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A B S T R A C T

The regulator of G protein signaling 10 (RGS10) protein is a GTPase activating protein that accelerates
the hydrolysis of GTP and therefore canonically inactivates G proteins, ultimately terminating signaling.
Rheb is a small GTPase protein that shuttles between its GDP- and GTP-bound forms to activate mTOR.
Since RGS10 suppression augments ovarian cancer cell viability, we sought to elucidate the molecular
mechanism. Following RGS10 suppression in serum-free conditions, phosphorylation of mTOR, the eu-
karyotic translation initiation factor 4E binding protein 1 (4E-BP1), p70S6K and S6 Ribosomal Protein
appear. Furthermore, suppressing RGS10 increases activated Rheb, suggesting RGS10 antagonizes mTOR
signaling via the small G-protein. The effects of RGS10 suppression are enhanced after stimulating cells
with the growth factor, lysophosphatidic acid, and reduced with mTOR inhibitors, temsirolimus and INK-
128. Suppression of RGS10 leads to an increase in cell proliferation, even in the presence of etoposide.
In summary, the RGS10 suppression increases Rheb-GTP and mTOR signaling in ovarian cancer cells. Our
results suggest that RGS10 could serve in a novel, and previously unknown, role by accelerating the hy-
drolysis of GTP from Rheb in ovarian cancer cells.

© 2015 Elsevier Ireland Ltd. All rights reserved.

Introduction

When external agonists bind to G protein-coupled receptors
(GPCRs), signal transduction occurs through heterotrimeric
G-proteins. This critical event must be effectively regulated, which
is the canonical role of Regulators of G protein signaling (RGS) pro-
teins – to attenuate signaling. Upon agonist binding to a GPCR, its
structural conformation changes, which elicits intracellular signal-
ing cascades. This occurs through G protein alpha subunits, which
exchange bound GDP for GTP and dissociate from G protein beta
and gamma subunits to transmit signals. RGS proteins are GTPase
activating proteins (GAPs) that accelerate the hydrolysis of GTP from
G alpha protein subunits, acting as ‘off’ switches for GPCR-mediated
signaling cascades. Therefore, RGS proteins control the master switch
that regulates signal duration. When they inactivate G proteins they
are preventing endless intracellular signaling. The canonical func-
tion of the RGS10 protein is to increase the hydrolysis of GTP from

the activated forms of Gαi3, Gαo and Gαz, but not Gαs [1], and ter-
minate signaling.

Herein, we observed a previously unknown function of RGS10
as a regulator of an important intracellular signaling event, which
does not directly involve G-alpha proteins. Indeed, other studies have
documented non-canonical roles of RGS proteins. For example, these
alternative roles include acting as guanine nucleotide exchange
factors (RGS-GEFs) and serving as a signaling liaison between ty-
rosine kinases and G-proteins of both the G-alpha and Ras
superfamilies [2]. Other studies suggest RGS proteins have GAP-
independent functions in undefined cellular processes [3]. Thus, the
role of RGS proteins is likely more multifaceted than currently
appreciated.

Rheb, the Ras homolog enriched in brain protein, is a member
of the small GTPase superfamily of monomeric proteins. The func-
tion of Rheb is to bind to and activate mTOR [4] and thus, it is
essential for coupling all upstream signals to this pathway [5,6]. In
this regard, Rheb also facilitates the phosphorylation of eukary-
otic translation initiation factor 4E binding protein 1 (4E-BP1),
ultimately regulating cell growth [7]. Rheb is regulated in part by
the tuberous sclerosis complex 2 (TSC2) protein [8], which inhib-
its Rheb using its GAP activity [9]. TSC2 is a known tumor suppressor
that forms a complex with TSC1 and negatively regulates mTORC1.
Experimental data linking mutations to critical residues in the pro-
teins suggest that Rheb is only able to activate mTOR when in its
GTP-bound state [10]. Thus, any protein with GAP activity that

Abbreviations: 4E-BP1, eukaryotic translation initiation factor 4E binding protein
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regulator of G protein signaling 10.
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facilitates the rapid hydrolysis of GTP from Rheb is an important
regulator of the mTOR signaling pathway.

The mTOR protein, which is an abbreviation for the mammali-
an (or mechanistic) target of rapamycin, is a serine/threonine-
protein kinase in the phosphatidylinositol 3-kinase (PI3-K)/Akt
signaling pathway. As such, mTOR is a leading signal integrator
and thus a master regulator of cell physiology. It also forms the
catalytic subunit of two intracellular complexes, mTORC1 (mTOR-
Raptor-GβL) and mTORC2 (mTOR-Rictor-GβL), which regulate the
processes of growth, survival and protein translation. The mTORC1
complex also phosphorylates 4E-BP1, which allows it to govern mul-
tiple cellular processes, such as growth. In addition, mTOR can also
activate Akt, which results in an increase in cell survival and
proliferation.

In more recent years, highly sophisticated inhibitors have been
developed to target proteins that are involved in key translational
complexes. Rapamycin and its analogues temsirolimus and
everolimus are inhibitors of mTOR that rapidly prevent the activ-
ity of mTORC1 and also cause a progressive shutdown of mTORC2.
Inhibition of mTOR signaling has shown promise as a cancer ther-
apeutic in several different cancer types. A dual mTORC1/2 inhibitor,
INK128, inhibits cancer cell migration by decreasing the expres-
sion of four critical pro-invasion genes: Y-box binding protein,
vimentin, metastasis associated 1 and CD44 [11–13].

