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Abstract
The mechanistic target of rapamycin complex 1 (mTORC1) is an important regulator of cellular metabolism that is commonly 
hyperactivated in cancer. Recent cancer genome screens have identified multiple mutations in Ras-homolog enriched in brain 
(Rheb), the primary activator of mTORC1 that might act as driver oncogenes by causing hyperactivation of mTORC1. Here, 
we show that a number of recurrently occurring Rheb mutants drive hyperactive mTORC1 signalling through differing levels 
of insensitivity to the primary inactivator of Rheb, tuberous sclerosis complex. We show that two activated mutants, Rheb-
T23M and E40K, strongly drive increased cell growth, proliferation and anchorage-independent growth resulting in enhanced 
tumour growth in vivo. Proteomic analysis of cells expressing the mutations revealed, surprisingly, that these two mutants 
promote distinct oncogenic pathways with Rheb-T23M driving an increased rate of anaerobic glycolysis, while Rheb-E40K 
regulates the translation factor eEF2 and autophagy, likely through differential interactions with 5′ AMP-activated protein 
kinase (AMPK) which modulate its activity. Our findings suggest that unique, personalized, combination therapies may be 
utilised to treat cancers according to which Rheb mutant they harbour.
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Introduction

The mechanistic target of rapamycin complex 1 (mTORC1) 
is a serine/threonine kinase that is activated by diverse 
signals, in particular amino acid availability and growth 
factors, to drive anabolic processes and inhibit some cata-
bolic ones, notably autophagy [1]. This is achieved through 

phosphorylation of a range of proteins, the best-charac-
terized of which include the ribosomal protein S6 (rpS6) 
kinases (S6Ks) [2] and eukaryotic initiation factor 4E-bind-
ing proteins (4E-BPs) [3]. S6Ks phosphorylate rpS6 [4], 
a component of the 40S ribosomal subunit, and positively 
regulate cell size, while the 4E-BPs control the initiation of 
mRNA translation and cell proliferation [4, 5]. 4E-BPs bind 
to eIF4E in competition with eIF4G to prevent formation of 
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the eIF4F complex thus inhibiting cap-dependent transla-
tion [6]. mTORC1-catalysed phosphorylation of the 4E-BPs 
decreases their affinity for eIF4E allowing eIF4E to form 
translation initiation complexes and promote translation 
initiation [7].

Rheb (Ras homolog enriched in brain) is a small (21 kDa) 
GTPase that, in its GTP-bound form, activates mTORC1. 
Hydrolysis of Rheb-GTP is promoted by the GTPase-acti-
vating protein (GAP) tuberous sclerosis complex (TSC), 
comprised of TSC1, TSC2 and TBC1D7, yielding inactive, 
GDP-bound Rheb [8–10]. The ability of TSC1/2 to impair 
Rheb function is inhibited by signalling events which are 
activated by hormones, mitogenic stimuli and growth factors 
involving the PI3K and MAPK signalling pathways [1, 9, 
11]. This involves the phosphorylation of TSC2, the subunit 
responsible for GAP activity [12], downstream of oncogenic 
pathways such as phosphoinositide 3-kinase (PI3K)/protein 
kinase B (PKB) and rat sarcoma (Ras)/extracellular signal 
regulated kinase (ERK) [37]. As the pathways upstream of 
TSC are often aberrantly active in cancer, mTORC1 is also 
activated in many cancers.

Several mutations in the RHEB gene have also been 
identified in a range of human tumours [13]. Several of 
these Rheb mutants have been shown to be constitutively 
active [14–17]. Some mutants are insensitive to TSC’s GAP 
activity and thus confer constitutive activity on Rheb and 
mTORC1 [16, 18]. In contrast, it has recently been suggested 
that the constitutively active Rheb mutant Rheb-Y35N drives 
continuous mTORC1 activation by activating the MAPK 
pathway via direct inhibition of AMPKα or heterodimerisa-
tion with BRAF [19, 20]. Given that mTORC1 signalling is 
hyperactive in many cancers and some Rheb mutants can 
promote oncogenic transformation [15, 19], it is important 
to understand the underlying mechanisms and whether or 
not all Rheb mutants exert the same effects.

Here, we show that previously uncharacterised Rheb 
mutants which occur in human tumours drive constitutive 
mTORC1 signalling and drive oncogenic transformation and 
tumour growth in vivo. Importantly, in addition to activating 
mTORC1, some mutants affect other processes, including 
glycolysis and the translational machinery, effects which dif-
fer between mutants. These unexpected findings may require 
or offer additional therapeutic approaches for treating can-
cers bearing these mutations.

Materials and methods

Reagents

All reagents were from Merck (NSW, Australia) unless oth-
erwise specified. Bradford assay reagent was from Bio-Rad 

(NSW, Australia). AZD8055 was purchased from Jomar Life 
Research (VIC, Australia).

Cell culture, site‑directed mutagenesis 
and transfection

NIH3T3, HEK293 and HeLa cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) containing 
10% foetal bovine serum and 1% penicillin/streptomycin 
at 37 °C with 5% (v/v)  CO2 and regularly tested for myco-
plasma contamination. pRK7-FLAG-Rheb vector [10] was 
purchased from Addgene and was used to generate Rheb 
mutants via site-directed mutagenesis. Briefly, mutagen-
esis primers were used for PCR amplification of pRK7-
FLAG-Rheb using pfu Turbo Polymerase (Promega, NSW, 
Australia) to induce specific mutations. Donor plasmids 
were digested with DpnI. Transfection was performed 
using Lipofectamine 3000 (Thermo Fisher Scientific, SA, 
Australia) according to the manufacturer’s instructions.

Generation of NIH3T3 cell lines stably expressing 
Rheb variants

cDNAs encoding wildtype Rheb (Rheb-WT), or Rheb-
T23M or E40K were cloned into a pEGFP-N1 vector using 
the EcoRI and BamHI restriction sites. Vectors were trans-
fected into NIH3T3 cells which were cultured in the pres-
ence of 1 mg/ml G418 for 6 weeks to select stable trans-
fectants. Surviving cells were transferred to 96-well plates 
at 1 cell/well and monitored for colonies. Rheb expression 
was determined via SDS-PAGE Western Blot; monoclonal 
colonies expressing low levels of exogenous Rheb were 
selected for use.

SDS‑PAGE and immunoblot analysis

SDS-PAGE/Western blot analysis was carried out as previ-
ously described [21]. Briefly, cells were lysed in ice-cold 
lysis buffer containing 1% Triton X-100, 150 mM NaCl, 
20 mM Tris–HCl pH 7.5, 2.5 mM sodium pyrophosphate, 
1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 
1 mM dithiothreitol (DTT) and 1 mM β-glycerophosphate 
supplemented with protease inhibitor cocktail. Tumour 
xenograft tissues were homogenised in RIPA lysis buffer 
(50  mM Tris–HCl, pH 7.4, 150  mM NaCl, 1% Triton 
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 50 mM 
β-glycerophosphate, 1  mM EDTA, 0.5  mM NaVO3, 
1 mM dithiothreitol and protease inhibitor cocktail) using 
a tissue grinder (Thermo Fisher Scientific). Lysates were 
spun at 16,000×g for 10 min. Protein concentrations were 
determined [22] and normalized. Equal aliquots of protein 
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(40 μg) were denatured in Laemmli loading buffer, heated 
at 95 °C for 3 min and separated by SDS-PAGE using gels 
containing 7–13% acrylamide and 0.1–0.36% bis-acryla-
mide. Proteins were transferred to nitrocellulose mem-
branes, which were blocked and incubated with primary 
antibody as indicated (Supplementary Table S1). Fluo-
rescently conjugated secondary antibody was applied and 
signals were imaged using a LiCor  Odyssey® CLx imager 
(Millennium Science, VIC, Australia).

Immunoprecipitation

HEK293 cells were lysed in CHAPS lysis buffer [40 mM 
HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA pH 8, 10 mM 
 Na2H2P2O7, 10  mM β-glycerophosphate, 50  mM NaF, 
0.5 mM  Na3VO4, 0.3% (m/v) CHAPS and protease inhibi-
tor cocktail] and protein complexes associated with Rheb 
were immunoprecipitated with protein A beads. Briefly, 
protein lysates were centrifuged for 10 min at 16,000×g. 
The supernatants were incubated with anti-Rheb antibody 
(Genesearch, Arundel, QLD, Australia, Cat No. 13879) for 
16 h at 4 °C with constant rotation, followed by the incuba-
tion with protein A Sepharose beads for a further period of 
2 h at 4 °C with rotation. Beads were washed twice with 
CHAPS lysis buffer and then resuspended in 2× Laemmli 
sample buffer before SDS-PAGE analysis.

