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Summary

The small GTPase Ras homolog enriched in brain (Rheb) plays a critical role in activating the 

mechanistic target of rapamycin complex 1 (mTORC1), a signaling hub that regulates various 

cellular functions. We recently observed nuclear mTORC1 activity, raising an intriguing question 

as to how Rheb, which is known to be farnesylated and localized to intracellular membranes, 

regulates nuclear mTORC1. In this study, we found that active Rheb is present in the nucleus 

and required for nuclear mTORC1 activity. We showed that inhibition of farnesyltransferase 

reduced cytosolic but not nuclear mTORC1 activity. Furthermore, a farnesylation-deficient Rheb 

mutant, with preferential nuclear localization and specific lysosome tethering, enables nuclear 

and cytosolic mTORC1 activities, respectively. These data suggest that non-farnesylated Rheb 

is capable of interacting with and activating mTORC1, providing mechanistic insights into the 

molecular functioning of Rheb as well as regulation of the recently observed, active pool of 

nuclear mTORC1.

eTOC Blurb:

Although Rheb is essential for mTORC1 activation at the lysosome, its functional role in 

regulating the recently observed nuclear mTORC1 signaling is unclear. Here, Zhong et al observed 
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that active Rheb is present in the nucleus and its farnesylation is not required for nuclear mTORC1 

activity.

Abstract

Introduction

The mechanistic target of rapamycin complex 1 (mTORC1) is a key signaling complex 

that consists of the catalytic kinase mTOR and numerous associated components, including 

the mTORC1 defining component Raptor. mTORC1 plays a central role in regulating 

many fundamental cellular processes, such as nutrient sensing, metabolism, macromolecule 

synthesis, proliferation, and autophagy. mTORC1 signaling pathway is widely implicated in 

pathological conditions such as cancer and type 2 diabetes (Laplante and Sabatini, 2012). 

In a canonical model, mTORC1 is activated by the small GTPase Rheb at the lysosomal 

surface in response to either amino acid or growth factor stimulation (Kim and Guan, 2019; 

Liu and Sabatini, 2020).

Rheb is a small GTPase and its activity is determined by nucleotide binding state (Tabancay 

et al., 2003; Long et al., 2005). The active GTP-bound form of Rheb interacts with 

mTORC1 and allosterically turns on mTOR kinase activity (H. Yang et al., 2017). It is well 

established that Rheb is essential for canonical mTORC1 activation. The nucleotide binding 

state of Rheb is regulated by the Tuberous Sclerosis Complex 2 (TSC2), a tumor suppressor 
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and a GTPase activating protein (GAP) towards Rheb. TSC2 facilitates hydrolysis of the 

bound GTP to GDP, thus inactivating Rheb (Inoki et al., 2003; Tee et al., 2003). Like many 

other small GTPases, Rheb undergoes post-translational modifications at its C-terminus 

where a CAAX motif marks it for modification by a farnesyl group, which has been shown 

to regulate the membrane association of Rheb (Clark et al., 1997; Takahashi et al., 2005; 

Hanker et al., 2010). Rheb has been reported to be present on the lysosomal surface, where 

mTORC1 and TSC also reside (Demetriades et al., 2014; Menon et al., 2014). In response to 

growth factor stimulation, the active upstream kinase Akt phosphorylates TSC2 (Inoki et al., 

2002; Manning et al., 2002) and triggers its disassociation from the lysosomal surface, thus 

relieving the inhibition of Rheb and leading to eventual mTORC1 activation on the lysosome 

by active Rheb (Menon et al., 2014) (Figure S1A).

In addition to the canonical lysosomal pool of mTORC1, mTORC1 components were also 

found to be present in the nucleus although the presence of mTORC1 activity was under 

debate (Kim and Chen, 2000; Bernardi et al., 2006; Havel et al., 2015; Kantidakis et al., 

2010; Wan et al., 2017; Zhang et al., 2002; Rosner and Hengstschläger, 2012). We recently 

observed nuclear mTORC1 activity in living cells, which can be induced by platelet-derived 

growth factor (PDGF) or leucine-O-methyl ester, an amino acid surrogate, in NIH3T3 cells 

or by insulin in 3T3L1 adipocytes (Zhou et al., 2020, 2015). This observation was enabled 

by the development of a genetically encoded mTORC1 activity reporter (TORCAR). Briefly, 

the mTORC1 substrate 4EBP1 is sandwiched between a pair of cyan and yellow fluorescent 

proteins that can undergo fluorescence resonance energy transfer (FRET). Phosphorylation 

of 4EBP1 within TORCAR by mTORC1 induces a conformational change, leading to an 

increase in the cyan/yellow emission ratio, which serves as a readout for increased mTORC1 

kinase activity. Using TORCAR variant targeted to the nucleus, we detected nuclear 

mTORC1 activity in response to growth factor stimulation (Zhou et al., 2015). This activity 

was shown to be dependent on nuclear Akt activity, which promotes Raptor translocation 

into the nucleus and phosphorylates PRAS40 to relieve its inhibition on mTORC1, leading 

to an increase in nuclear mTORC1 activity (Zhou et al., 2020) (Figure S1A). While nuclear 

mTORC1 is under this non-canonical regulation by nuclear Akt, whether other factors in 

the canonical mTORC1 pathway play a role in modulating nuclear mTORC1 activity is 

unclear. In particular, does Rheb regulate nuclear mTORC1 activity, given that it is a direct 

and essential activator of mTORC1? How does a lysosomally localized GTPase regulate 

a nuclear complex? Related to the latter question, emerging evidence suggests that Rheb 

also localizes to other cellular compartments in addition to the lysosome (Hao et al., 2018; 

Angarola and Ferguson, 2020, 2019). However, the functional roles of these subcellular 

pools of Rheb in mTORC1 signaling have not been defined.

In this study, we focused on examining whether the canonical TSC/Rheb axis is conserved 

in the nucleus to regulate nuclear mTORC1 activity. We found that although there is 

no evidence for the presence of nuclear TSC2, active Rheb is present in the nucleus 

and required for nuclear mTORC1 activity. We further showed that lipid modification of 

Rheb is not required for regulating nuclear mTORC1 activity and lysosomal tethering of 

farnesylation-deficient Rheb enables mTORC1 signaling. In summary, the present study 

reveals the mechanisms that specifically regulate nuclear mTORC1 activity and provides 
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further insights into both the canonical and non-canonical regulation of mTORC1 by an 

important small GTPase, Rheb.