We recently showed that the suppression of RGS10 expression
is involved in mediating chemoresistance in ovarian cancer cells
[14]. In this earlier study we demonstrate that chemotherapy-
induced cell toxicity is significantly altered by RGS10 reduction,
which allows cells to survive at much higher drug concentrations
compared to cells with unmodified RGS10. Furthermore, the sup-
pression of RGS10 expression occurs through epigenetic modulation
via histone de-acetylation in tumorigenesis and DNA methylation
in chemoresistance [15]. Taken together, our previous studies imply
that cancer cells have the ability to epigenetically modify RGS10
protein expression under toxic insults for enhanced viability and
ultimately cell survival.

Most notably, the molecular mechanism explaining RGS10’s in-
fluence over cell signaling pathways that enhance viability and
survival was previously unknown. Herein we provide evidence of
RGS10 binding to Rheb and thereby affecting the mTOR signaling
pathway. Upon suppression of RGS10 there is a significant in-
crease in activated Rheb bound to GTP, which results in enhanced
mTORC1 activity and phosphorylation of 4E-BP1, mTOR, p70S6K and
the ribosomal protein S6. The functional outcome of RGS10 sup-
pression in the short term (<48 hours) is an enhancement of cell
proliferation and growth quantified by significantly larger cells when
stimulated with lysophosphatidic acid. Since the canonical func-
tion of RGS10 is to regulate G alpha subunit activity in GPCR
signaling, this is the first study to demonstrate a new facet and mech-
anistic role of RGS10 and to propose that it regulates mTORC1 by
serving as a GAP, or an ‘off switch’ for Rheb.

Materials and methods

Materials

Ascites-isolated SKOV-3 ovarian cancer cells were purchased from American Type
Culture Collection (Manassas, VA) and cultured at 37 °C in the presence of 5% CO2

in DMEM medium supplemented with 10% fetal bovine serum (FBS) and antibiot-
ics (Mediatech Inc., Manassas, VA). HeyA8 cells were a kind gift from Dr. Isaiah J.
Fidler (The University of Texas MD Anderson Cancer Center, Houston, TX) and cul-
tured in RPMI medium supplemented with 10% FBS (Mediatech). Cells isolated from
the ovary, OVCAR-3, were purchased from the American Type Culture Collection and
cultured in RPMI supplemented with 10% FBS. INK-128 and temsirolimus were pur-
chased from Cayman Chemical (Ann Arbor, MI). Lysophosphatidic acid (LPA, 18:1,
1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL) and reconstituted in charcoal-stripped, 0.1% fatty acid free BSA
immediately prior to use.

Reducing RGS10 expression

SKOV-3 and HeyA8 ovarian cancer cells were plated in 6-well dishes at 120,000
cells/well and 100,000 cells/well, respectively. The plated cells were incubated for
approximately 18 h at 37 °C in 5% CO2 and then transfected with siGENOME RISC-
free control (siRISC) or Dharmacon SmartPools siRNA targeting RGS10 (Thermo Fisher
Scientific, Waltham, MA), following manufacturer’s recommended protocol. The siRISC
is chemically modified to impair processing and uptake by RISC, which isolates cel-
lular effects related to transfection, but unrelated to siRGS10. In other experiments
requiring transfection in a 96-well plate, 100 nM concentration of siRNA and 0.25 μL
of Dharmafect 1 transfection reagent (Thermo Fisher Scientific) were used per well.
Transfection medium was replaced with DMEM medium with 10% FBS after 8 h. Trans-
fected cells were incubated for another 30 h and all assays were performed
approximately 48 h post-transfection. In other experiments, stable cell lines were
created with shGFP vector and shRNA for RGS10 in HeyA8 parental cells using
SureSilencing shRNA Plasmid for Human RGS10 (SABiosciences, Qiagen, Valencia,
CA). HeyA8 cells were transfected with shRNA constructs using Fugene (Promega,
Madison, WI) at a 3:1 plasmid to transfection reagent ratio.

Immunoblotting

Transfected cells were incubated for an additional 24 h and then serum-
starved overnight. At 48 h post-transfection, specified conditions were treated with
lysophosphatidic acid (10 μM), temsirolimus (10 μM) or INK128 (10 μM) as indi-
cated. The cells were lysed in buffer containing protease/phosphatase inhibitor cocktail
(Cell Signaling Technology, Danvers, MA) and processed for SDS-PAGE. After trans-
ferring the denatured proteins to nitrocellulose membranes, the blots were probed
with primary antibodies for either total mTOR, phospho-mTOR (Ser2448) XP Rabbit
mAb #5536, total 4E-BP-1, phospho-4E-BP1 (Thr37/46) #2855, GAPDH, β-Actin
(8H10D10) Mouse mAb #3700, phospho-Akt (Ser473) XP Rabbit mAb #4060,
phospho-p70 S6 kinase (Thr389) Rabbit mAb #9234, phospho-p70 S6 kinase (Ser371)
antibody #9208, phospho-S6 ribosomal protein (Ser235/236) Rabbit mAb #4858,
and phospho-eIF2α (Ser51) XP Rabbit mAb #3398 (all from Cell Signaling Technol-
ogy) or RGS10 (Santa Cruz Biotechnology, Dallas, TX). After blotting for p4E-BP1, the
membrane was washed extensively with TBS-T and re-probed with total 4E-BP1. All
other stripping occurred with 30 min incubation in buffer (2% SDS, 62.5 mM Tris–
HCl (pH 6.8) and 100 mM 2-mercaptoethanol). For confirmation purposes, non-
phosphorylated as well as phosphorylated p70 S6 kinase control cell extracts from
MCF-7 cells (±insulin treatment) #9203 were used as positive and negative con-
trols that were probed with phospho-p70 S6 kinase (Thr389) and phospho-
(Ser371) primary antibodies. Blots were incubated for 4 h with either total- or
phospho-mTOR or total- or phospho-AKT diluted 1:1000 in 5% w/v BSA in 1× TBS-T
at room temperature. The membrane was washed with TBS-T and probed with sec-
ondary anti-rabbit HRP conjugated antibody (Amersham ECL detection kit, GE Health
Life Sciences, Piscataway, NJ) diluted 1:2000 in 2% milk TBS-T and incubated for 2 h
at room temperature. Other membranes were incubated for 2.5 h with phospho-
4E-BP1 primary diluted 1:1000 in 5% w/v BSA at room temperature. Following primary
incubation, the blot was washed with TBS-T and probed with secondary anti-
rabbit HRP conjugated antibody diluted 1:5000 in 2% w/v BSA and incubated for 2.5 h
at room temperature. For detection of RGS10, membranes were incubated for 1.5 h
with goat anti-RGS10 primary antibody diluted in 5% w/v BSA in 1× TBS-T at room
temperature. Secondary donkey anti-goat HRP conjugated antibody was diluted in
1% w/v BSA in 1× TBS-T and the membrane was incubated for 1.5 h at room tem-
perature. For detection of total and phospho-p70 S6, blots were incubated for 1.5 h
at room temperature in the primary antibody diluted 1:1000 in 5% w/v BSA in
1× TBS-T. Other blots were washed with TBS-T and probed with anti-mouse HRP con-
jugated secondary antibodies (Amersham) diluted 1:2000 in 2.5% milk TBS-T and
incubated for approximately 2 h or anti-rabbit HRP conjugated secondary antibod-
ies diluted 1:2000 in 2% milk w/v in 1× TBS-T and incubated for 1.5 h at room
temperature. The proteins were detected using a Fluorchem HD2 chemilumines-
cent imaging system (Protein Simple, Santa Clara, CA) with SuperSignal™ West Dura
Extended Duration Substrate (Thermo Fisher Scientific). Protein bands were quan-
tified using Image J (National Institutes of Health, Bethesda, MD). Representative blots
are shown and these reflect data that were repeated at least four times.