Purification of recombinant GST‑Rheb

pGEX-4T2-Rheb vectors were a kind gift from Dr. John 
Blenis (now at Weill Cornell Medicine, New York, NY, 
USA). Site-directed mutagenesis was performed using pfu 
Turbo Polymerase. Recombinant GST-Rheb proteins were 
expressed in and purified from E. coli BL21 cells after 
incubation with 25 µM IPTG (6 h, 30 °C). Bacterial lysates 
were prepared by sonication in ‘Rheb lysis buffer’ (0.2% 
Triton X-100, 50 mM HEPES–KOH pH 7.4, 140 mM NaCl, 
1 mM EDTA pH 8, 1 mM DTT, plus protease inhibitor cock-
tail). Lysates were incubated with 0.03 U DNase I, 12 mM 
 MgCl2 and 0.25 mg/ml lysozyme for 30 min at 4 °C, before 
spinning down at 13,000×g for 10 min at 4 °C. Superna-
tants were incubated with glutathione-agarose (Thermo 
Fisher Scientific) for 2 h at 4 °C. GST-Rheb was eluted in 
30 mM reduced l-glutathione, 50 mM HEPES–KOH pH7.4, 
140 mM NaCl, 2.7 mM KCl, 0.1 mg/ml bovine serum albu-
min (BSA) plus protease inhibitor cocktail. Eluted GST-
Rheb (approximately 1 µg/µl) was then analysed and quan-
titated by SDS-PAGE and Coomassie staining of resolved 
proteins and BSA standards.

GAP assay

Rheb-GAP assays were performed on complexes immuno-
precipitated from HEK293 cells transfected with WT FLAG-
TSC1 and WT FLAG-TSC2. Cells were lysed in 1 ml NP-40 
lysis buffer (20 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM 
 MgCl2, 1% Nonidet P-40, 10% glycerol, 1 mM DTT, 50 mM 
β-glycerophosphate, 50 mM NaF, and protease inhibitor 
cocktail). Flag-tagged TSC1 and TSC2 were then immu-
noprecipitated with FLAG antibody coupled to protein-G 
beads for 2 h at 4 °C. Immune complexes on beads were 
washed thrice in IP wash buffer (20 mM HEPES–KOH pH 
7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1 mM 
DTT, 50 mM β-glycerophosphate, 50 mM NaF, and protease 
inhibitor cocktail), and once in 1 ml Rheb exchange buffer 
(50 mM HEPES–KOH pH 7.4, 1 mM  MgCl2, 100 mM KCl, 
0.1 mg/ml BSA, 1 mM DTT, and protease inhibitor cock-
tail). GST-Rheb (10 μg) was loaded with 100 μCi [α-32P]
GTP by incubation for 5 min at 37 °C in 100 μl GTP-load-
ing buffer (50 mM HEPES–KOH pH 7.5, 5 mM EDTA, 
5 mg/ml BSA, and protease inhibitor cocktail). After 5 min, 
2.5 μl 1 M  MgCl2, 100 μl ice-cold 50 mM HEPES–KOH pH 
7.4, and 20 μl 10 mM GDP were added to the [α-32P]GTP-
loaded Rheb. GAP assays were initiated by adding 20 μl 
GTP-loaded Rheb mixture (1 μg GST-Rheb) to each aliquot 
of FLAG-TSC1/2-protein-G agarose immune complexes. 
Assays were performed at room temperature with constant 
agitation for 60 min. Reactions were stopped by adding 
300 μl Rheb wash buffer containing 1 mg/ml BSA. Immune 
complexes were removed by brief centrifugation, and nucle-
otide-bound GST-Rheb was purified from supernatants by 
incubating with glutathione beads for 2 h at 4 °C. After three 
washes with Rheb wash-buffer (50 mM HEPES–KOH pH 
7.5, 0.5 M NaCl, 0.1% Triton X-100, 5 mM  MgCl2, 0.005% 
SDS plus protease inhibitor cocktail), radiolabelled GTP 
and GDP were eluted from Rheb with 20 µl elution buffer 
(0.5 mM GDP, 0.5 mM GTP, 5 mM DTT, 5 mM EDTA, 
and 0.2% SDS) at 68 °C for 20 min. One microliter (μl) of 
each eluted reaction was resolved by thin-layer chromatog-
raphy on PEI cellulose with 0.75 M  KH2PO4 pH 3.4 as sol-
vent. Relative levels of [α-32P]-labelled GTP and GDP were 
detected and quantitated with Typhoon phosphor-imager 
(GE Healthcare, NSW, Australia).

In silico modelling

In silico modelling was carried out using ICM Pro (Molsoft 
LLC, La Jolla, CA, USA). PDB accession code 6BCU was 
used as a starting template. Mutants were created in ICM 
Pro and subjected to 20 rounds of energy minimization and 
annealing. All molecular visualizations were obtained using 
the PyMOL graphic tool (the PyMOL molecular graphics 
system, Version 2.2.3. Schrödinger, LLC).
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3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolim 
bromide (MTT) assay

For MTT assay, 3000 HEK293 cells expressing Rheb 
mutants were seeded into 96-well plates. Five mg/ml of 
MTT was added to each well and plates were incubated at 
37 °C for 4 h. Medium was carefully aspirated, and crystals 
were dissolved in 50 µl DMSO. Absorbance was read at 
540 nm using a Glomax Discover Multimode Microplate 
Reader (Promega); cell number was calculated against a 
standard curve generated by 1:2 serial dilutions of HEK293 
cells.

Bromodeoxyuridine (BrdU) assay

BrdU Cell Proliferation Assay Kit (Cell Signaling Tech-
nology, Danvers, MA #6813) was performed as per the 
manufacturer’s instructions. Cells were plated at 10,000 
cells per well in a 96-well plate 2 h prior to addition of 
10 µl of 10× BrdU solution. 2 h after adding BrdU, cells 
were fixed/denatured for 30 min. BrdU detection antibody 
diluted 1:100 and added to cells for 1 h. Cells were washed 
3× in wash buffer before addition of HRP-linked second-
ary antibody for 30 min. Cells were washed 3× before 
addition of 3,3′,5,5′-tetramethylbenzidine. After 30 min, 
‘STOP solution’ was added and absorbance determined 
at 450 nm.

Colony formation assay

To perform colony formation assays, 1 ml base layer con-
taining 0.5% agarose in DMEM was plated in six-well plates 
and overlaid with 1 ml of 0.3% agarose in DMEM containing 
3000 NIH3T3 cells stably expressing Rheb-WT, T23M or 
E40K. Cells were fed every 2–3 days with 1 ml of DMEM 
containing DMSO, AZD8055 or JAN-384 as indicated. 
After 6 weeks, cells were stained with 0.05% crystal violet 
in phosphate-buffered saline containing 2% ethanol. Colo-
nies larger than 100 nm were counted by hand and images 
captured on a dissecting microscope.

In vivo tumour model

All animal work was conducted in accordance with the 
National Health and Medical Research Council’s Care and 
use of Animals for Scientific Purposes guidelines and with 
approval (No. SAM339) from the South Australian Health 
and Medical Research Institute’s animal ethics commit-
tee. Tumours were generated by subcutaneous injection of 
1 ×  106 NIH3T3 cells stably expressing Rheb-WT, T23M or 
E40K into both flanks of 8–10-week-old, male NOD SCID 

gamma (NSG) mice (The Jackson Laboratory, Stock num-
ber 005557) (five mice per group generating ten tumours). 
Tumours were measured daily with Vernier callipers and 
volumes were calculated using the standard formula (vol-
ume = length ×  width2 × 0.5). When tumours reached a vol-
ume of 60  mm3, mice were randomly assigned into groups 
to be injected daily with 20 mg/kg AZD2014 or vehicle 
(DMSO in PBS containing 5% Tween-80 and 5% PEG) via 
intraperitoneal injection. After 7 days, or when total tumour 
bearing load exceeded 2000   mm3 or individual tumours 
exceeded 1000  mm3 (in strict accordance with our approved 
animal ethics application), animals were immediately culled 
by  CO2 immersion and tumours were removed.