Results

Rheb is present in the nucleus and required for nuclear mTORC1 activity

To determine whether Rheb is required for nuclear mTORC1 activity, we generated a Rheb 

knockdown cell line using NIH3T3 cells infected with lentivirus carrying shRNA targeting 

Rheb mRNA. The protein level of Rheb was efficiently reduced, as evaluated by western 

blotting (Figure S1B). As expected, Rheb knockdown significantly reduced PDGF-induced 

phosphorylation of mTORC1 substrate, S6K1 at Thr389 (Saitoh et al., 2002; Hay and 

Sonenberg, 2004) (Figure S1B). Consistent with these data, the mTORC1 activity reporter 

TORCAR showed a diminished cyan/yellow (C/Y) emission ratio change in response to 

PDGF stimulation in Rheb knockdown cells (2.2 ± 0.6 %, n = 34) compared with wild type 

cells (10.0 ± 0.5 %, n = 32), on par with the response in Raptor knockdown cells (3.7 ± 

0.5 %, n = 12), suggesting that Rheb is required for cellular mTORC1 activity (Figures 

S1C-S1D). To examine the impact of knocking down Rheb on nuclear mTORC1 activity, we 

expressed the mTORC1 biosensor targeted to the nucleus via a nuclear localization sequence 

(NLS) (TORCAR-NLS) (Zhou et al., 2015) in both wild type and Rheb knockdown cells 

and stimulated the cells with PDGF. Rheb knockdown cells showed a minimal emission ratio 

change upon PDGF stimulation (0.5 ± 0.5 %, n = 25) (Figures 1A–1B). As a control, wild 

type cells responded to PDGF stimulation with a 6.9 ± 0.4 % increase in C/Y emission 

ratio (n = 29), which was abolished by pretreatment with rapamycin, an mTORC1 specific 

inhibitor (Figures 1A–1B). These results suggest an essential role of Rheb for nuclear 

mTORC1 activity.

Rheb activates lysosomal mTORC1 via co-localization and interaction with mTORC1 (Kim 

and Guan, 2019; Liu and Sabatini, 2020). We hypothesized that Rheb is also present in 

the nucleus for activation of nuclear mTORC1. To examine whether endogenous Rheb is 

present in the nucleus, we probed the distribution of Rheb with an antibody previously 

validated for immunofluorescence (Menon et al., 2014). As shown in Figure 1C, although 

the primary localization of Rheb was found to be outside of the nucleus with the majority 

concentrated in the perinuclear region, a small amount of Rheb was clearly present in the 

nucleus (Figures 1C and S1E), which was consistent with previous findings (Menon et al., 

2014). The signal was specific to Rheb because knockdown of Rheb significantly reduced 

the immunofluorescence signal throughout the cell (Figures S1E and S1F) and essentially 

abolished the nuclear signal, as shown by the quantifications and line scans across the 

nuclear region (Figures 1D–1E). To further examine the presence of nuclear Rheb, we 

performed nuclear fractionation experiments using a published protocol (Suzuki et al., 2010) 

and found that a small portion of Rheb was present in the nuclear fraction (Figure S1G). 

These data show that Rheb is present in the nucleus in NIH3T3 cells. To test the presence 

of nuclear Rheb in other cell types, we performed immunofluorescence analysis to probe 

Rheb distribution in Cal27, a human oral squamous carcinoma cell line (Wang et al., 2019). 

Similar to what we observed in NIH3T3 cells, significant signals were found in the nuclei 

of Cal27 cells and were sensitive to Rheb knockdown (Figure S1H-S1J). In addition, Rheb 
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signals were also observed in the nuclear regions of other cell lines, including HeLa, Cos7, 

PLC/PRF/5, a human hepatoma cell line (Huo et al., 2019), and 3T3L1 adipocytes (Figure 

S1K), suggesting Rheb is present in the nucleus of a variety of cell types.

Nuclear mTORC1 activity is suppressed by exogenously expressed nuclear TSC2

In the canonical activation of lysosomal mTORC1, TSC2 plays an important role in growth 

factor-induced activation of Rheb, which in turn activates mTORC1. As a Rheb GAP, TSC2 

is localized to the lysosomal surface at the basal state (Demetriades et al., 2016), keeping 

Rheb in the inactive, GDP-bound form by stimulating GTP hydrolysis to GDP. Growth 

factor stimulated Akt phosphorylates TSC2 on two key residues, Ser939 and Thr1462, 

leading to its dissociation from the lysosome, and thereby relieving Rheb inhibition and 

leading to lysosomal mTORC1 activation (Inoki et al., 2002; Manning et al., 2002; Menon 

et al., 2014). However, numerous studies have shown TSC2 is not present in the nucleus 

(Menon et al., 2014; Demetriades et al., 2016, 2014; Ferlazzo et al., 2017; Prentzell et 

al., 2021), suggesting that nuclear Rheb, unlike its lysosomal counterpart, is not under the 

typical Akt-TSC2-mediated control.

To further examine the distribution of endogenous TSC2, we performed 

immunofluorescence experiments in NIH3T3 cells and found that the specific signal that 

was sensitive to TSC2 knockdown was only present in the cytosolic regions (Figures 

S2A-S2C). To further support these results, we also performed nuclear fractionation and 

found that TSC2 was absent in the nuclear fraction in contrast to Rheb (Figure S1G). Taken 

together, these data support that although mTORC1 activator Rheb is present in the nucleus, 

the negative regulator TSC2 is unlikely to be present in the nucleus, suggesting that nuclear 

Rheb is not under Akt-TSC2-mediated control.

No guanine nucleotide exchange factor (GEF) has been identified for Rheb. In the absence 

of a GEF, it is thought that a relatively low nucleotide binding affinity allows Rheb to 

spontaneously exchange GDP for GTP to become active (Li et al., 2004). Given that 

the critical negative regulator TSC2 is absent from the nucleus, we hypothesized that 

spontaneous activity allows nuclear Rheb to regulate nuclear mTORC1 activity. Because 

of the small amount of Rheb in the nucleus and the challenges associated with pulldown 

assays using subcellular fractions, we tested this idea by using a synthetic biology approach. 

We reasoned that if active GTP bound Rheb is involved in regulating nuclear mTORC1, 

exogenously expressing nuclearly targeted TSC2 would inhibit Rheb through its GAP 

activity, thus inhibiting nuclear mTORC1 activity. To test this idea, we focused on several 

variants of TSC2, including the wide type TSC2, a TSC2-AA variant in which the two 

critical Akt phosphorylation sites, Ser939 and Thr1462, are mutated to Alanine to eliminate 

Akt-mediated negative control but retains GAP activity to Rheb (Manning et al., 2002; 

Menon et al., 2014), and a TSC2-AA-3Q mutant that has no GAP activity (Li et al., 

2004) (Figure S2D). Because TSC1 forms a stable complex with TSC2 and prevents 

ubiquitin-mediated TSC2 degradation (Chong-Kopera et al., 2006), we first asked how the 

overexpression and nuclear targeting of TSC2 affect TSC1. By using immunofluorescence, 

we found that overexpressing nuclear TSC2 (TSC2-NLS) not only increased the level of 

TSC1 in the whole cell, but also significantly increased TSC1 level in the nucleus (Figures 
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S2E-S2G), suggesting that exogenously overexpressed nuclear TSC2 may recruit TSC1 to 

preserve the integrity of the TSC complex in the nucleus.