Evaluation of RGS10 expression

RNA was collected from cells using TRIzol® Reagent (Life Technologies, Gran Allen,
NY) according to the manufacturer’s protocol. Afterward, RNA was quantified using
a NanoDrop2000 Spectrophotometer (Thermo Fisher Scientific) and then reverse-
transcribed into cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Following cDNA synthesis, the cDNA template was then used in a PCR reaction with
primers for RGS10 and ImmoMix (Bioline USA Inc., Taunton, MA). The following
primers were used for RGS10 forward: 5′-AAC CGC ACC CTC TGA TGT TC-3′ and
reverse: 5′-GGC TGT AGC TGT CGT ACT TCA-3′; β2-microglobulin forward: 5′-GTG
GCC TTA GCT GTG CTC G-3′ and reverse: 5′-ACC TGA ATG CTG GAT AGC CTC-3′ based
on algorithm-generated sequences from Primer Bank [16]. To quantify PCR results
and visualize peaks, the PCR products were then loaded into an Agilent DNA 1000
chip in gel–dye matrix and analyzed using the Agilent 2100 Bioanalyzer System and
software (Agilent Technologies, Santa Clara, CA), which automatically generated peaks.
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Rheb activation assay

SKOV-3 cells were plated in 10 cm dishes at a density of approximately 400,000
cells per dish and incubated overnight at 37 °C. The cells were transfected with
siRGS10, siRISC, pcDNA, and RGS10 plasmid, where indicated. After 48 h, the culture
media were removed and cells were rinsed with ice-cold PBS. Then, 1 mL of ice-
cold lysis buffer containing protease and phosphatase inhibitors was added to
each dish. Plates were placed on ice for 10–20 min with agitation every 5 min.
Lysates were cleared by centrifugation for 10 min at 12,000 × g at 4 °C. The protein
supernatant was collected and stored at −80 °C until quantified by BCA assay. Next,
0.5–1 mL of cell lysate was aliquoted to microcentrifuge tubes and steps were
performed according to the manufacturer’s protocol for the Rheb Activation Assay
(NewEast Biosciences, Malvern, PA). Briefly, the assay utilizes anti-active Rheb
mouse monoclonal antibodies (specifically recognizes Rheb-GTP from vertebrates)
during the cell lysate incubation with gentle agitation. Thus, bound and active
Rheb is pulled down by protein A/G agarose and precipitated active Rheb is de-
tected using immunoblot analysis with anti-Rheb rabbit polyclonal antibody. For
the GTPγS/GDP protein loading, 20 μL of 0.5 M EDTA (20 mM final concentration)
was added to each microcentrifuge tube prior to the addition of 5 μL of 100×
GTPγS (positive control) or GDP (negative control) to the appropriate individual
tubes, which were then incubated for 30 min at 30 °C with agitation. Loading was
stopped by putting tubes on ice and adding 32.5 μL of 1 M MgCl2. In a similar
experiment, 1 μg of purified human full-length Rheb protein (Abcam, Cambridge,
MA) was treated with GDP or GTPγS prior to immunoprecipitation with anti-active
Rheb and immunoblotting with total Rheb. Following these procedures, electro-
phoresis was performed using approximately 20 μL/well of the pull-down supernatant
loaded onto a polyacrylamide gel (17%) and protein bands were resolved by
immunoblotting on a nitrocellulose membrane. Proteins were detected by ECL
using SuperSignal West Pico Chemiluminescent Substrate. Results were repeated
and observed three times.