Immunohistochemistry

Tumours were embedded in cryo-embedding medium (OCT) 
and 8 µm sections cut using a Shandon Cryotome E Cryostat 
at − 20 °C. Sections were allowed to dry for 30 min before 
fixation in 10% neutral buffered formaldehyde. Endogenous 
peroxidase activity was blocked with 3% peroxide and fur-
ther blocked in 5% BSA to prevent non-specific binding. 
Indicated primary antibodies were diluted 1:100 in blocking 
buffer and added to sections at 4 °C overnight. Sections were 
incubated with  SignalStain® Boost IHC-Detection Reagent 
(HRP, Rabbit; Cell Signalling Technologies #8114) at room 
temperature for 30 min and developed using  SignalStain® 
DAB Substrate Kit (Cell Signalling Technologies #8059). 
Sections were counterstained with hematoxylin for 60 s and 
observed under a light microscope. DAB staining was quan-
tified using ImageJ.

Mass spectrometry analysis

Polyclonal NIH3T3 cells stably expressing Rheb-WT, T23M 
or E40K were grown in DMEM either containing or lack-
ing FBS for 72 h. Cells were washed 5× in ice cold PBS, 
lysed in lysis buffer containing 10% sodium deoxycholate, 
0.1 M Tris–HCl pH 8.5. Protein concentration was deter-
mined using the BCA method and samples normalized. Pro-
tein was digested with trypsin (Sigma, T6567) and Lys-C 
(Wako Chemicals, 129-02541) at a 1:100 ratio of enzyme-
to-protein. Peptides were desalted and concentrated using 
SDB-RPS StageTips as described [23] with minor modifica-
tions. Briefly, peptides were diluted 1:10 in  H2O, then 100 µl 
was mixed 1:1 with loading buffer (99% ethyl acetate, 1% 
TFA), vortexed vigorously, and then loaded directly onto 
StageTips packed with three layers of SDB-RPS material. 
Samples were spun through to dryness using a custom 3D 
printed 96-well StageTip adapter at 1000×g [24]. StageTips 
were washed with a further 100 µl loading buffer, followed 
by 100 µl wash buffer 1 (99% isopropanol, 1% TFA), then 
100 µl wash buffer 2 (5% acetonitrile, 0.2% TFA). Samples 



4039TSC-insensitive Rheb mutations induce oncogenic transformation through a combination of…

1 3

were subsequently eluted directly into clean PCR strip tubes 
with 60 µl 60% acetonitrile/5% ammonium hydroxide (25% 
ammonia solution). Samples were then dried in a SpeedVac 
vacuum concentrator, resuspended in MS loading buffer 
(2% acetonitrile/0.3% TFA), and peptides were normalized 
by A280 absorbance. A Dionex Ultimate 3000 (Thermo 
Fisher Scientific) UHPLC was connected to a Q Exactive 
HF-X Orbitrap mass spectrometer, and 1 µg peptides were 
loaded directly onto a 75 μm I.D., 60 cm column packed 
with 1.9 μm C18 material (Dr. Maisch ReproSil Pur AQ) 
and separated over a gradient of 3 to 24% acetonitrile in 
0.1% formic acid, over 2 h. Column temperature was main-
tained at 60 °C. The mass spectrometer was operated in 
data-dependent mode, with one full scan of 350–1400 m/z 
performed with resolution 60,000 at a target of  3e6 ions, 
followed by 20 data-dependent HCD MS/MS scans with a 
target of  1e5 ions, max IT 28 ms, isolation window 1.4 m/z, 
normalized collision energy 27, minimum AGC target  1e4, 
and resolution 15,000. Dynamic exclusion was switched 
on (30 s). RAW data were processed using MaxQuant ver-
sion 1.6.6.0, searched against the Mouse UniProt sequence 
database (June 2019 release) with default settings, with the 
addition of “Match between runs” (match time window 
0.7 min), and “MaxLFQ” enabled. Bioinformatic analysis 
was performed using Perseus version 1.6.10.43. Raw data 
are available in Supplementary Table S2.

Transwell migration and invasion assays

This was performed as previously described [25]. For migra-
tion assays, transwells (8 µm pore size, BD Biosciences, 
NSW, Australia) were pre-coated with 1% gelatin in serum-
free medium. Assays were then performed with 1.5 ×  104 
cells plus 0.5 μg/μl mitomycin C for 24 h using 10 μg/ml col-
lagen and 20% FBS as chemo-attractant. For invasion assays, 
transwells were pre-coated with Matrigel (1:3 in DMEM, 
BD Biosciences) and assays performed with 1.5 ×  104 cells 
plus 0.5 μg/μl mitomycin C for 72 h using 10 μg/ml collagen 
and 20% FBS as chemo-attractants. Transwells were stained 
with DAPI (4′,6-diamidino-2-phenylindole, 1:20,000) and 
visualized with a Nikon Eclipse Ni microscope (× 10 objec-
tive lens). DAPI-stained cell numbers were quantified using 
the Fiji (Java 8) software.

Fluorescence associated cell sorting (FACS)

FACS analysis was performed as previously described 
[26]. Briefly, tf-LC3 HeLa cells were transfected with the 
indicated Rheb mutant (Calcium phosphate method) and 
grown in DMEM containing 10% FBS for 24 h. Cells were 
collected, strained into a FACS tube and analysed by flow 
cytometry on a BD LSR Fortessa X20 Analyser (BD Biosci-
ence). Cells were gated on SSC-H and FSC-H. Analysis of 

red to green fluorescence ratios (mRFP1-H:EGFP-H) was 
performed using FlowJo v10.6.1 software package.

Seahorse glycolysis stress test

Agilent Seahorse XF Glycolysis Stress Test (Agilent Tech-
nologies, Santa Clara, CA) was performed as per the manu-
facturer’s instructions. HEK293 cells were transfected with 
vectors encoding Rheb and allowed to grow for 24 h. 1 ×  104 
cells were seeded in Seahorse XF microplate and kept in 
fully supplemented medium for 6 h to allow attachment. 
Growth medium was replaced for DMEM lacking FBS over-
night. Meanwhile, a 96-well sensor cartridge was hydrated 
with Seahorse XF calibrant in a non-CO2 incubator over-
night at 37 °C. The following day, sensor cartridge was 
loaded with 10 mM glucose in port A, 1 µM oligomycin 
in port B and 50 mM 2-deoxyglucose in port C. Cells were 
prepared for the assay by replacing growth medium with 
Seahorse XF Base Medium supplemented with 2 mM glu-
tamine, and adjusted to pH 7.4 for 1 h. Glycolysis stress test 
was then conducted in a Seahorse XFe96 Analyser using 
the Wave software package. Extracellular acidification rate 
(ECAR) was normalized to Hoechst stain and graphed using 
GraphPad Prism 8.

Results

Rheb mutants commonly found in cancer 
promote constitutively active mTORC1 signalling 
independently of MAPK

To assess the extent of RHEB mutations in cancer, we evalu-
ated data from The Cancer Genome Atlas (TCGA) (https:// 
www. cancer. gov/ tcga) and COSMIC [13]. We also showed 
KRAS alterations, a frequently mutated gene in cancer, as a 
comparison. We found that, similarly to KRAS mutations, 
RHEB mutations occur in a wide variety of cancers (Fig. 1a). 
We identified several mutations that were present in multi-
ple samples with the six most frequent being S16F, T23M, 
Y35N, Y35C, E40K and Q57* (Fig. 1b; Supplementary 
Table S3). To gain further insights into the molecular basis 
of these mutations, we performed in silico modelling for 
Rheb-T23M, -Y35N and -E40K. A loop covers the active 
site (Fig. 1c), implying it is important in binding substrate 
(GTP) due to its mobility and direct contacts with substrate. 
Additionally, there is an α-helix which flanks the substrate, 
GTP, making direct contact with the bound GTP. The T23M 
side chain lies between the afore-mentioned α-helix and 
the β-sheet (Fig. 1c). The larger Met here likely forces the 
α-helix closer to the substrate, potentially altering bind-
ing and affecting catalysis. E40K is at the base of the loop 
that covers the active site (Fig. 1c); this mutation to a large 

https://www.cancer.gov/tcga
https://www.cancer.gov/tcga
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positively charged residue would likely perturb the loop’s 
conformation, altering its mobility and substrate binding, 
hydrolysis and/or release. Thus, we hypothesised that the 
mutations promote constitutive mTORC1 activation through 
decreased sensitivity to TSC-mediated GAP activity.