Next, we tested the capability of these TSC2 variants to suppress mTORC1 activity. 

When co-expressed with TORCAR, wild type TSC2 showed exclusively cytoplasmic 

localization, whereas TSC2-AA mutant showed partial lysosomal localization (Figures 2A 

and S2H), which is in line with previous reports (Menon et al., 2014). We stimulated 

these NIH3T3 cells with PDGF and quantified PDGF-induced response of TORCAR in 

the cytosolic regions. As shown in Figure 2B and 2C, co-expression of wild type TSC2 

did not affect the cytosolic response of TORCAR (7.8 ± 0.5 %, n = 35) in comparison 

with the mCherry control (8.3 ± 0.7 %, n = 27), while co-expression of TSC2-AA 

significantly suppressed the cytosolic response of TORCAR (4.2 ± 0.4 %, n = 32). Notably, 

this suppression was dependent on the GAP activity of TSC2, as TSC2-AA-3Q failed 

to inhibit cytosolic mTORC1 activity (Figures S2I-S2K). These data suggest that GAP 

activity towards Rheb could inhibit mTORC1 activity (in the case of TSC2-AA), whereas 

Akt-mediated phosphorylation of TSC2 could abolish the inhibitory effect of overexpressed 

TSC2 (in the case of TSC2 wild type). As unphosphorylatable TSC2-AA is resistant to 

Akt-mediated phosphorylation and lysosomal dissociation, it remains on the lysosome as 

a strong dominant negative regulator to inhibit lysosomal Rheb and mTORC1 activity, 

regardless of active Akt (Figure 2D).

To test our hypothesis that active Rheb in the nucleus is involved in regulating nuclear 

mTORC1 activity, we expressed the nuclear targeted version of TSC2 and its variants 

and examined nuclear mTORC1 activity by TORCAR-NLS. Both TSC2-NLS and the 

reporter showed appropriate nuclear localization (Figures 2E and S2L). In cells stimulated 

with PDGF, co-expression of both TSC2-NLS and TSC2-AA-NLS significantly reduced 

TORCAR-NLS response compared to the control group expressing mCherry-NLS (Figures 

2F–2G; mCherry-NLS: 8.9 ± 0.5 %, n = 20; TSC2-NLS: 5.7 ± 0.5 %, n = 23; TSC2-

AA-NLS: 7.0 ± 0.6 %, n = 26). The GAP deficient mutant TSC2-AA-3Q-NLS was not 

able to inhibit nuclear mTORC1 activity (Figures S2L-S7N), suggesting that inhibition 

of nuclear mTORC1 by nuclear targeted TSC2 is dependent on its GAP activity towards 

Rheb. Notably, wild type TSC2 showed distinct behaviors in the cytosol and in the nucleus 

(Figures 2C and 2G). Indeed, given that the regulation of TSC2 by Akt is achieved via 

phosphorylation-induced dissociation from the lysosomal surface and that this spatially 

controlled negative regulation of TSC2 is unlikely to occur in the nucleus, both wild 

type and unphosphorylatable TSC2 can exert their GAP activity towards Rheb to suppress 

nuclear mTORC1 activity (Figure 2H). These data suggest that active Rheb is involved in 

stimulating nuclear mTORC1 activity.

Farnesylation of Rheb is not required for nuclear mTORC1 activity

Like other Ras family proteins, Rheb possesses a hypervariable region at its C-terminus, 

ending with the sequence CSVM, which conforms to the CAAX motif that undergoes 

farnesylation at the cysteine residue (Clark et al., 1997). The weak and transient membrane 

interaction enabled by C-terminal farnesylation is thought to be important for both 

subcellular localization of Rheb and Rheb-mediated lysosomal mTORC1 activation (Hanker 
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et al., 2010; Angarola and Ferguson, 2020). We asked whether this farnesylation is also 

critical for nuclear Rheb to activate nuclear mTORC1. To test this, we used the selective 

farnesyltransferase inhibitor FTI-277 to inhibit Rheb farnesylation (Hanker et al., 2010). 

Using NIH3T3 cells stably expressing mCherry-tagged Rheb, we showed that while 

DMSO treated cells showed perinuclear localization of Rheb (Figure S3A), similar to 

what was observed for endogenous Rheb (Figure 1C), cells treated with FTI-277 showed 

diffusive Rheb localization (Figure S3A), suggesting that FTI-277 treatment efficiently 

disrupted Rheb localization. We then evaluated the effect of the farnesyltransferase inhibitor 

on PDGF-induced phosphorylation of mTORC1 substrate in wild type NIH3T3 cells. 

Consistent with previous reports (Basso et al., 2005; Hanker et al., 2010), FTI-277 

treatment significantly reduced S6K1 phosphorylation (Figure S3B). To examine the effect 

of the farnesyltransferase inhibitor on compartmentalized mTORC1 activity, we expressed 

TORCAR in the cytosol and nucleus by tagging a nuclear export signal (NES) and an NLS, 

respectively, and quantified PDGF-induced mTORC1 activity at subcellular locations in the 

presence or absence of the farnesyltransferase inhibitor. As expected, FTI-277 significantly 

reduced the cytosolic TORCAR (TORCAR-NES) response to PDGF (Figures 3A–3B, 7.4 

± 0.5 %, n = 32) compared with the DMSO group (Figures 3A–3B, 9.9 ± 0.6 %, n = 

23), indicating that farnesylation is essential for canonical mTORC1 activation, as shown in 

previous studies (Hanker et al., 2010). In stark contrast, FTI-277 treatment did not affect the 

response of nuclear TORCAR (Figure 3C–3D; DMSO: 5.5 ± 0.6 %, n = 32; FTI-277: 5.2 ± 

0.8 %, n = 17), suggesting that nuclear mTORC1 activity does not require farnesylation of 

Rheb.