Measurement of free phosphate generation

In order to assess the RGS10 GAP function on Rheb non-radioactively, we used
a malachite green reagent assay to detect free phosphate generation as previously
demonstrated [17]. Ten μL of assay buffer (50 mM HEPES at pH 7.5, 100 mM NaCl,
5 mM EDTA, 10 mM MgCl2) and 10 μL of purified RGS10 full-length protein (Abcam)
were added into a clear 96-well plate. The final concentration of RGS10 was 1 μM.
After a 30 min incubation, 10 μL of purified full-length Rheb protein (Abcam) was
added. The final concentration of Rheb was 1.625 μM. After a 5 min incubation, 10 μL
of GTPγS or GDP was added, where indicated. The final concentration of GTPγS or
GDP was 600 μM. After 120 min incubation, the Malachite Green Phosphate assay
was performed following the protocol provided by the manufacturer (Cayman). After
a 20 min incubation, the absorbance of each well and the phosphate standards, which
are provided by the kit, were determined by SpectraMax M2 plate reader (Molec-
ular Devices, Sunnyvale, CA) at 620 nm.

Immunofluorescence

SKOV-3 cells were seeded on 12 mm coverslips in a 24-well plate at a density
of 50,000 cells per well. After 24 h, cells were transfected with siRGS10 or siRISC
as indicated. After 24 h, cells were serum starved overnight, then left untreated or
treated with 10 μM temsirolimus for approximately 16 h, and then pulse treated
with lysophosphatidic acid for 30 min at a concentration of 10 μM per well. After
pulse treatment, cells were fixed with 3.7% formaldehyde in PBS for 15 min. The
cells were then washed at least once with PBS and permeabilized with 0.1% Triton
X-100 in PBS for 15 min. After permeabilization, cells were washed twice with PBS
prior to exposure to the Whole Cell Stain Green solution (Thermo Fisher Scientific)
for 30 min in the dark at room temperature. Subsequently, cells were washed
twice with PBS and the coverslips were mounted on the slides. Images were taken
using the Zeiss LSM 710 Confocal Microscope (Zeiss, Thornwood, NY). Each condi-
tion had duplicates, and ≥5 fields were analyzed per coverslip using ZEN 2011
software. Experiments were repeated multiple times and the data reflect pooled
results.

Quantification of cell perimeter and number

SKOV-3 cells were seeded in a 96-well plate at a density of 3000 cells per well.
After 24 h, cells were transfected with siRGS10 or siRISC as indicated. After 30 h,
cells were either left untreated or treated with temsirolimus for approximately
16 h and then pulse treated with lysophosphatidic acid for 30 min at a concentra-
tion of 10 μM per well. After pulse treatment with LPA, cells were fixed with 50 μL
of 3.7% formaldehyde in PBS for 15 min. The cells were then washed once with
50 μL of PBS and permeabilized with 50 μL of 0.1% Triton X-100 in PBS for 15 min.
After permeabilization, cells were washed twice with 50 μL PBS prior to exposure
to 50 μL of the Whole Cell Stain solution (Thermo Fisher Scientific) for 1 h in the
dark at room temperature. Subsequently, cells were washed twice with 50 μL of
PBS and then treated with 50 μL of DAPI in PBS (1:2000) for 20 min. After 20 min,
DAPI was aspirated, 50 μL of PBS was added to each well, and the plate was sealed
for high-throughput scanning using the Cellomics ArrayScan VTI High Content

Analysis Reader (Thermo Fisher Scientific, Waltham, MA). Each condition had at
least three or more replicates, and ≥5 fields were analyzed per well using high
content screening analysis software. Experiments were repeated multiple times
and the data reflect pooled results. The automated software determines the average
cell colony perimeter and the number of valid cells per well. The results were
graphed with GraphPad Prism (La Jolla, CA) as the average with SEM. The cell area
data were averaged and normalized to display only the change in area compared
to control conditions. The assessment of cell count was measured as previously
described [18].

Assessment of active cell proliferation

Approximately 4000 HeyA8 and 5000 SKOV-3 cells were plated into 96-well plates
in the presence of 10% fetal bovine serum. The plated cells were incubated for 18 h
at 37 °C in 5% CO2 and then transfected with siRNA for RISC or RGS10. Transfected
cells were incubated for an additional 24 h prior to treatment with etoposide,
nacodazole, aphidicolin, paclitaxel or BrdU, where indicated. For the BrdU treat-
ment, cells were pulse treated for 1 h with a BrdU analogue, whereas all other
conditions were treated with drugs for approximately 4 h. Cells were then stained
according to the protocol provided by the manufacturer (Millipore, Billerica, MA).
Plates were scanned using Cellomics ArrayScan (Thermo Fisher) and the number
of cells was automatically captured. Each condition had 6 replications and 8 fields
per well were analyzed using high content scanning software. Representative images
are shown reflecting data captured from one of multiple experiments that pro-
duced identical results. The data were retrieved from the manufacturer’s software
and results were plotted with GraphPad Prism.

Evaluation of nascent protein synthesis

Approximately 3000 HeyA8 or 2000 SKOV-3 cells were plated into 96-well
plates in complete media overnight prior to siRNA transfection for 24 h. The Click-
iT® Plus OPP Alexa Fluor® 647 Protein Synthesis Assay Kit (Life Technologies,
Grand Allen, NY) was used as a non-radioactive method for the detection of protein
synthesis utilizing fluorescence microscopy and high-content imaging. Cells were
either untreated or treated with LPA (10 μM) for 60 min prior to fixation and
subsequently following the protocol provided by the manufacturer. Approximately
200 (SKOV-3) or >500 (HeyA8) total cells were automatically quantified for the
Alexa Fluor® 647 fluorescence intensity, which corresponds to protein synthesis,
using high-content imaging. The data are presented as the average protein synthe-
sis in bar graphs and representative images of HeyA8 cells are depicted in the
figure.