To determine whether these mutations drive hyperactive 
mTORC1 signalling, we employed site-directed mutagenesis 
to create selected mutations in a vector encoding FLAG-
tagged Rheb. We then transfected HEK293 cells with these 
vectors, one encoding Rheb-WT or an empty vector, as nega-
tive control. To assess the effect of the Rheb mutants on 
mTORC1 activity, transfected cells were cultured for 16 h 
in DMEM lacking FBS, conditions under which mTORC1 
is generally inactivated, while active Rheb can restore 
mTORC1 signalling [27]. Cell lysates were then analysed by 
immunoblot for downstream effectors of mTORC1, includ-
ing its direct substrates 4E-BP1 and S6K1, and the S6K1 
substrate rpS6.

As expected, in fully supplemented growth medium, 
conditions where the TSC complex is not active against 
Rheb-GTP, WT Rheb and mutants did not promote levels 
of mTORC1 signalling above those seen in cells transfected 
with empty vector (Supplementary Fig. S1a). In every case, 
the mTOR kinase inhibitor AZD8055 inhibited the phos-
phorylation both of S6K1 at Thr389 and of rpS6 at Ser240/
Ser244 (Supplementary Fig. S1a) in fully supplemented 
medium showing the effect of every Rheb variant tested is 
mediated through mTOR. In contrast, when in cells that were 
subsequently transferred to D-PBS (conditions that cause a 
profound inhibition of mTORC1 due to the lack of amino 
acids, key activators of mTORC1), WT Rheb supported 
the sustained phosphorylation of S6K1, rpS6 and 4E-BP1, 
while several mutants (T23M, G29S, Y35N and E40K) did 
so more strongly (Fig. 1d). Thus, under these conditions, 

it appears that some Rheb mutants are more potent activa-
tors of mTORC1 signalling than WT Rheb (Fig. 1d). We 
noted that the Rheb mutants Rheb-Y35H, -V49E, and -E40K 
showed a lower mobility (compared to WT Rheb) on poly-
acrylamide gel electrophoresis. To determine the cause, we 
performed mass spectrometry to compare possible post-
translational modifications of Rheb-WT and E40K; however, 
we were unable to detect any differences that might explain 
its altered mobility (data not shown).

It has previously been reported [19, 20] that Rheb-Y35N 
drives hyperactive mTORC1 signalling through constitu-
tive activation of the MAPK pathway. While we did observe 
increased P-ERK1/2 levels in cells expressing Rheb-Y35N 
and -E40K (Supplementary Fig. S1b–d), this was not sta-
tistically significant (Supplementary Fig. S1d). This obser-
vation has previously been reported and thoroughly exam-
ined [19, 20], so we have not followed it up again in detail 
here, although we did note that P-ERK-1/2 was lost in cells 
expressing Rheb mutants when cells were deprived of serum 
whereas mTORC1 signalling was not, which suggests that 
Rheb mutants are not promoting mTORC1 signalling via 
the ERK pathway under the conditions tested here (Supple-
mentary Fig. S1c). Furthermore, treatment with the MEK 
inhibitor AZD6244 did not decrease mTORC1 signalling in 
cells expressing Rheb mutants (Supplementary Fig. S1b). 
Taken together, these data suggest that these Rheb mutants 
promote mTORC1 signalling independently of the MAPK/
ERK pathway.

Rheb are insensitive to inhibition by TSC

It was possible that the ability of some ectopically expressed 
Rheb mutants to promote mTORC1 signalling under serum-
starved conditions might arise because their levels (likely 
well above endogenous Rheb) exceeded those of TSC1/2, 
rather than due to intrinsic constitutive activity. To test this, 
we co-expressed Rheb mutants alongside vectors encoding 
FLAG-TSC1/2, to increase the available levels of this com-
plex (Fig. 1e; Supplementary Fig. S1e; quantified in Sup-
plementary Fig. S1f; TBC1D7 is not essential for function 
of the TSC1/2 complex). Strikingly, TSC1/2 decreased the 
phosphorylation of S6K1 at Thr389 and rpS6 at Ser240/244 
in cells expressing wild-type Rheb but not in cells expressing 
Rheb-G63A (Supplementary Fig. S1e; quantified in Supple-
mentary Fig. S1f), a mutant designed, based on the structure 
of Rheb, to be catalytically dead [16]. Likewise, phospho-
rylation of these proteins was less sensitive to TSC1/2 in 
cells expressing Rheb-T23M, -Y35N or -E40K than in cells 
expressing Rheb-WT. Cells expressing Rheb-S21L, -G29S 
or -Q64L still displayed increased P-S6K1 levels compared 
to cells expressing Rheb-WT when co-expressed with TSC1/
TSC2; however, P-S6K1 was more sensitive to TSC1/2 in 
cells expressing Rheb-S21L, G29S or Q64L than in those 

Fig. 1  Rheb mutants promote hyperactive mTORC1 signalling inde-
pendently of the MAPK pathway. a Data from the TCGA showing 
the number and rate of identified RHEB and KRAS mutations across 
various cancer types. b The number of times each RHEB mutation 
appears in the TCGA and COSMIC databases. Key domains of the 
protein are shaded and hotspot mutations subjected to further inves-
tigation are shown in red. c In silico analysis of the 3D structure of 
Rheb (green ribbons). GTP is represented as sticks (coloured by ele-
ment) while the mutations T23M, Y35N and E40K are represented 
as spheres (red). d Immunoblot analysis of lysates from HEK293 
cells that had been transfected with either a pcDNA3.1 empty vector 
or a vector encoding the indicated FLAG-tagged Rheb mutant. After 
24 h, the medium was replaced with D-PBS for 1 h. As a control to 
inhibit mTORC1 signalling, one plate of cells was treated with 1 µM 
AZD8055 for 30 min. e Immunoblots of lysates from HEK293 cells 
previously transfected with either the indicated Rheb mutant and a 
pcDNA3.1 empty vector or the indicated Rheb mutant and vectors 
encoding FLAG-TSC1 and FLAG-TSC2. After 24 h, the medium was 
replaced with fresh DMEM without FBS for 16 h followed by D-PBS 
for 1 h. Immunoblots were probed with antibodies for the indicated 
proteins or phosphorylation sites

◂
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expressing Rheb-T23M, Y35N, E40K or G63A (Fig. 1e; 
Supplementary Fig. S1e; quantified in Supplementary Fig. 
S1f). These data suggest that certain Rheb mutants promote 
hyperactivation of mTORC1 because they are insensitive 
to TSC1/2.

To study this further, we assessed whether specific Rheb 
mutations affected the ability of TSC1/TSC2 to promote 
the hydrolysis of Rheb-bound GTP, we performed GAP 
assays using recombinant GST-tagged Rheb purified from 
E. coli BL21 cells and FLAG-tagged TSC1/TSC2 co-
expressed in, and immunoprecipitated from, HEK293 cells 
(Fig. 2a). To validate the assay, Rheb-WT and Rheb-Y35N 
were ‘preloaded’ with [α-32P]GTP and then incubated with 
or without TSC1/TSC2. TSC1/TSC2 efficiently promoted 
hydrolysis of [α-32P]GTP bound to Rheb-WT, but not GTP 
bound to Rheb-Y35N (Fig. 2b), which has been previously 
shown to be resistant to TSC1/2’s GAP function [19, 28]. 
This validated the Rheb-GAP assay, allowing us to test fur-
ther mutants. TSC1/TSC2 promoted hydrolysis of [α-32P]
GTP bound to Rheb-T23K, Y35C and N153T similarly to 
Rheb-WT (GDP/GTP ratio > 1); in contrast, hydrolysis of 

GTP bound to Rheb-R15G and Q64L was partially resist-
ant to stimulation by TSC1/2 (GDP/GTP ratio ≈ 1). Fur-
thermore, TSC1/TSC2 complexes were completely unable 
to promote hydrolysis of [α-32P]GTP bound to Rheb-S21L, 
G29S, T23M, Y35N, E40K or G63A (GDP/GTP ratio < 1). 
This striking difference is notable as this property would 
allow these Rheb mutants to escape inhibition by the TSC1/
TSC2 tumour suppressor complex and thus display constitu-
tive activity (Fig. 2c; quantified in Fig. 2d). To determine 
whether mutations are insensitive to TSC inhibition through 
insensitivity to its GAP function and not to altered binding to 
the TSC1/2 heterodimer, we performed immunoprecipitation 
from lysates of HEK293 cells over expressing Rheb mutants 
and TSC1/2. We found that Rheb-WT, T23M, Y35N and 
E40K all bind TSC1/TSC2 to a similar extent suggesting 
TSC binding is not grossly affected (Supplementary Fig. 
S2a). Likewise, binding to mTORC1 was also not affected 
(Supplementary Fig. S2b). These data again suggest that the 
Rheb mutants S21L, T23M, G29S, Y35N and E40K pro-
mote hyperactive mTORC1 signalling (under serum-starved 

Fig. 2  Rheb mutants are resistant to TSC GAP activity in  vitro. a 
Immunoblot analysis of FLAG-tagged TSC1 and TSC2 immuno-
precipitated (using anti-FLAG antibody) from lysates of HEK293 
cells which had been transfected 24 h earlier with vectors encoding 
FLAG-TSC1 and FLAG-TSC2. b GTPase assay with GST-purified 
Rheb WT or Y35N, prebound to [α-32P]GTP and then mixed with 
or without FLAG-immunoprecipitated TSC1 and TSC2 as indicated. 

