targeting sequences. Wildtype GFP-Raptor (No C) or GFP-Raptor with either Rheb or RalB
membrane-targeting regions (Rheb-C or RalB-C) fused to the Raptor C-terminus were
expressed in HEK293T cells. Localization of each GFP-Raptor protein was examined by
confocal microscopy.

(E) Raptor localization to RalB cellular sites is sufficient for mTORC1 activation. Cells
from (D) were serum starved overnight and mTORC1 activity was determined by
immunoblotting with the indicated antibodies. For all images scale bars are 20 um. See also
Figure S5.
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Figure 6. The Exocyst isthe RalB Effector Responsible for mTORCL1 Activity

(A) The Sec5 and Exo84 components of the exocyst interact with mTOR. HEK293T cells
expressing the indicated GFP-tagged Ral effector proteins were subject to GFP
immunoprecipitation and SDS-PAGE, and then immunoblotted to assess mTOR co-

precipitation.

(B) Sec5 is necessary for RalB to interact with mTOR. HEK293T cells were transiently
transfected with the indicated exocyst siRNA pools. Forty-eight h later, cells were subject to
immunoprecipitation to isolate endogenous RalB followed by immunoblotting to determine
mMTOR association. Total cell lysates were analyzed by immunoblotting to determine protein

knockdown and to verify protein loading.
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(C) Sec5 but not Ex084 is required for the enhanced mTORC1 activity in RalGAPp-depleted
cells. RalGAPA /Tl MEFs were transfected with the indicated siRNA pools. Cells were then
treated with either empty or Cre-expressing adenovirus. Cells were serum starved overnight
and lysates were immunoblotted with the indicated antibodies.

(D) Endogenous Sec8 associates with mTOR. HEK293T cells were starved of amino acids,
serum, and glucose for 1 h. Cells were then either untreated or treated with 10% serum for
20 min, then subjected to Sec8 or normal mouse IgG immunoprecipitation followed by
immunoblotting to determine mTOR co-precipitation. Total cell lysates (Input) were
immunoblotted to determine total protein expression.

(E) The exocyst is recruited with mTOR and RalB to the plasma membrane after serum
stimulation. HEK293T cells stably expressing mCherry-RalB were serum starved overnight.
Cells were then either untreated or treated with 10% serum for 10 min and fixed.
Endogenous mTOR (green) and Sec8 (blue) were then immunostained and co-localization
with mCherry-RalB (red) was examined by confocal microscopy. Line scans show the
intensity of staining from the nucleus (N) to the plasma membrane (PM) for each protein.
Scale bars are 20 urn. See also Figure S6.
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Figure 7. RalGAP Signaling Suppresses the Invasive Properties of PDAC Tumor Cells

(A) PDAC cell lines express all three RalGAP proteins. PDAC tumor cell lines were
analyzed by immunablotting with antibodies for the indicated RalGAP subunits, and for

vinculin to verify equivalent loading of total cellular protein.
(B) Loss of RalGAP results in elevated Ral GTPase activity in PDAC cells. PDAC

cells

were stably transduced with the indicated RalGAPf and NS shRNAs. Lysates were subject
to GST-Sec5-RIBD pulldown assays to determine Ral-GTP formation. Total cellular protein
was analyzed with the indicated antibodies to determine protein expression and verify

knockdown. Blot analysis for p-actin was used to verify equivalent loading of total
protein.
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(C) Knockdown of RalGAP results in enhanced PDAC cell invasion. PDAC cells from (B)
were treated and placed in Matrigel chambers. Numbers represent the average number of
invaded cells per well in an assay performed in triplicate (+/- standard error from the mean,
S.E.M). p-values were determined by an unpaired Student’s t-test. * denotes p-value less
than 0.05 and ** denotes p-value less than 0.001.

(D) Loss of RalGAP results in enhanced mTORCL1 signaling in PDAC cells. PDAC cells
were stably transduced with the indicated RalGAPP and NS shRNAs. Lysates were analyzed
by immunoblotting with the indicated antibodies. Blot analysis for f-actin was used to verify
equivalent loading of total cellular protein.

(E) Enhancement in invasion upon RalGAPS depletion in PDAC cells is dependent on
mTOR activity. PANC-1 cells stably transduced with the indicated RalGAP and NS
shRNAs were treated with 20 nM rapamycin for 16 h before being placed in Matrigel
invasion chambers (left panel). Numbers represent the average number of invaded cells in an
assay performed in triplicate (+/- standard error from the mean, S.E.M). p-values were
determined by an unpaired Student’s t-test. * denotes p-value less than 0.05 and n.s. (non-
significant) denotes p-value greater than 0.05. Blot analysis was done to monitor pS6K
levels in cell lines under the indicated conditions (right panel).
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