In other experiments, approximately 3000 SKOV-3 cells were plated into 96-
well plates with methionine/serum-free medium for 18 h prior to siRNA transfection
and another 24 h incubation. The Click-iT® AHA Alexa Fluor® 488 Protein Synthe-
sis HCS Assay Kit (Life Technologies) was used as a method for the detection of nascent
protein synthesis utilizing fluorescence microscopy and high-content imaging. Es-
sentially, an amino acid analogue of methionine containing an azido moiety, which
is similar to 35S-methionine but not radioactive, is fed to cultured cells in 96-well
plates. On the following day, approximately 48 h post-transfection, cells were treated
with LPA (10 μM) for 30 min or left untreated. Nascent proteins were detected with
the green-fluorescent Alexa Fluor® 488 alkyne and imaged using the Cellomics
ArrayScan (Thermo Fisher). Data are presented as supplementary images.

Statistics

The statistical differences were analyzed using an analysis of variance (ANOVA)
test, followed by Bonferroni’s multiple comparison tests between groups using
GraphPad Prism. When comparing only two groups, Student’s t-test was used. Where
it is indicated in the figures, *p < 0.05, **p < 0.01 and ***p < 0.001 indicate the levels
of significance.

Results

The goal of our study was to identify the molecular mecha-
nism linking RGS10 suppression to cell viability and resistance to
chemotherapy-induced cell toxicity. To commence the investiga-
tion, we measured the phosphorylation of proteins downstream of
major signaling pathways after RGS10 modification under serum-
free, low nutrient conditions. The purpose was to determine what
is specifically altered as a consequence of RGS10 suppression in mi-
croenvironments with low nutrients. Knock down of RGS10 using
siRNA and observed an increase in 4E-BP1 phosphorylation in mul-
tiple ovarian cancer cell lines (Fig. 1A). This reproducible 4E-BP1
phosphorylation increase of ~2.5-fold in HeyA8 cells and ~3.5-fold
in SKOV-3 cells is significant in the absence of agonist stimulation
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(Fig. 1B). Since OVCAR-3 cells have relatively low levels of endog-
enous RGS10 protein (Fig. 1C) in comparison with HeyA8 and SKOV-3
cells (Fig. 1D), we did not use these in subsequent experiments.

Since differences in 4E-BP1 phosphorylation were observed in
unstimulated conditions, we evaluated 4E-BP1 phosphorylation with
external stimulation of the mTOR pathway. It is well established that
growth factors activate mTOR through the PI3K/Akt and ERK/
MAPK signaling pathways [19]; thus, we selected the growth factor
lysophosphatidic acid to activate mTOR and phosphorylate 4E-BP1
[20] for all subsequent experiments (Fig. S1). HeyA8 cells were starved
of serum overnight and then stimulated with lysophosphatidic acid
for 5, 30 or 60 min, prior to the detection of protein phosphoryla-
tion [20]. Immunoblotting experiments show that RGS10 knockdown
without any agonist stimulation enhances the phosphorylation of
4E-BP1 (Thr37/46), p70S6K (Thr389) and S6 ribosome (Ser235/
236) (Fig. 2A). Furthermore, the phosphorylation of mTOR (Ser2448)
was also moderately increased with RGS10 suppression and without
agonist (Fig. 2B).

In contrast, comparisons of Akt (Ser473) and eIF2a (Ser51) phos-
phorylation between the siRISC (control) and siRGS10 (experimental)

conditions show that lysophosphatidic acid stimulation enhanced
protein phosphorylation under conditions of RGS10 suppression. Al-
though these experiments were performed in HeyA8 cells, the
phosphorylation of mTOR and 4E-BP1 after knockdown of RGS10
was confirmed in other ovarian cancer cell lines (Fig. S2). Taken to-
gether, these results corroborate that the mTOR pathway is activated
after RGS10 suppression.

Although it is well known that the mTORC1 complex phosphory-
lates 4E-BP1, we evaluated p4E-BP1 after chemical inhibition of
mTOR to verify that the signal was exclusively originating from mTOR
to activate 4E-BP1. As previously observed, RGS10 suppression or
lysophosphatidic acid stimulation (10 μM) for 30 min elicited phos-
phorylation of 4E-BP1 and mTOR. In the presence of temsirolimus
(10 μM), a modest inhibitor of mTOR kinase activity that binds to
the FKBP12-rapamycin binding domain (FRB) [21], both pmTOR and
p4E-BP1 are reduced (Fig. S1B and C) but not absent. However, treat-
ing the HeyA8 cells with INK128, a dual mTORC1/2 ATP-competitive
inhibitor that also blocks p4E-BP1 [12,13], elicited a stronger re-
sponse. After treatment with INK128, p4E-BP1 was completely
abolished and pmTOR was reduced with RGS10 suppression (Fig. 2C).

Fig. 1. RGS10 suppression induces the phosphorylation of 4E-BP1 in ovarian cancer cells. (A) OVCAR-3, HeyA8 and SKOV-3 cells were transfected with the siGENOME RISC-
Free control siRNA (siRISC) or siRGS10 and kept in serum-free medium prior to immunoblotting detection for phospho-4E-BP1 at Thr37/46 and actin. (B) Repeated experiments
(n = 3–5) of phospho-4E-BP1 in HeyA8 and SKOV-3 cells were quantified using ImageJ. A significant increase in the phosphorylation among siRGS10 cells (*p < 0.05 vs siRISC)
is observed. (C) HeyA8, OVCAR-3 or (D) SKOV-3 cells were processed for detection of RGS10 protein expression and actin.