Reaction products were resolved by thin layer chromatography and 
detected using a phosphorimager. Positions of GDP and GTP are 
indicated. c As B but using the indicated mutants of Rheb. Rheb-WT 
without TSC1/2 acts as a control. GDP:GTP ratios are quantified in 
d for n = 3 (means ± S.D.). The data were analysed using Student’s 
t-test, ratios of GDP:GDP being compared to those for Rheb-WT. 
***P < 0.001
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conditions, Fig. 1d, e; Supplementary Fig. S1e) because they 
are insensitive to the GAP function of TSC.

Rheb T23M and E40K drive increased cell 
proliferation and anchorage independent growth

To determine whether specific Rheb mutants can drive cell 
proliferation, HEK293 cells were transfected with vectors 
encoding the Rheb mutants Rheb-S21L, T23M, G29S, 
Y35N and E40K and subjected to MTT and BrdU incor-
poration assays with/without FBS. MTT assays, which 
estimate cell number (and thus, over time, cell number and 
hence cell proliferation) by measuring mitochondrial activ-
ity [29], were performed every 24 h for 4 days to gener-
ate growth curves. While there was no difference in MTT 
activity between cells expressing WT Rheb or its mutants in 
fully supplemented medium (Supplementary Fig. S3a), we 
saw striking differences when cells were placed in medium 
lacking FBS (Fig. 3a). While there was no increase in MTT 
activity over 4 days in cells expressing Rheb-WT, each of 
the Rheb mutants promoted increased cell number (MTT 
activity; Fig. 3a). In particular, cells expressing Rheb-T23M 
did so to a greater extent than any other Rheb mutants, while 
Rheb-Y35N and E40K showed mutually similar effects on 

cell number, which were greater than those of Rheb-S21L 
and G29S (or Rheb-WT).

However, as the potential of a cell to reduce MTT 
depends on its metabolic rate, it is an imprecise measure of 
cell number and proliferation. It was therefore important to 
measure cell proliferation by other means. To do this, we 
performed BrdU incorporation assays, which measure DNA 
replication. Cells expressing Rheb-T23M, Y35N and E40K 
cells showed significantly greater BrdU incorporation than 
those transfected with Rheb-WT or the empty vector, either 
in the absence or presence of FBS in the growth medium 
(Fig. 3b; Supplementary Fig. S3b). Rheb-S21L and G29S 
did not increase BrdU incorporation either in the presence 
or absence of FBS (Fig. 3b; Supplementary Fig. S3b). Taken 
together, these data strongly suggest that Rheb-T23M, Y35N 
and E40K each increase cell proliferation under serum-
starved conditions. Given that Rheb-Y35N has previously 
been characterised [19, 20, 28, 30], Rheb-S21L and G29S 
show only a minor effect on cell proliferation, we subse-
quently focused only on Rheb T23M and E40K. These find-
ings are tabulated in Supplementary Fig. S3c.

As hyperactive mTORC1 signalling occurs in multi-
ple cancers [31], we hypothesised that Rheb mutants that 
drive hyperactive mTORC1 signalling may be oncogenic 

Fig. 3  Rheb mutants drive increased cell proliferation and growth in 
soft agar. a MTT assay data for HEK293 cells transiently expressing 
the indicated Rheb mutants in medium lacking FBS. Cell number is 
calculated against a standard curve generated by 1:2 serial dilution of 
HEK293 cells. b BrdU incorporation assay for HEK293 cells tran-
siently expressing the indicated Rheb mutants. Growth medium was 
replaced with medium lacking FBS for 24 h prior to analysis. BrdU 
was allowed to be incorporated for 2  h. c Western blot analysis of 
monoclonal NIH3T3 cells stably over-expressing Rheb-WT, T23M 

or E40K. Cell medium was replaced with medium either containing 
or lacking FBS 16 h and then replaced with D-PBS as indicated for 
1 h prior to harvest. d Colony formation assay for NIH3T3 cells sta-
bly over expressing Rheb-WT, T23M or E40K. Liquid medium was 
replaced twice per week with medium containing 1  µM AZD8055 
or DMSO as indicated. Number of colonies larger than 100 nM were 
counted by hand and are quantified in (e). For panels a, b and e, n = 3 
(means ± S.D.). Statistical significance was determined by Student’s 
t-test where *0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; ***P < 0.001
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and drive tumour growth. To test this hypothesis, we stably 
expressed Rheb-WT, T23M or E40K in mouse NIH3T3 cells 
(Fig. 3c; Supplementary Fig. S4a). Given that Rheb-Y35N 
has previously been shown to be oncogenic, i.e., to drive 
tumour growth [19], we chose not to include Rheb-Y35N 
in our analysis. To determine whether Rheb mutants cause 
oncogenic transformation of NIH3T3 cells, we performed 
assays for anchorage-independent growth in soft agar. Cells 
expressing Rheb-T23M and E40K grew robustly in soft agar, 
forming large colonies, while cells expressing Rheb-WT did 
not (Fig. 3d; quantified Fig. 3e). Treatment with AZD8055 
prevented this, indicating that Rheb-T23M and E40K each 
promote oncogenic transformation in a manner that requires 
mTOR signalling, a pathway that is accepted as being tightly 
associated with cancer development in vivo [32].

Rheb‑T23M and E40K are oncogenic and drive 
increased tumour growth in vivo

To test whether Rheb mutants drive tumour growth 
in vivo, NIH3T3 cells stably expressing Rheb-WT, T23M 
or E40K were injected subcutaneously into the flanks of 
8–10-week old, male, immunodeficient NSG mice. When 
tumour volumes exceeded 60  mm3, some animals were 
treated with 20 mg/kg AZD2014 (an mTOR inhibitor suit-
able for use in vivo [33]) or vehicle via intraperitoneal 
injection daily for 7 days. Tumours from cells expressing 
Rheb-T23M and E40K grew significantly faster than those 
expressing Rheb-WT (Fig. 4a) so that, over the time of the 
experiment, Rheb-T23M and E40K tumours also reached 
a greater volume (up to 1000   mm3; within the permit-
ted end-point of two tumours/mouse, each < 1000  mm3; 
Fig. 4a, b) and mass (approximately 1200 mg; Fig. 4c; 
full data for both tumours in every mouse are provided in 

Fig. 4  Rheb-T23M and Rheb-E40K drive mTOR-dependent tumour 
growth in  vivo independently of MAPK. a Tumour size was meas-
ured every day for 7  days after the tumour volume had exceeded 
60   mm3. Each animal produced two tumours. Each point represents 
means ± S.D.; n = 10 tumours. b Masses of tumours from panel a after 
7  days of measured growth. c Images of tumours taken from three 

representative animals per group. d Immunohistochemistry of fro-
zen sections taken from tumours probing for P-rpS6 Ser240/244 and 
P-ERK Thr202/Tyr204. Figure is representative of three replicates of 
randomly chosen tumours. Statistical significance was assessed by 
Student’s t-test where ***P < 0.001
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Supplementary Table S4) compared to Rheb-WT tumours 
(approximately 300   mm3 and 250  mg). Treatment of 
mice with AZD2014 greatly impaired tumour growth 
indicating that Rheb-driven tumour growth depends on 
mTOR (Fig. 4a–c). Interestingly, while rates of growth 
and tumour mass were similar between Rheb-T23M and 
E40K-generated tumours, the times for tumour growth to 
become evident differed, with Rheb-E40K-driven tumours 
appearing on average 5 days earlier than Rheb-T23M or 
Rheb-WT tumours (Supplementary Fig. S4b). Immunohis-
tochemical staining with P-rpS6 Ser240/244 and P-ERK 
Thr202/Tyr204 antibodies was performed on 8 µm sections 
to assess the mTORC1 and MAPK pathways within the 
tumours. As expected, tumours expressing Rheb-T23M 
and E40K showed increased P-rpS6 compared Rheb-WT 
tumours (Fig. 4d; quantified Supplementary Fig. S4c) 
while P-rpS6 was absent from tumours from animals 
treated with AZD2014. There was no difference in P-ERK 
between any of the tumours showing that MAPK was not 
activated (Fig. 4d; Supplementary Fig. S4d).