Farnesylation-deficient Rheb differentially rescued mTORC1 activity within subcellular 
compartments

To further investigate the role of Rheb farnesylation in regulating mTORC1 signaling, we 

took advantage of a farnesylation-deficient Rheb mutant, C181S, in which the cysteine in 

the CAAX motif is mutated to a serine (Jiang and Vogt, 2008) and reconstituted Rheb 

knockdown cells with wild type Rheb, Rheb-C181S, and Rheb-Δ5A, an inactive form of 

Rheb which lacks five amino acid residues (amino acids 38–42) and is unable to bind 

nucleotide (Inoki et al., 2003) (Figure 4A). We first examined the localization of these 

Rheb mutants by tagging them with mCherry fluorescent protein (Figure 4B). Wild type 

Rheb and Rheb-Δ5A showed similar localization to endogenously or stably expressed Rheb 

(Figures 1C and S3A). The farnesylation-deficient Rheb-C181S showed no indication of 

membrane association, reminiscent of the effect caused by farnesyltransferase inhibitor 

treatment (Figure S3A). In fact, Rheb-C181S showed accumulation in the nucleus (Figure 

4B), consistent with the previous reports (Jiang and Vogt, 2008; Hanker et al., 2010). We 

then examined cytosolic mTORC1 activity by cytosol-localized TORCAR-NES (Figure 

4C) in these cells. As a control, Rheb knockdown abolished the response of the cytosolic 

TORCAR (1.0 ± 0.4 %, n = 47), which can be partially rescued by expressing wild type 

Rheb (7.0 ± 0.6 %, n = 44). On the other hand, Rheb-C181S (1.1 ± 0.4 %, n = 44) and 

Rheb-Δ5A (1.9 ± 0.7 %, n = 28) failed to rescue cytosolic TORCAR responses in Rheb 

knockdown cells, indicating that both farnesylation and nucleotide binding are important for 

Rheb to positively regulate cytosolic mTORC1 activity.
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Although farnesylation of Rheb is known to be important for mTORC1 activity, it is not 

clear whether the farnesyl group itself or farnesylation-enabled membrane association of 

Rheb is critical for mTORC1 activation. To distinguish these mechanisms, we used the 

lysosomal-associated membrane protein 1 (LAMP1)-derived sequence (Zhou et al., 2015) 

to target Rheb-C181S to the lysosomal membrane and test if lysosomal targeting without 

farnesylation can rescue the cytosolic TORCAR response in Rheb knockdown cells (Figures 

S3C). Interestingly, while the Rheb knockdown cells did not respond to PDGF stimulation 

(0.0 ± 1.1 %, n = 16), localizing Rheb-C181S mutant to the lysosomal membrane can 

partially rescue the cytosolic TORCAR response (Lyso-Rheb-C181S: 4.6 ± 0.7 %, n = 44). 

Lysosomal targeting is critical for this activity as the untargeted Rheb-C181S was not able to 

rescue the cytosolic (Figures S3C) TORCAR response (1.7 ± 0.7 %, n = 41). Similar results 

were also observed in western blotting experiments examining S6K1 phosphorylation using 

Rheb knockdown cells stably reconstituted with Rheb mutants (Figure S3D-S3E). To further 

validate this finding and examine the role of farnesylation, we tested whether Lyso-Rheb-

C181S could rescue cytosolic TORCAR response in cells treated with farnesyltransferase 

inhibitor. Indeed, in cells overexpressing Lyso-Rheb-C181S, FTI-277 was not able to inhibit 

cytosolic TORCAR response (Figures S3F-S3G. DMSO: 8.9 ± 0.6 %, n = 43; FTI-277: 

9.2 ± 0.7 %, n = 43). Furthermore, in cells stably expressing Lyso-Rheb-C181S, FTI-277 

treatment did not lead to a reduction of PDGF-induced phosphorylation of S6K1 (Figure 

S3H-S3I). These data support that farnesylation itself is not required for Rheb to activate 

mTORC1 but the lysosomal membrane association enabled by farnesylation is essential for 

Rheb to activate the canonical mTORC1 pathway. Thus, non-farnesylated Rheb should be 

capable of interacting with and allosterically activating mTORC1, which can occur on the 

lysosomal surface or in the nucleus.

To further test this hypothesis, we examined if farnesylation-deficient Rheb could rescue 

nuclear mTORC1 activity. Consistent with previous results, knockdown of Rheb abolished 

nuclear TORCAR response (0.3 ± 0.4 %, n = 54) compared to wild type cells (6.9 ± 0.5 %, 

n = 29) (Figures 4E-4F). Overexpressing wild type Rheb rescued nuclear TORCAR response 

to a level that is comparable to wild type cells (4.3 ± 0.7 %, n = 42) (Figures 4E-4F). 

Strikingly, Rheb-C181S rescued a significant amount nuclear mTORC1 activity (3.7 ± 0.5 

%, n = 84). As a negative control, Rheb-Δ5A failed to rescue nuclear TORCAR response 

(1.2 ± 0.4 %, n = 43). These data support that Rheb regulates mTORC1 in the nucleus 

independent of its farnesylation and that farnesylation regulates the localization of Rheb, not 

its capability to stimulate mTORC1 activity.

Discussion

As a small GTPase, the activity of Rheb is determined by its nucleotide binding status. Wild 

type Rheb was shown to have high basal GTP binding, and yet no GEF has been identified 

for Rheb. Thus, a relatively low nucleotide affinity may allow Rheb to spontaneously 

exchange GDP for GTP to become active, given that the cellular concentration of GTP is 

10-fold higher than GDP (Traut, 1994). TSC2 acts as a GAP for Rheb and colocalizes with 

Rheb on the lysosomal surface to keep Rheb in its GDP form to suppress the canonical 

mTORC1 activity, but how TSC2 is targeted to the lysosomal surface is less clear. It was 

reported that TSC2 directly interacts with lysosomally localized Rheb. However, only a 
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small pool of Rheb is localized to lysosomes (Angarola and Ferguson, 2020), suggesting 

that there might be other factors mediating lysosomal localization of TSC2. Recent work 

showed that G3BPs play an important role in tethering TSC2 to lysosomes (Prentzell et al., 

2021). Whether the phosphorylation of TSC2 affects its interaction with G3BPs and thus its 

lysosomal association requires further investigation.

Upon growth factor stimulation, active Akt phosphorylates TSC2, promoting its 

disassociation from the lysosomal surface and allowing Rheb to activate mTORC1 on the 

lysosomal surface (Figure S1A). Using live cell imaging, we showed that overexpression of 

the unphosphorylatable TSC2, but not wild type TSC2, suppressed the cytosolic response of 

TORCAR (Figures 2B–2C), supporting the lysosome-dependent spatial regulation of TSC2 

as a mechanism to regulate lysosomal mTORC1 signaling. In contrast, wild type TSC2 

strongly inhibited the nuclear targeted TORCAR response (Figures 2F–2G), despite the 

presence of nuclear Akt activity (Zhou et al., 2020). These data suggest that colocalization 

of TSC2 and Rheb is a prerequisite for the inhibitory effect of TSC2 on Rheb and imply 

that Akt-mediated phosphorylation of TSC2 disrupts its colocalization with Rheb on the 

lysosomal surface. Molecularly, it has been reported that phosphorylated TSC2 binds to 14–

3-3 in the cytosol (Cai et al., 2006), which may prevent its binding to the lysosomal surface. 

On the other hand, in the nucleus, phosphorylated exogenous TSC2 cannot be spatially 

re-positioned or restricted by 14–3-3, and can therefore freely bind to Rheb to inhibit nuclear 

mTORC1 activity. In fact, the absence of endogenous nuclear TSC2 allows nuclear Rheb 

to be in an active “standby” status, which could allow for faster nuclear mTORC1 response 

to external signals (Figure 4G). It is also possible that nuclear Rheb is controlled by other 

mechanisms of regulation, such as other nuclear GAPs or E3 ligases (Martin et al., 2014; Ge 

et al., 2020), which requires future investigation.