Fig. 2. Lysophosphatidic acid activates the mTOR signaling pathway, enhancing the RGS10 suppression-induced phosphorylation changes. (A and B) Hey-A8 cells trans-
fected with siRISC or siRGS10 were treated with 10 μM of lysophosphatidic acid (LPA) for 0, 5, 30 or 60 min prior to immunoblotting of total and phospho-4E-BP1 (Thr37/
46), RGS10, phospho-eIF2a (Ser51), phospho-S6 ribosomal (S6 Ribo) protein (Ser235/236), total and phospho-p70S6K (Thr389), total and phospho-mTOR (Ser2448), total
and phospho-Akt (Ser473), or GAPDH. (C) Hey-A8 cells were transfected with siRISC or siRGS10 and treated with LPA (10 μM, 30 min) or pre-treated with INK-128 (10 μM,
18 h) prior to immunoblotting analysis for phospho-4E-BP1 (Thr37/46), phospho-mTOR (Ser2448) or Actin.
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This eliminates the possibility that the phosphorylation of 4E-BP1
is mediated by an unidentified source and confirms the role of mTOR.

In order to identify the molecular mechanism explaining how
RGS10 suppression influences the phosphorylation of 4E-BP1 and
other proteins in the mTOR signaling pathway, we assessed direct
regulators of mTOR signaling and observed Rheb activity changes.
We repeatedly detect an abundance of activated Rheb bound to GTP
when RGS10 is suppressed (Fig. 3A, 1.4 vs 1.0). In comparison to RISC-
free control siRNA conditions (siRISC), after suppression of RGS10
and incubation with GTPγS, we observed an increase in the bound
GTPγS upon immunoprecipitation of active Rheb (Fig. 3B, ~ 2.3). Sim-
ilarly, purified Rheb protein incubated with GTPγS or GDP prior to
immunoprecipitation of active GTP-Rheb and assessment of the total
protein showed an increase (Fig. 3C). This substantiates the speci-
ficity of the Rheb antibodies and the system used, which was also
reported by other groups [22,23]. To confirm our results, we per-
formed the reciprocal set of experiments using an RGS10-specific
antibody. After RGS10 suppression, the association with Rheb is dra-
matically reduced in comparison to siRISC control and/or increased
with RGS10 expression (Fig. 3D).

In addition we used a cell-free system and a non-radioactive,
malachite green-based assay to measure the GAP activity of RGS10
[17]. Herein we incubated purified RGS10, purified Rheb and GTPγS
together, in comparison to GDP incubation or without Rheb in so-
lution. We observed an increase in the amount of free phosphate
released with all three (Fig. 3E), which indicates the hydrolysis of
GTP to GDP when RGS10, Rheb and GTPγS are together. These data
suggest that RGS10 influences the de-activation of Rheb, which also
elucidates how RGS10 affects the mTOR signaling pathway.

This pathway is known to regulate cell proliferation. Indeed, when
cells were transfected with siRISC or siRGS10, the latter signifi-
cantly increased the average number of cells observed (Fig. 4A,
***p < 0.001). To verify this was active cell proliferation, we con-
structed a stable HeyA8 cell line expressing either shRGS10 or shGFP
in order to visually observe active proliferation using BrdU incor-
poration (Fig. 4B). Quantification demonstrated more active
proliferation among shRGS10-expressing HeyA8 cells (Fig. 4C,
***p < 0.001 vs shGFP), which are also unaffected by the presence
of etoposide and aphidicolin, but not nocodazole or paclitaxel. Similar

results were achieved in SKOV-3 cells (data not shown). This sug-
gests that RGS10 suppression endows cells with a proliferative
advantage in the presence of some, but not all, types of chemo-
therapy. As a consequence, the loss of RGS10 could translate into
the acquisition of chemoresistance, which corroborates our previ-
ous studies [14].

Since mTOR also regulates factors such as protein synthesis, we
next measured nascent protein synthesis after transfection with
siRISC or siRGS10, with and without treatment of lysophosphatidic
acid. As anticipated, there is an increase in nascent protein syn-
thesis after RGS10 suppression with and/or without lysophosphatidic
acid stimulation of mTOR (Fig. 4D–F). Because cells usually couple
growth and proliferation, the results of RGS10 suppression corrob-
orate each other.

We next sought to determine whether cells manifested altered
morphology in response to RGS10 suppression and lysophosphatidic
acid stimulation, especially since mammalian cell size is usually re-
stricted by 4E-BP1 and mTOR. Confocal imaging of cells with or
without RGS10 suppression in the presence or absence of
lysophosphatidic acid showed visible differences in cell size mor-
phology (Fig. 5A). The bottom right panel shows SKOV-3 cells with
RGS10 suppression after 30 min of lysophosphatidic acid treat-
ment, in comparison with siRISC control cells.

Using high-throughput imaging, computer-automated quanti-
fication and immunofluorescence, we measured alterations in cell
perimeter that occur with RGS10 suppression in SKOV-3 (Fig. 5B)
and HeyA8 cells (Fig. 5C). In these studies, we quantified a change
in the perimeter of RGS10-suppressed cells (red bars), which was
significantly increased after stimulation with lysophosphatidic acid.
In contrast, among siRISC conditions (white bars), treatment with
lysophosphatidic acid (30 min, 10 μM) did little to change the cell
perimeter.