Rheb‑T23M and E40K promote cancer 
through distinct changes to the proteome

Given that we observe hyperactive mTORC1 activation 
driven by four previously unknown Rheb mutants, while two 
of them (Rheb-T23M and E40K) appear to cause a greater 
effect on cell proliferation than the others (Rheb-S21L 
and G29S; Fig. 3a), we hypothesised that Rheb-T23M and 
E40K may exert additional, perhaps mTORC1-independent, 
functions that aid tumour growth. To test this, we starved 
NIH3T3 cells stably expressing Rheb-WT, T23M and E40K 
of serum for 72 h before performing HPLC-mass spectrom-
etry (MS) to evaluate changes in the global proteome (to 
assess the effects of the differences in sensitivity to TSC-
GAP function; Fig. 5a; Supplementary Fig. S5a–c). Given 
that monoclonal cell lines can display distinct clonal dif-
ferences that may be impossible to differentiate from the 
effect of Rheb mutation itself, we performed MS and all 
follow-up experiments using stably transfected, polyclonal 
NIH3T3 cell lines. Unexpectedly, we found that Rheb-T23M 
and E40K induce distinct changes in the proteome (Fig. 5b) 
with Rheb-T23M appearing more similar to Rheb-WT than 
Rheb-E40K. In cells expressing Rheb-T23M, we observed 
increases in the key glycolytic enzyme pyruvate kinase 
(PKM). In contrast, we found that Rheb-E40K upregulated 
proteins involved in protein synthesis or its control, such as 
La Ribonucleoprotein Domain 4 (LARP4). We also found 
that integrin signalling proteins were increased or decreased 
consistent with their role in either activating or inhibiting 
cell migration by both Rheb-T23M and E40K (Fig. 5a).

To validate our MS data, we performed western blot anal-
ysis for selected proteins, namely PKM2, eEF2, collagen 

and paxillin. This confirmed that PKM2 was increased 
only in Rheb-T23M cells (Fig. 6a; quantified in Fig. 6b) 
and that eEF2 is higher in both Rheb-T23M and E40K cells 
compared to those expressing Rheb-WT (Fig. 6a; quanti-
fied in Fig. 6c). To assess whether changes in protein levels 
reflected altered mRNA levels, we performed RT-qPCR 
analysis for the mRNAs encoding two proteins of particu-
lar interest, PKM2 and eEF2. RT-qPCR analysis showed 
no significant change in mRNA abundance of either PKM2 
or EEF2 under any of the conditions tested and thus the 
changes in these proteins are not the result of altered mRNA 
levels (Supplementary Fig. S6a, b). Levels of collagen 2α1, 
an extracellular matrix protein involved in cell adhesion and 
mobility, were also increased in Rheb-T23M and E40K cells 
consistent with the MS data (Supplementary Fig. S6c, d). 
To determine if the MS data were relevant in vivo, we per-
formed western blot analysis on samples from tumours (as 
generated in Fig. 4). eEF2 and PKM2 were increased in cells 
expressing Rheb T23M or E40K with eEF2 increased under 
all conditions. Interestingly, PKM2 was decreased in Rheb 
T23M when cells were pre-treated with the mTOR inhibi-
tor AZD2014 (Supplementary Fig. S6e; quantified Supple-
mentary Fig. S6f). How long-term mTOR inhibition causes 
decreases PKM2 levels warrants further investigation, which 
lies beyond the scope of this study.

Given that integrin signalling is important for tumour 
metastasis [34], we tested whether mutant Rheb proteins 
affected cells’ ability to migrate or invade using 3D ‘tran-
swell’ assays. Cells expressing Rheb-T23M, Y35N or E40K 
all showed strikingly higher rates of migration than those 
transfected with empty vector or expressing Rheb-WT (Sup-
plementary Fig. S7a; quantified Supplementary Fig. S7b). 
To measure invasion, cells were placed in Transwell cham-
bers in which the bottom had been coated with matrigel. 
Cells expressing the Rheb mutants T23M, Y35N or E40K 
showed a significantly greater invasive ability than cells 
expressing Rheb-WT (Supplementary Fig. S7a–c).

Rheb T23M and E40K differentially regulate AMPK

Interestingly, phosphorylation of eEF2 at Thr56 differed 
between the mutants with P-eEF2 Thr56 increasing under 
serum starvation in cells expressing Rheb-WT or T23M but 
being lower under the same conditions in cells expressing 
Rheb-E40K (Fig. 6a; quantified Supplementary Fig. S6g). 
Under fully supplemented conditions, P-eEF2 was higher 
in Rheb-E40K cells compared to those expressing Rheb-
WT or T23M (Fig. 6a; quantified Supplementary Fig. S6g). 
Thr56 in eEF2 is only phosphorylated by eEF2K [35], an 
atypical protein kinase which has been shown to play impor-
tant roles in cancer cells [36]. Given the elevated levels of 
p-eEF2 in cells expressing Rheb-E40K and extensive previ-
ous work [36], we hypothesised that eEF2K may be required 
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Fig. 5  MS analysis of Rheb-WT, T23M and E40K expressing cells 
show distinct changes to the proteome. a NIH3T3 cells stably over-
expressing Rheb-WT, T23M or E40K were starved of serum for 72 h 
before being subjected to MS analysis. Heat-map illustrates six dis-
tinct clusters as indicated. Proteins identified from each cluster were 
classified using the online bioinformatics source portal gene ontology 

(geneontology.org) according to their class and involvement in signal-
ling pathways or other processes. Top hits from each protein class or 
signalling pathway group are shown. b Venn diagram illustrates the 
number of identified proteins whose abundances differ significantly 
from other cell groups
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for growth of cells expressing Rheb-E40K. As expected 
from the data presented above (Fig. 3d), in soft agar assays 
cells expressing Rheb-T23M or E40K formed large colo-
nies, while treatment with the eEF2K inhibitor JAN-384 
prevented colony growth for cells expressing Rheb-E40K 
but not those expressing Rheb-WT or Rheb-T23M (Fig. 6d; 
quantified in Fig. 6e). This indicates that phosphorylation of 
eEF2 is required for the growth, under fully supplemented 
conditions, of cells expressing Rheb-E40K but not cells 
expressing Rheb-T23M. This striking difference warranted 
further study.

AMPK is an important upstream activator of eEF2K [37] 
whose input overrides the inhibitory effect on eEF2K activ-
ity of mTORC1 signalling (the latter pathway being acti-
vated by both Rheb mutants, so cannot explain their differing 
effects on p-eEF2). Given that Rheb-Y35N has previously 
been shown to regulate AMPK [19], we hypothesised that 
AMPK signalling might actually be differentially regulated 
by Rheb-T23M and -E40K. To test this, we starved NIH3T3 
cells of serum for 24 h, a condition that activates AMPK to 
a similar extent as treatment with 2-deoxyglucose (2-DG) 
(Supplementary Fig. S7d) as judged by the phosphorylation 
of acetyl-CoA-carboxylase (ACC; at Ser79). This is a well-
characterised substrate of AMPK and thus an indicator of 
AMPK activity. P-ACC was strongly increased above its low 
basal levels under serum-starved conditions in cells express-
ing Rheb-T23M (Fig. 6f; quantified in Fig. 6g). In contrast, 
P-ACC actually fell when cells expressing Rheb-E40K were 
starved of serum, indicating that AMPK is inhibited under 
this condition in cells expressing this mutant. When cells 
were treated with the mTOR inhibitor AZD8055 under fully 
supplemented conditions, P-ACC and P-eEF2 rose in cells 
expressing Rheb-WT and T23M consistent with the known 
effects of mTOR inhibition (Supplementary Fig. S7e). 
Cells expressing Rheb-E40K maintained elevated levels of 
P-ACC and P-eEF2, but phosphorylation was not increased 
by mTOR inhibition (Supplementary Fig. S7e). Total eEF2 
and PKM2 protein levels were not affected (Supplementary 
Fig. S7e) by mTOR inhibition suggesting the decrease in 
PKM2 protein observed in vivo (Supplementary Fig. S6e) 
likely requires longer duration mTOR inhibition.