Rheb undergoes farnesylation to achieve weak membrane association. In line with 

previous studies (Hanker et al., 2010), we also found that farnesylation is essential 

for Rheb to localize to membrane compartments and important for mTORC1 signaling 

since the farnesyltransferase inhibitor disrupted Rheb membrane localization as well as 

S6K1 phosphorylation (Figures S3A-S3B). Significantly, our genetically encoded biosensor 

(TORCAR) allowed us to reveal the differential effects of abolishing farnesylation on 

subcellular mTORC1 activities. In contrast to canonical mTORC1 regulation, we found 

that the farnesyltransferase inhibitor did not affect nuclear mTORC1 activity (Figures 3C–

3D) and the farnesylation-deficient Rheb-C181S could stimulate nuclear mTORC1 (Figures 

4E-4F). Farnesyltransferase and other enzymes responsible for Rheb farnesylation have been 

proposed as drug targets for cancers, but the effects of farnesyltransferase inhibitors were 

less satisfying than anticipated (Wang et al., 2017; W. S. Yang et al., 2017; Mullard, 2021). 

Given that nuclear mTORC1 does not require farnesylated Rheb, it is possible that nuclear 

mTORC1 activity is spared from effects of farnesyltransferase inhibitors. It would be very 

interesting to test the roles of subcellular pools of mTORC1 in mediating drug toxicity and 

resistance in the context of various diseases.

As a signaling hub, mTORC1 senses a variety of cues to regulate a broad range of biological 

processes, yet with high specificity and efficacy. This is likely to be achieved through the 

spatial compartmentalization of the signaling pathway (Mehta and Zhang, 2021; Zhang et 
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al., 2021). Nuclear mTORC1 has been suggested to directly regulate transcription, such as 

those mediated by Pol III (Michels et al., 2010; Shor et al., 2010). Further investigation is 

needed to identify the substrates and the functions of nuclear mTORC1, which could benefit 

from the targeted TSC2 mutants developed in this study, given that TSC2-NLS specifically 

inhibits nuclear mTORC1 activity (Figure 2).

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Jin Zhang, jzhang32@health.ucsd.edu .

Materials Availability—Plasmids generated in this study will be made available upon 

reasonable requests.

Data and Code Availability—All data reported in this paper will be shared by the lead 

contact upon request. All original code has been deposited at https://github.com/jinzhanglab-

ucsd/MatScopeSuite. And is publicly available as of the date of publication. DOIs are listed 

in the key resource table. Any additional information required to reanalyze the data reported 

in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture, Transfection and Starvation—NIH3T3 cells (CRL-1658, ATCC) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, 11885, Gibco) supplemented 

with 10% calf serum (30–2030, ATCC) and 1% penicillin-streptomycin (Sigma-Aldrich). 

Cells were routinely tested for mycoplasma contamination and found negative. For 

transfection, cells were transfected with PolyJet Transfection Reagent (SL100688, SignaGen 

Laboratories) according to the manufacturer’s instructions and incubated in serum-free 

DMEM overnight (serum starvation). The next day, cells were incubated for 2 hours in 

modified Hank’s balanced salt solution (1×HBSS with 2 g/l glucose, pH 7.4, made from 10× 

HBSS (14065, GIBCO)) at 37°C (referred to as “double starvation”) before live cell imaging 

or immunoblotting. Cal27, HeLa and Cos7 cells were cultured in DMEM supplemented 

with 10% fetal bovine serum and penicillin-streptomycin. PLC/PRF/5 cells and 3T3L1 

adipocytes were obtained from the Feng lab and the Saltiel lab at UC San Diego respectively 

to perform experiments.

METHOD DETAILS

Reagents and Drug Treatment—PDGF (P3201) was purchased from Sigma and was 

used at 50 ng/mL to stimulate starved cells. Rapamycin (R-5000) was purchased from 

LC Labs and was used at 100 nM for 30 min pretreatment before imaging experiments 

were performed. FTI-277 was purchased from ApexBio (B5842) and used at 5 µM for 

overnight treatment. DMSO was purchased from Sigma (D2650) and used as vehicle. 

Doxycycline was purchased from Clontech (631311) and supplemented in medium at a 

final concentration of 100 ng/mL to induce gene expression.
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Constructs and Cloning—mTORC1 activity reporter (TORCAR) and its targeted 

versions (TORCAR-NES and TORCAR-NLS) were previously described (Zhou et al., 

2020). The shRNA sequence targeting mouse Rheb (TRCN0000075605) and TSC2 

(TRCN0000306245) were obtained from The RNAi Consortium shRNA Library. Primers 

containing the sense and anti-sense shRNA sequences were designed (Eton Bioscience, 

Inc.) to amplify a lentivirus shRNA transfer plasmid obtained from Addgene (#21339). 

The resulting PCR products were purified and Gibson assembled into pLKO.shRheb. 

Similarly, the pcDNA3-mCherry expressing vector was assembled by amplifying fragments 

from pcDNA3-Akt-STOPS (Zhou et al., 2020). To construct the pcDNA3-mCherry-TSC2 

plasmid, pcDNA3-mCherry construct was used to amplify fragments to serve as backbone 

portions, and pcDNA3-Flag-TSC2 (Addgene #14129) was used to amplify TSC2. The 

resulting PCR fragments were purified and Gibson assembled to generate pcDNA3-

mCherry-TSC2. The pcDNA3-mCherry-TSC2-AA was constructed using a strategy 

similar to the one used to construct pcDNA3-mCherry-TSC2 using fragments amplified 

from pcDNA-Flag-TSC2-AA (Addgene #14131). The pcDNA3-mCherry-TSC2-AA-3Q 

was generated by designing primers covering TSC2 1595–1597 (KRR) to change the 

sequence to QQQ and fragments with mutations were Gibson assembled. The nuclearly 

targeted version of these constructs were generated similarly. mCherry-tagged Rheb 

constructs were Gibson assembled from a human myc-Rheb plasmid (provided by the 

Kun-Liang Guan Lab), and pcDNA3-mCherry-Rheb was used as the backbone for Gibson 

assembly to generate pcDNA3-mCherry-Rheb-C181S and pcDNA3-mCherry-Rheb-Δ5A 

mutants using primers with mutation or deletion. pcDNA3-mCherry-Rheb-C181S was 

cut with BamHI/EcoRI to get mCherry-Rheb-C181S and Lyso-TORCAR (Zhou et al., 

2015) was cut with BamHI/EcoRI to get the backbone with the lysosome targeting 

sequence. The fragments were ligated using T4 ligase to generate pcDNA3-Lyso-mCh-

Rheb-C181S. pcDNA-mCherry-Rheb, pcDNA-mCherry-Rheb-C181S and pcDNA-Lyso-

mCherry-Rheb-Δ5A were subcloned into a doxycycline inducible lentiviral expressing 

vector (Addgene #6141) using Gibson assembly, yielding pLenti-TetOn-mCherry-Rheb, 

pLenti-TetOn-mCherry-Rheb-C181S and pLenti-TetOn-Lyso-mCherry-Rheb-Δ5A. In these 

pLenti-TetOn constructs, mutations (ACtTAtTCaATcGAc) were made from Rheb 217–231 

(ACATACTCCATAGAT) within the shRNA targeting sequences for Rheb to be resistant to 

shRNA silencing when Rheb knockdown cells were reconstituted with these exogenously 

expressed Rheb mutants.