We also observed that HeyA8 cells were comparatively more re-
sponsive to inhibition with temsirolimus than SKOV-3 cells. This is
a reflection of the PI3KCA activating mutation carried by SKOV-3 cells
that causes constitutively active PI3K signaling due to the contin-
uous phosphorylation of Akt [24]. The PI3KCA mutation in SKOV-3
cells diminishes the ability to significantly inhibit this pathway using
a modest mTOR inhibitor, in contrast to the more responsive HeyA8

Fig. 3. Evaluation of the GAP activity of RGS10. (A) SKOV-3 cells were transfected with either siRISC or siRGS10 prior to immunoprecipitation with an active Rheb mono-
clonal antibody and immunoblotting with total Rheb rabbit polyclonal antibody. (B) In a separate experiment, cells were treated as indicated above, but GTPγS and GDP
were added to the cell extracts in vitro and incubated for 30 min prior to the pull-down of active Rheb and blot for total Rheb (for details see Materials and Methods). (C) In
the reciprocal experiment, purified, full-length Rheb protein was incubated with GTPγS or GDP prior to immunoprecipitation with active Rheb and immunoblot for total
Rheb. (D) Cells were treated as previously described and also transiently transfected with an RGS10 expression vector prior to immunoprecipitation. Following transfec-
tion, cell extracts were probed for RGS10, total Rheb and Rheb. Other extracts were immunoprecipitated with anti-RGS10 goat polyclonal antibody and blotted with anti-
total Rheb rabbit polyclonal antibody. Unbound fraction is also shown. (E) A non-radioactive method using a malachite green reagent kit was utilized to measure inorganic
free phosphate in a cell-free, aqueous solution and to assess the GAP activity of RGS10. Purified proteins RGS10 and Rheb were incubated in the presence of GTPγS or GDP,
where indicated, for 120 min. When RGS10 induces the hydrolysis of GTP to GDP, free phosphate is released into the solution, which is detected by the formation of a green
molybdophosphoric acid complex and measured in a 96-well plate using absorbance that is directly related to the free phosphate release [17].
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cells, which do not have a PI3KCA mutation and demonstrate a re-
duction in cell perimeter with temsirolimus treatment. Taken
together, these data provide an additional functional outcome gov-
erned by the mTOR/4E-BP1 pathway that is recapitulated by
stimulation of RGS10-suppressed cells.

Discussion

Herein we show that suppression of RGS10 leads to an in-
crease in activated Rheb bound to GTP, which results in the
phosphorylation of mTOR, 4E-BP1, p70S6K and ribosomal protein
S6. To our knowledge, this is the first report in the literature docu-
menting the association of RGS10 with Rheb. The canonical functions
of RGS proteins most often occur at the plasma membrane to in-
activate G alpha proteins stimulated by agonist-induced GPCRs. In
contrast, we report an effect of RGS10 that would not occur along
the plasma membrane, nor is it dependent upon agonist stimula-
tion of a GPCR.

In this study, we repeatedly demonstrate that RGS10 suppres-
sion increases protein phosphorylation within the mTOR signaling

pathway. As a functional consequence of this, ovarian cancer cells
increase proliferation, nascent protein synthesis and cell perime-
ter when RGS10 is suppressed and/or lysophosphatidic acid
stimulates the cells. The results also further corroborate the ability
of RGS10 suppression to override inhibitory effects of specific types
of chemotherapy, such as etoposide, which extends the observa-
tions we previously reported [14].

We observed that RGS10 suppression incubation in serum-free
medium triggered the phosphorylation of 4E-BP1 among SKOV-3,
HeyA8 and OVCAR-3 ovarian cancer cells and, thus, produced sig-
naling through the mTOR pathway without traditional agonist
stimulation. Extending these findings suggests the autonomous
ability of ovarian cancer cells to augment growth and viability, even
in the absence of ‘sufficient’ nutrients within the tumor microen-
vironment, analogous to hypoxic conditions. Thus, loss of RGS10
expression could endow cells with a significant survival and via-
bility advantage.

No reports in the literature to date have proposed that RGS10
regulates mTOR signaling through binding to Rheb nor has any report
characterized the functional outcomes in cancer cells resultant from

Fig. 4. RGS10 suppression enhances ovarian cancer cell proliferation and protein synthesis. (A) HeyA8 and SKOV-3 cells were transfected with either siRISC or siRGS10 and
stained with DAPI. Cells were automatically counted using a high-throughput fluorescence imager and results are quantified as the average number of cells per field. The
numbers of cells (n = 2000–5000) observed among fields (n = 15–100) across multiple experiments (n = 3–6) were pooled together and displayed as a bar graph using GraphPad
Prism. (B) Representative shGFP and shRGS10 HeyA8 cells were pulse-treated for one hour with a BrdU analogue. Cells were fixed and then stained with DAPI and an anti-
BrdU antibody prior to high-throughput imaging. The representative image shown here visualizes the fluorescence from HeyA8 cells and the difference between active proliferation
among control cells and suppression of RGS10. (C) In other experiments, shGFP or shRGS10 stably-expressing HeyA8 cells were treated with different drugs or a BrdU an-
alogue prior to fixation, immunofluorescence staining and automatic cell counting. The average number of cells per field is shown and represents ~20 fields and thousands
of total cells. ***p < 0.001. Approximately (D) 2000 SKOV-3 cells or (E) 3000 HeyA8 were plated in complete media prior to siRNA transfection. The Click-iT® Plus OPP Alexa
Fluor® 647 Protein Synthesis Assay Kit was used to measure protein synthesis. Cells were treated with LPA (10 μM) for 60 min or left untreated. Approximately 200 (SKOV-
3) or >500 (HeyA8) total cells were automatically quantified for fluorescence intensity, which corresponds to protein synthesis, and the data are presented as bar graphs
normalized to siRISC untreated conditions (100%). *p < 0.05, ***p < 0.001. (F) Representative images from the previous experiment to measure protein synthesis are shown
in HeyA8 cells.
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RGS10 suppression. Thus, our study fills a major gap in our under-
standing of how mTOR signaling is regulated and the unique role
of RGS10. This knowledge is important because the mTOR signal-
ing pathway remains crucial and often functionally dysregulated
among cancer cells, especially since it is linked to PI3K signaling.
Signaling through PI3K/mTOR is critical because it regulates the cell’s
ability to grow, survive and proliferate; these functional outcomes
are all at the crux of delineating the difference between a normal
and a cancerous cell. Since we have previously investigated the re-
lationship between RGS10 suppression and Akt activation [14], we
refrained from further studies with PI3K herein.