To study the interaction between Rheb and AMPK, Rheb 
(WT or mutant) was immunoprecipitated from cell lysates 
(using anti-FLAG) and samples were analysed, by immuno-
blot for FLAG and AMPK (Fig. 6h). In samples from cells 
in fully supplemented medium, AMPK bound less to Rheb-
E40K than to Rheb-WT or T23M, whereas under serum-
starved conditions binding of Rheb-E40K to AMPK actually 
increased (Fig. 6h; quantified in Fig. 6i). These data suggest 
that while Rheb-T23M and E40K can each bind to AMPK, 
their binding responds differently to serum starvation.

To assess further whether increased binding of Rheb-
E40K to AMPK under serum-starvation conditions inhibits 

AMPK activity, we investigated the effects of Rheb and 
its mutants on another process which is well known to 
be regulated by AMPK, autophagy [38]. Like eEF2K, 
autophagy is positively regulated by AMPK and negatively 
regulated by mTORC1. We hypothesised that if expression 
of Rheb-E40K allowed for activation of AMPK in fully 
supplemented medium, it might drive autophagy even in 
the face of activated mTORC1 signalling. To test this, we 
treated NIH3T3 cells stably expressing Rheb-WT, T23M 
or E40K with a widely employed inhibitor of autophagy, 
chloroquine (CQ), for 2 h. Cells were then lysed, and west-
ern blot analysis performed for LC3. LC3-II is a 17-kDa 
protein that is recruited to the autophagosomal membrane 
and is degraded upon fusion with the lysosome. It there-
fore acts as an indicator of autophagic flux since inhibi-
tion of autophagy results in accumulation of LC3-II to an 
extent that depends on the prior rate of autophagy. LC3-
II levels were greatly increased in serum-supplemented 
cells expressing Rheb-E40K that were treated with CQ 
compared to cells expressing Rheb-WT or T23M. The 
observed accumulation of LC3-II is indicative of increased 
autophagic flux (Fig. 6j), but is not diagnostic [39]. Given 
that mTORC1 inhibits autophagy via phosphorylation 
of ULK1 at Ser757 [38], it was important to determine 
if Rheb-T23M or E40K affected the mTORC1-mediated 
phosphorylation of ULK1. As expected, P-ULK1 Ser757 
was decreased upon nutrient starvation in NIH3T3 cells 
stably expressing Rheb-WT or T23M (Fig.  6k); how-
ever, cells expressing Rheb E40K showed reduced basal 
phosphorylation of ULK1 at Ser757 that was insensi-
tive to starvation. In contrast, upon nutrient deprivation, 
AMPK-mediated phosphorylation of ULK1 at Ser777 was 
increased in cells expressing Rheb WT or T23M but was 
already elevated in fully supplemented conditions in cells 
expressing Rheb E40K (Fig. 6k), consistent with the data 
for AMPK. Treatment with the mTOR inhibitor AZD8055 
caused a loss of P-ULK1 Ser757 in cells stably expressing 
Rheb WT or T23M but not in those expressing Rheb E40K 
(Supplementary Fig. S7f).

To gain further insight into the effects on autophagy, 
we utilised a previously described [26] tandem-fluores-
cent LC3 (tf-LC3) HeLa cell line. As GFP’s fluorescence 
is quenched at the low intralysosomal pH, an increase in 
the mRFP1:EGFP fluorescence ratio indicates LC3 has 
entered lysosomes pointing to increased autophagic flux. 
Under fully supplemented growth conditions, Rheb-E40K 
caused a modest increase in the mRFP1:EGFP ratio com-
pared to Rheb-WT or T23M (Fig. 6l) indicating that more 
tagged LC3 is present within the lysosomes of these cells 
and thus that the rate of autophagy is increased. Thus, 
unlike Rheb-WT or -T23M, Rheb-E40K actually promotes 
autophagy, despite also activating mTORC1; its effect on 
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autophagy (presumably via AMPK) overrides its ability to 
switch on mTORC1.

Together, these data indicate that Rheb-T23M and 
Rheb-E40K differentially regulate AMPK through distinct 
features of their binding to AMPK under specific condi-
tions, with Rheb-T23M binding to, and likely inhibiting, 
AMPK under fully supplemented conditions but not under 
serum-starvation and Rheb-E40K binding to AMPK and 
inhibiting it under serum-starvation but not in fully supple-
mented conditions. These Rheb mutants thus differentially 
affect autophagy and eEF2K; future studies are required 
to fully establish the mechanisms by which they differen-
tially bind to and regulate AMPK. Since both are resist-
ant to the GAP activity of TSC1/2 (which is enhanced 
under serum-starved conditions), their differing behaviour 
towards eEF2K is presumably not a consequence of their 
guanine nucleotide binding status.

Altered metabolism in cells expressing Rheb‑T23M

Given that inhibition of eEF2K did not affect the growth 
of Rheb-T23M-expressing cells in soft agar, we suspected 
that another pathway(s) might be required for Rheb-T23M 
to drive cancer. We identified PKM2 levels as being slightly 
higher in cells expressing Rheb-T23M (Fig. 6a; quantified 
in Fig. 6b). If PKM2 is indeed elevated in cells expressing 
Rheb-T23M, it is likely that the rate anaerobic glycolysis 
may be increased. This effect has long been known to aid 
cancer cell growth, proliferation, and survival [40]. To test 
this, we performed a metabolic activity (‘Seahorse®’) assay 
to measure extracellular acidification rate (ECAR, i.e., due 
to production of lactate by anaerobic glycolysis).

Cells expressing Rheb-T23M showed much higher basal 
rates of anaerobic glycolysis upon addition of the sub-
strate glucose than cells expressing Rheb-WT, E40K or 
empty-vector (Fig. 6m). As expected, adding oligomycin, 
which inhibits oxidative phosphorylation by blocking ATP 
synthase and thus ‘forces’ cells to increase flux through 
anaerobic glycolysis, markedly enhanced ECAR in Rheb-
WT, E40K and empty-vector control cells. In contrast, 
cells expressing Rheb-T23M showed only a modest further 
increase in their already elevated ECAR. Maximal rates of 
ECAR (‘glycolytic capacity’) were rather similar in all cases. 
These data indicate that Rheb-T23M drives basal glycolytic 
rates much closer to the cells’ glycolytic capacity than is 
normally the case; thus, expression of Rheb-T23M appear 
to favour anaerobic glycolysis over oxidative mitochondrial 
metabolism, which would be consistent with increased lev-
els of PKM2. This likely also contributes to their enhanced 
oncogenic potential.

Discussion

It is now clear that signalling through mTORC1 is deregu-
lated in many cancers, due to mutation or loss of components 
of oncogenic upstream signalling pathways that impinge on 
TSC and thus Rheb [41], such as proteins involved in the 
classical MAP kinase (ERK) and PI 3-kinase/PKB (Akt) 
pathways including Ras or PI 3-kinase, which are mutated 
in many cancers. Here we show that multiple mutations 
in the Rheb-GTPase, a proximal regulator of mTORC1 
[8, 9, 42–44], that have been identified in genomic stud-
ies of patient-derived tumours but previously considered to 
be background mutations or genetic noise [19], also lead 
to constitutive Rheb activity and thus promote signalling 
through mTORC1. Our results show that, in addition to 
the previously reported Rheb-Y35N mutant [19, 20, 28, 
30], several further mutants identified in multiple cancer 
genome studies on a variety of different cancers are resistant 