Lentivirus Production and Stable Cell Lines Generation—Lentivirus was packaged 

in HEK293T cells. Specifically, HEK293T cells were co-transfected with corresponding 

lentiviral transfer plasmids + psPAX2 + pMD2.G using PolyJet. After 48hr the supernatant 

was collected, filtered with a 0.45 µm syringe filter and added to NIH3T3 cells in 35 

mm dishes. Polybrene Transfection Reagent (TR-1003-G, Millipore) was supplemented 

to improve the transduction. After 48 hours, cells were passed in fresh growth medium 

containing puromycin (2 µg/mL) to select transduced cells for at least one week. Cells 

were maintained in selection medium and passed for related experiments. For doxycycline 

inducible cell lines, wild type or Rheb knockdown NIH3T3 cells were co-transduced with 

lentivirus expressing rtTA transcription factor and doxycycline inducible TetOn expressing 
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vectors. Cells were then maintained in growth medium containing puromycin (2 µg/mL) and 

blasticidin (2.2 µM) and passaged for related experiments.

Nuclear Fractionation—Nuclear fractionation was done as previously reported (Suzuki 

et al., 2010). Briefly, two 10cm dishes of NIH3T3 fibroblasts were cultured to 80% 

confluence. Cells were then washed with cold PBS, collected and resuspended in 0.1% 

NP-40 (492016, Millipore Sigma) followed by short centrifugation. The supernatant was 

collected as cytosolic fraction and the pellet was washed and collected as nuclear fraction. 

The same proportion of samples from each fraction was used for immunoblotting analysis.

Immunoblotting—Cells were washed with ice-cold PBS and then lysed in RIPA lysis 

buffer containing protease inhibitor cocktail, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF, and 

25 nM calyculin A. Total cell lysates were incubated on ice for 30 min and then centrifuged 

at 15,000g at 4°C for 20 min. Equal amounts of total protein were separated via 4–15% 

SDS-PAGE and transferred to PVDF membranes. The membranes were blocked with TBS 

containing 0.1% Tween-20 and 5% bovine serum albumin and then incubated with primary 

antibodies overnight at 4°C. The next day, membranes were washed, incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibodies, and were developed 

using horseradish peroxidase-based chemiluminescent substrate (34579 and 34076, Thermo 

Fisher Scientific). The following primary antibodies were used for immunoblotting: p-S6K1 

(T389) (#9205), S6K1 (#9202), TSC2 (#3612) and tubulin (#2146) antibodies from Cell 

Signaling Technology, Rheb antibody from Abnova (H00006009-M01), p84 (GTX70220) 

antibody from GeneTex. Horseradish peroxidase-labeled goat anti-rabbit (PI31460) or anti-

mouse (PI31430) secondary antibodies were purchased from Pierce. Uncropped blots are 

shown in Figure S4.

Immunofluorescence Imaging—For immunofluorescence, upon reaching ~80% 

confluency in 6-well plates (353046, Corning) containing glass coverslips (12–541A, Fisher 

Brand), cells were washed 3 times with PBS and fixed with 4% paraformaldehyde in PBS 

(15710S, Electron Microscopy Sciences) for 25 min at room temperature. Cells were then 

washed 3 times with PBS and permeabilized with PBS containing 0.1% Triton X-100 for 25 

min at room temperature. Following 1-hour incubation in blocking buffer (PBS containing 

0.1% Triton X-100 and 5% BSA) at room temperature, coverslips were incubated overnight 

at 4ºC in primary antibody diluted in blocking buffer. Following three 5-min washes in 

PBS, coverslips were incubated for 1 hour at room temperature in the dark in secondary 

antibody (anti-rabbit Alexa Fluor 488, A11034 or anti-mouse Alexa Fluor 488, A11001, 

Life Technologies) at 1:1000 dilution in blocking buffer. Following three 5-min washes with 

PBS, coverslips were mounted in Prolong Glass antifade Mountant with NucBlue (P36981, 

Invitrogen). Coverslips were dried and kept in −20℃ before images were taken. Primary 

antibodies used were anti-Rheb (H00006009-M01) from Abnova, and anti-TSC1 (#6935) 

and anti-TSC2 (#4308) from Cell Signaling Technology. Confocal images for both green 

(488 nm ex) and blue (405 nm ex) channels were acquired by a Leica SP8 microscope 

with 60x oil objective (1.40 NA) or 40x oil objective (1.30 NA) in Lightning Deconvolution 

mode. For each coverslip, the middle slice was obtained and multiple images were taken 

for each experimental condition from different biological samples. Images were analyzed 
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using CellProfiler software (Broad Institute). Briefly, the green channel was used to segment 

the cell and the mean intensity was measured for each cell as the whole cell signal. The 

blue channel was used as nuclear marker to segment the nuclear region, and the nuclear 

mean intensity in the green channel was measured as nuclear signal. Line scan was drawn in 

ImageJ software (NIH) and the intensity along the line was measured.

Live-cell Imaging—For live cell imaging, cells were plated onto sterile glass-bottomed 

35-mm dishes (D35–14-1.5-N, CellVis) and grown to 40% confluency at 37°C with 5% 

CO2. Cells were transfected, double starved, and washed once with HBSS and imaged 

in the dark at room temperature. Images were acquired on a Zeiss Axio Observer 

Z1 microscope equipped with a 40x/1.3NA objective (Carl Zeiss), Prime95B sCMOS 

camera (Photometrics) and a motorized stage (Carl Zeiss). The microscope was controlled 

by MATLAB (Mathworks) and µmanager (Micro-Manager, an open-source microscope 

imaging software) -based MATScope imaging suite (Github: https://github.com/jinzhanglab-

ucsd/MatScopeSuite). CFP images were acquired using ET420/20x excitation filter with 

a T4551pxt dichroic and AT470/40m emission filter. YFP images were acquired using 

ET495/10x excitation filter with a T5151p dichroic and ET535/25m emission filter. The C/Y 

FRET images were acquired using ET420/20x excitation filter with T4551pxt dichroic and 

ET535/25m emission filter. mCherry imaging was performed using HQ568/55x excitation 

filter with a Q600LPxr dichroic mirror and HQ653/95m emission filter. Exposure times 

were 50–500 ms, and images were taken every 30 s or 1 min. Imaging data were analyzed 

using MATLAB scripts developed within the lab. Specifically, fluorescence images were 

background-corrected and regions of interest (ROI) were manually selected. For TORCAR-

NES and TORCAR-NLS, ROIs were within the cytosolic or nuclear regions, respectively. 