Our prior studies are the only other reports found in the liter-
ature that describe the role of RGS10 in ovarian cancer cells [14,15].
In this regard, we previously found that the suppression of RGS10
is acquired through epigenetic changes [15] as chemoresistance de-
velops. Furthermore, this change allows ovarian cancer cells to
survive in the presence of significantly higher chemotherapy doses
than usual [14]. Herein we have uncovered the specific molecular
mechanism that explains these prior observations.

Because the PI3K/mTOR signaling pathway is one of the most
frequently dysregulated among cancer, it represents an enormous
target of inhibition. Currently there are several FDA-approved mTOR
signaling inhibitors, everolimus and temsirolimus, which are used
clinically to manage patients with renal cell carcinoma and HER2-
negative breast cancer (everolimus). These agents owe their existence
to the soil bacteria living on Easter Island where their parent com-
pound, rapamycin or sirolimus, was discovered [25]. Other similar
agents are under development, although there have been issues with
safety and a lack of overall survival advantage, which are major con-
cerns preventing further development.

The obvious connection between our current study and our pre-
vious work is the idea of using mTOR inhibition as a mechanism

to alleviate chemoresistance in ovarian cancer. Indeed, other studies
have already shown that mTOR inhibition represents a strategy to
overcome chemoresistance in a variety of different types of cancers
[26–30], especially with combination therapy, which is the main-
stay of treating nearly every cancer type. This also insinuates that
our results could be adaptable to other subtypes of cancer, beyond
our focus on ovarian cancer cells. Among ovarian tumors, serous
epithelial ovarian adenocarcinoma frequently displays enhanced
mTOR phosphorylation; additionally, this occurs particularly among
cisplatin-resistant ovarian cancer cells, in comparison to their
matched parental cisplatin-sensitive control cells, which also trans-
lates to a greater sensitivity to mTOR inhibition [31]. The study cited
here, although not specifically focused on RGS10, is nevertheless
directly aligned with our findings and interpretation of results.

In order to directly test this theory in vivo, a tumor model with
controlled suppression of RGS10 is necessary. Our repeated at-
tempts to maintain such a model long-term were thwarted by the
inability to continuously passage cells with suppressed RGS10. Al-
though we show HeyA8 cells herein with stable shRGS10, we
observed that cells in culture quickly regain RGS10 expression. Using
shRNA constructs, time after time this happened, even though we
have successfully manipulated the expression of other RGS pro-
teins ([32] and data not shown). However, since we hypothesize that
the net effect of this model would be the continual activation of Rheb,
similar work has already been produced [33] and our results would
most likely be a reiteration of these. In this study, Jiang and Vogt
describe a constitutively active Rheb that phosphorylates 4E-BP1,
produces larger cells with more protein and generally induces on-
cogenic transformation.

It is fascinating that no agonist is needed by ovarian cancer cells
to achieve phosphorylated mTOR and 4E-BP1 with suppression of
one small GAP protein – RGS10. The implication of our findings with

Fig. 5. RGS10 suppression alters morphology in lysophosphatidic acid-stimulated ovarian cancer cells. (A) SKOV-3 cells plated on glass coverslips were transfected with
either siRISC or siRGS10 and treated with lysophosphatidic acid (10 μM) for 30 min prior to preparation for confocal microscopy using the Whole Cell Stain Solution (Thermo
Scientific). (B) SKOV-3 or (C) HeyA8 cells were transfected with either siRISC or siRGS10 prior to the automated computer assessment of the cell perimeter. Cells were treated
with lysophosphatidic acid (LPA, 10 μM, 30 min) or temsirolimus (10 μM, ~16 h) where indicated. Cells were prepared for immunofluorescence using the Whole Cell Stain
Solution and automatically scanned with high-throughput software to calculate cell perimeter. Data show the average from 62 to 146 different fields per condition, which
measures thousands of cells, from a series of replicate experiments and is normalized to each untreated condition (i.e. siRISC-white bars or siRGS10-shaded bars). ***p < 0.001,
**p < 0.01 and *p < 0.05 where indicated. (For interpretation of the references to color in the text, the reader is referred to the web version of this article.)
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tumor biology is that the loss of RGS10 would have drastically neg-
ative consequences on a dysplastic cell and more so on any cell
without a properly functioning TSC1/TSC2 complex. Biological
systems with critical functions often have redundant control mecha-
nisms in place for proper regulation. For example, the cell cycle has
abundant proteins to serve as checkpoint controls. Thus, it is not
surprising to learn that regulation of mTOR activation through Rheb

could have more than one protein involved: TSC1/TSC2 complex and
RGS10. Molecularly, if two proteins exist to regulate Rheb and thus
control mTOR activation, then there would be a total loss in the reg-
ulatory capability without functional expression of TSC1/TSC2 and
RGS10. Could rescuing these help compensate for aberrant signal-
ing? Future studies will address such questions and predictions. The
answers are currently unknown.

The main conclusion of our study is that RGS10 suppression
causes an increase in activated, GTP-bound Rheb and results in mTOR
pathway activation among ovarian cancer cells. We proposed that
RGS10 is a GAP that accelerates the hydrolysis of GTP from Rheb,
acting as a master “off” switch that regulates signal duration of mTOR
and 4E-BP1 phosphorylation. Although the role of RGS10 was pre-
viously unappreciated, based on our data herein, we propose a new
role for RGS10 in signaling (Fig. 6). This is significant for our
understanding of the molecular complexities that evolve chemo-
resistance because serous carcinoma exhibits enhanced mTOR
phosphorylation, especially among cisplatin-resistant cells. There-
fore, this discovery is important to developing ideas for successfully
targeting chemoresistance since refractory disease is the clinical
problem preventing cure of this malignancy.
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