Fig. 6  Rheb-T23M and E40K drive cancer through distinct mecha-
nisms. a Immunoblot analysis of lysates harvested from NIH3T3 cells 
stably expressing indicated Rheb mutant. Immunoblots were probed 
with antibodies for the indicated proteins or phosphorylation sites. 
Cells were grown in DMEM lacking FBS for 72 h prior to harvest. 
b Quantification of a for ratio of PKM2: β-actin. c Quantification 
of a for ratio of eEF2: β-actin. d Colony formation assay for 1 ×  105 
NIH3T3 cells stably expressing the indicated Rheb mutant. Liquid 
medium was changed twice per week for fresh medium contain-
ing either DMSO or 1 µM JAN-384. The number of colonies larger 
than 100  nM was counted by hand and is quantified in e. f Immu-
noblot analysis using the indicated antibodies of NIH3T3 cells stably 
expressing the indicated Rheb mutant. Cells were grown in either 
fully supplemented media or starved of serum for 24 h prior to har-
vest. g Quantification of f for the ratio of P-ACC:ACC normalized to 
β-actin. h Immunoprecipitation with anti-FLAG antibody of lysates 
harvested from NIH3T3 cells stably expressing the indicated Rheb 
mutant, followed by immunoblot analysis for the indicated proteins 
or phosphoproteins. i Quantification of h for co-immunoprecipitated 
AMPK normalized to immunoprecipitated FLAG-Rheb. j Western 
blot analysis for LC3 of NIH3T3 cells stably expressing the indi-
cated Rheb mutant (positions of LC3-I and -II are shown). Cells 
were treated with either DMSO or 10 µM CQ, as indicated, for 2 h. k 
NIH3T3 cells stably expressing the indicated Rheb mutant we grown 
in fully supplemented media followed by treatments with EBSS as 
indicated for 2  h. Lysates were collected and western blot analysis 
performed with the indicated antibodies. l Flow cytometric analysis 
of tf-LC3 HeLa cells transiently expressing Rheb-T23M or E40K. 
Cells were gated to include only singlets and to exclude dead cells. 
Flow was stopped after 30,000 cells had been detected. Figure repre-
sents the ratio of mRFP1-H:EGFP-H. m Seahorse assay of extracel-
lular acidification rate of HEK293 cells transfected with empty vector 
control or indicated Rheb mutant. For all figures error bars indicate 
SD for three independent experiments. n Diagram depicting how 
Rheb T23M and E40K drive cell proliferation via different pathways. 
For panels b, c, e, g, i and m, n = 3 (means ± S.D.). Statistical signifi-
cance was determined by Student’s t-test where **0.001 ≤ P < 0.01; 
***P < 0.001
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to negative control by TSC1/2 and thus promote aberrantly 
active mTORC1 signalling.

We found that the Rheb mutants S21L, T23M, G29S, 
Y35N and E40K, are partially or wholly resistant to the GAP 
activity of TSC2 both when TSC1/2 is overexpressed in cells 
as well an in an in vitro GTPase assay. These data therefore 
suggest that these Rheb mutants do not drive constitutive 
mTORC1 signalling through Rheb-mediated activation of 
MAPK [19, 20], but rather through reduced sensitivity to 
the GAP activity of TSC2. Recent studies have also reported 
that Rheb-Y35N causes constitutive activation of MAPK 
leading to dysregulated mTORC1 signalling through con-
tinual inhibition of TSC2 [19, 20]. We show that Rheb-Y35N 
and E40K each increase P-ERK1/2 in fully supplemented 
medium (Supplementary Fig. S1b, c); however, our data sug-
gest that neither pharmacological inhibition nor upstream 
inhibition of MAPK prevents the stimulation of mTORC1 
signalling by Rheb mutants.

Combined data from three cancer genomics databases 
(COSMIC, The Cancer Genome Atlas and the Broad Insti-
tute Cancer Cell Line Encyclopedia) revealed that Rheb 
mutations occur in some cancers with the most common 
ones being, in descending order, Q57*, Y35N, T23M, Y35C, 
S16F, D171* and E40K. The frequency of Rheb-Q57* 
seems perhaps surprising as this truncation removes several 
important structural and functional domains, most notably 
the Switch II region (residues 63–79) which is crucial for 
Rheb function. It is therefore unlikely that Rheb-Q57* is 
constitutively active or even functional. Given that NIH3T3 
cells stably expressing Rheb-T23M and E40K showed 
faster proliferation and robust growth in soft agar as well as 
increased growth in an in vivo syngeneic tumour graft, the 
Rheb-T23M and E40K variants are not simply background 
(‘passenger’) mutations, but instead likely act as strong 
driver oncogenes.

To assess the global protein expression changes regulated 
by Rheb-driven, constitutively active mTORC1 signalling, 
we performed MS analysis on NIH3T3 cells stably express-
ing Rheb-WT, T23M or E40K grown in DMEM lacking 
FBS. As our data imply that both mutants drive constitutive 
mTORC1 signalling through the same mechanism, we were 
surprised to observe other quite distinct changes in the pro-
teome suggesting that Rheb, or at least these Rheb mutants, 
may exert functions additional to activation of mTORC1 
signalling. Given that E40 is located within the Switch II 
region of Rheb which has been shown to be important for 
mTORC1 binding [45], it is possible this mutation alters 
the interaction between Rheb and other binding partners. In 
contrast, since T23 is located adjacent to, but not within, the 
P-loop, the T23M mutation may only affect GTP hydrolysis 
and would thus be expected only to maintain Rheb activity 
without significantly altering protein–protein interactions. 
This notion of differential effects of the two mutations is 

supported by our observation that Rheb-T23M and E40K 
interact differently with AMPK, a known binding partner 
of Rheb [19, 46]. The crystal structures of Rheb-T23M and 
E40K would need to be resolved to determine whether these 
mutations do indeed differentially alter Rheb-partner protein 
interactions.

We show that, as well as promoting constitutive mTORC1 
activity, Rheb-T23M and E40K each modulate additional 
pathways that may help to drive cancer (Fig. 6n, i.e., PKM2 
and AMPK, see elsewhere in text for more details). We show 
that, in NIH3T3 cells expressing Rheb-E40K, eEF2K activ-
ity is required for anchorage-independent growth, suggesting 
that constitutive mTORC1 activation alone is insufficient 
to drive cancer in this context and eEF2K activity is also 
required. Why eEF2K should be necessary to drive cancer 
growth in cells expressing Rheb-E40K but not Rheb-T23M 
is puzzling, although several earlier studies have implicated 
eEF2K in tumour growth (reviewed [35]). It has previously 
been shown that TSC1/2 null cells, which mimic the phe-
notype of constitutively active Rheb mutants, expend more 
ATP and become reliant on glucose for survival due to the 
increase in protein synthesis that accompanies mTORC1 
activation [47]. We (and others) have also previously 
shown that AMPK phosphorylates eEF2K in response to 
poor intracellular energy status [37]. It is possible that the 
pro-survival effects of AMPK complement the pro-growth 
effects of mTORC1, thus producing the ideal conditions for 
sustained cancer growth. This would further be aided by 
the AMPK-mediated activation of autophagy (which in cells 
expressing Rheb-E40K appears to over-ride the inhibitory 
effects of mTORC1 on autophagy), as autophagy helps to 
provide the necessary macronutrients (precursors) to sustain 
biosynthetic processes and cell growth, such as amino acids. 
The ability to drive both mTORC1 signalling and autophagy 
would be a significant advantage to cancer cells especially 
in poor nutritional conditions where autophagy can provide 
precursors for the macromolecular synthesis pathways that 
are driven by mTORC1. Rheb-T23M cells instead show 
increased rates of anaerobic glycolysis, which may be related 
to changes in the levels of PKM, especially the PKM2 iso-
form. This effect is a well-known feature of tumour cells and 
allows for the rapid production of ATP, while conserving 
carbon atoms for use in biosynthetic processes (they would 
other be lost if they entered the Krebs cycle). In this con-
text, this may act as a compensatory mechanism to provide 
cells with the ATP required for sustained growth without 
the activation of a pro-survival pathway such as AMPK and 
its downstream target, eEF2K. Future studies are required 
to test this hypothesis and to understand both the biological 
relevance of this observed difference between Rheb-T23M 
and E40K as well as the mechanisms responsible.

In summary, we show here that several tumour-associ-
ated mutations in Rheb are constitutively active and can act 
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as driver oncogenes. We show that they drive constitutive 
mTORC1 signalling through insensitivity to TSC2’s GAP 
activity and not through constitutive activation of MAPK 
as previously suggested for another Rheb mutant. Finally, 
we show that Rheb-T23M and E40K regulate distinct, can-
cer-associated pathways. These findings also suggest that 
unique, personalized, combination therapies might be uti-
lised to treat cancers harbouring different Rheb mutants.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 021- 03825-7.
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