For TORCAR, when whole cell responses were measured (Figures S1C-S1D), individual 

cells were selected as the ROIs; and when the cytosolic response of TORCAR was examined 

(Figures 2B–2C), ROIs were within the cytosolic regions and data was labeled as “Cytosolic 

regions”. The cyan/yellow FRET emission ratio was calculated for each ROI on each frame 

of the image series. The ratio was normalized to the time point before addition of PDGF (t 

= 0 min). For lysosomal colocalization experiments, lysosomes were visualized in live cells 

using LysoTracker Green DND-26 (L7526, Invitrogen). Briefly, before images were taken 

under the microscope, LysoTracker Green was added to the medium and incubated with 

cells for 30 min, then cells were washed twice in HBSS imaging buffer. LysoTracker Green 

were visualized using 488 nm excitation under the microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—The data were analyzed using GraphPad Prism 9. 

Immunofluorescence data were obtained from two biological replicates, and all other 

data were obtained from at least three independent biological replicates. Unless otherwise 

noted, unpaired two-tailed t-test was used for two-group comparison and one-way ANOVA 

with Dunnett’s multiple comparisons test were used for multi-group comparisons. **** 

indicates a p-value<0.0001; *** indicates a p-value between 0.0001 to 0.001; ** indicates 

a p-value between 0.001 to 0.01; * indicates a p-value between 0.01 to 0.05; ns, p>0.05, 

not significant. N numbers, as indicated in figures, legends and the main text, represent the 

number of cells. Shaded areas in average curves indicate standard error of the mean (SEM). 
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Violin plots and box plots show the upper and lower adjacent value, interquartile range and 

the median.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

In this study, by combining imaging and synthetic biology approaches, we found 

a small pool of Rheb is present in the nucleus and required for nuclear mTORC1 

activity. We clarified the role of Rheb farnesylation in subcellular mTORC1 signaling, 

provided new insights into the regulation of nuclear mTORC1 and developed tools for 

selectively perturbing subcellular pools of mTORC1 activity for functional dissection. 

Understanding the precise mechanisms and functions of subcellular mTORC1 signaling 

should provide us with the opportunity to target subcellular mTORC1 activity as a 

potential therapeutic strategy.

Highlights:

• A small pool of Rheb is present in the nucleus but not its negative regulator 

TSC2.

• Active Rheb exists in the nucleus and is required for nuclear mTORC1 

activity.

• Properly localized non-farnesylatable Rheb can turn on nuclear or cytosolic 

mTORC1.

• Rheb farnesylation is required for proper localization but not mTORC1 

activation.
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Figure 1. Rheb is present in the nucleus and required for nuclear mTORC1 activation.
(A-B) Representative averaged time course traces (A) and summary (B) of PDGF-induced 

maximum responses of TORCAR-NLS in double starved NIH3T3 cells. Blue, wild type 

cells (WT, N = 29); yellow, Rheb knockdown cells (shRheb, N = 25); green, wild type 

cells with rapamycin pretreatment (100 nM for 30 min) (Rapamycin, N = 20). N indicates 

the cell number quantified from 3 independent experiments. (C) Representative confocal 

immunofluorescence images of wild type (WT) NIH3T3 cells and Rheb knockdown 

(shRheb) cells from two independent experiments. Staining for Rheb is shown in green 
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and nucleus is shown in blue. (D) Quantification of the nuclear signals in (C). Intensities 

were normalized to the maximum intensity. Control experiments were done by leaving out 

the primary antibody ((−) anti-Rheb). N indicates the number of cells quantified. Data are 

representative from 2 independent experiments. (E) Line scan shown in (C). A line was 

drawn across the nuclear region of the cell. Intensities along the line in the green channel 

were measured and shown as relative arbitrary units (AU). Shaded areas indicate standard 

error of the mean (SEM). Box plots show the upper and lower adjacent values, interquartile 

range and the median. Scale bar = 10 µm. See also Figure S1.
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Figure 2. Growth factor induced nuclear mTORC1 activity is suppressed by overexpressing 
TSC2 in the nucleus.
(A) Representative fluorescence images from three independent experiments showing 

the localization of overexpressed constructs in NIH3T3 cells. Fluorescence of mCherry, 

mCherry-TSC2 and mCherry-TSC2-AA mutant are shown as “RFP”. “CFP” shows 

fluorescence of TORCAR. (B-C) Representative averaged time course traces (B) and 

summary (C) of PDGF-induced maximum responses of TORCAR in the cytosolic regions 

of double starved NIH3T3 cells. mCherry (blue, N = 27); mCherry-TSC2 (yellow, N = 

35); mCherry-TSC2-AA (green, N = 32). (D) Model depicting lysosomal TSC2-dependent 
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spatial regulation of mTORC1 activation. (E) Representative fluorescence images from 

three independent experiments showing the localization of overexpressed nuclearly targeted 

constructs in NIH3T3 cells. Fluorescence of mCherry-NLS, mCherry-TSC2-NLS and 

mCherry-TSC2-AA-NLS mutant are shown as “RFP”. “CFP” shows the fluorescence of 

TORCAR-NLS. (F-G) Representative averaged time course traces (F) and summary (G) 

of PDGF-induced maximum responses of TORCAR-NLS in double starved NIH3T3 cells. 

Co-expressed constructs: mCherry-NLS (blue, N = 20); mCherry-TSC2-NLS (yellow, N = 

23); mCherry-TSC2-AA-NLS (green, N = 26). (H) Model depicting the inhibition of nuclear 

mTORC1 activity by overexpressed nuclear TSC2. N indicates the cell number quantified 

from at least 3 independent experiments. Shaded areas indicate standard error of the mean 

(SEM). Box plots show the upper and lower adjacent values, interquartile range and the 

median. Scale bar = 10 µm. See also Figure S2.
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Figure 3. Farnesyltransferase inhibitor FTI-277 did not affect nuclear mTOR1 activity.
(A-B) Representative averaged time course traces (A) and summary (B) of PDGF-induced 

maximum responses of TORCAR-NES in double starved NIH3T3 cells treated with DMSO 

(blue, N = 23) or farnesyltransferase inhibitor FTI-277 at 5 µM overnight (yellow, N = 32). 

(C-D) Representative averaged time course traces (C) and summary (D) of PDGF-induced 

maximum responses of TORCAR-NLS in double starved NIH3T3 cells treated with DMSO 

(blue, N = 32) or farnesyltransferase inhibitor FTI-277 at 5 µM overnight (yellow, N = 17). 

N indicates the cell number quantified from at least 3 independent experiments. Shaded 

areas indicate standard error of the mean (SEM). Box plots show the upper and lower 

adjacent values, interquartile range and the median. See also Figure S3.
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Figure 4. Farnesylation-deficient Rheb had different effects on rescuing subcellular mTORC1 
activity.
(A) Schematics of different Rheb constructs tagged with mCherry. (B) Representative 

images of overexpressed mCherry-Rheb constructs in NIH3T3 cells from 3 independent 

experiments. (C-D) Representative averaged time course traces (C) and summary (D) of 

PDGF-induced maximum responses of TORCAR-NES in double starved NIH3T3 cells. 

Blue, wild type cells (WT, N = 25); yellow, Rheb knockdown cells (shRheb + None, N 

= 47 cells); green, Rheb knockdown cells transfected with wild type mCherry-Rheb-WT 

(shRheb + Rheb-WT, N = 44); orange, Rheb knockdown cells transfected with mCherry-
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Rheb-C181S (shRheb + Rheb-C181S, N = 44); pink, Rheb knockdown cells transfected 

with mCherry-Rheb-Δ5A (shRheb + Rheb-Δ5A, N = 28 cells). (E-F) Representative 

averaged time course traces (E) and summary (F) of PDGF-induced maximum responses 

of TORCAR-NLS in double starved NIH3T3 cells. Blue, wild type cells (WT, N = 29); 

yellow, Rheb knockdown cells (shRheb + None, N = 54); green, Rheb knockdown cells 

transfected with wild type mCherry-Rheb-WT (shRheb + Rheb-WT, N = 42); orange, Rheb 

knockdown cells transfected with mCherry-Rheb-C181S (shRheb + Rheb-C181S, N = 84); 

pink, Rheb knockdown cells transfected with mCherry-Rheb-Δ5A (shRheb + Rheb-Δ5A, N 

= 43). (G) Model showing that active Rheb in the nucleus is critical for activating nuclear 

mTORC1, in addition to the previously reported Akt-mediated nuclear translocation of 

Raptor and phosphorylation of PRAS40. N indicates the cell number quantified from at least 

3 independent experiments. Shaded areas indicate standard error of the mean (SEM). Box 

plots show the upper and lower adjacent values, interquartile range and the median. Scale 

bar = 10 µm. See also Figure S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-phospho-p70 S6K1(Thr389) Cell Signaling Technology Cat#9205

Rabbit polyclonal anti-p70 S6K1 Cell Signaling Technology Cat#9202

Rabbit polyclonal anti-Tuberin/TSC2 Cell Signaling Technology Cat#3612

Rabbit monoclonal anti-Tuberin/TSC2 Cell Signaling Technology Cat#4308

Rabbit monoclonal anti-Hamartin/TSC1 Cell Signaling Technology Cat#6935

Rabbit polyclonal anti-β-tubulin Cell Signaling Technology Cat#2146

Mouse monoclonal anti-Rheb Abnova Cat#H00006009-M01

Mouse monoclonal anti-p84 GeneTex Cat#GTX70220

Goat anti-Rabbit HRP 2nd antibody Pierce Cat#PI31460

Goat anti-Mouse HRP 2nd antibody Pierce Cat#PI31430

Goat anti-Rabbit Alexa 488 2nd antibody Life Technologies Cat#A11034

Goat anti-Mouse Alexa 488 2nd antibody Life Technologies Cat#A11001

Bacterial and virus strains

pLKO mouse shRNA 1 raptor Thoreen et al., 2009 Addgene #21339

pLenti CMVTRE3G Puro DEST (w811–1) (gateway) N/A Addgene #6141 (discontinued)

pLenti CMV rtTA3G Blast N/A Addgene #6136 (discontinued)

pLenti-TetOn-mCherry-Rheb This paper N/A

pLenti-TetOn-Lyso-mCherry-Rheb-C181S This paper N/A

pLenti-TetOn-Lyso-mCherry-Rheb-Δ5A This paper N/A

Chemicals, peptides, and recombinant proteins

PDGF Sigma Cat#P3201

Rapamycin LC Laboratories Cat#R-5000

FTI-277 ApexBio Cat#B5842

DMSO Sigma Cat#D2650

NP-40 Millipore Sigma Cat#492016

Paraformaldehyde Electron Microscopy Sciences Cat#15710S

Doxycycline Clontech Cat#631311

Critical commercial assays

LysoTracker Green DND-26 Invitrogen Cat#L7526

Experimental models: Cell lines

NIH3T3 cells ATCC Cat#CRL-1658

Cal27 Gift from Silvio Gutkind Lab, UC San Diego N/A

HeLa ATCC Cat#CCL-2

Cos7 ATCC Cat#CRL-1651

3T3L1 Gift from Alan Saltiel Lab, UC San Diego N/A

PLC/PRF/5 Gift from Gen-Sheng Feng Lab, UC San Diego N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

HEK293T ATCC Cat#CRL-3216

Oligonucleotides

shRNA targeting sequence: mouse Rheb: 
CAGACATACTCCATAGATATT

The RNAi Consortium TRCN0000075605

shRNA targeting sequence: mouse TSC2: 
TCGCAAGACTCCGCCACATTA

The RNAi Consortium TRCN0000306245

Nonsense mutations in reconstituted Rheb:
ACtTAtTCaATcGAc

This paper N/A

Recombinant DNA

pcDNA3-TORCAR Zhou et al., 2015 Addgene #64927

pcDNA3-TORCAR-NLS Zhou et al., 2015 Addgene #64931

pcDNA3-TORCAR-NES Zhou et al., 2020 Addgene #175015

pcDNA3-Flag-TSC2 Manning et al., 2002 Addgene #14129

pcDNA3-Flag-TSC2-AA Manning et al., 2002 Addgene #14131

pcDNA3-mCherry-TSC2 This paper N/A

pcDNA3-mCherry-TSC2-AA This paper N/A

pcDNA3-mCherry-TSC2-AA-3Q This paper N/A

pcDNA3-mCherry-TSC2-NLS This paper N/A

pcDNA3-mCherry-TSC2-AA-NLS This paper N/A

pcDNA3-mCherry-TSC2-AA-3Q-NLS This paper N/A

myc-Rheb Provided by Kun-Liang Guan Lab, UC San Diego N/A

pcDNA3-mCherry-Rheb This paper N/A

pcDNA3-mCherry-Rheb-C181S This paper N/A

pcDNA3-mCherry-Rheb-Δ5A This paper N/A

pcDNA3-Lyso-mCh-Rheb-C181S This paper N/A

Software and algorithms

MATscope imaging suite Open source DOI: 10.5281/zenodo.5908008

Prism 9 GraphPad https://www.graphpad.com
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