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A B S T R A C T

Cancer cells are dependent on glutamine for their metabolism and growth. Despite being the most abundant
amino acid in the blood, glutamine deprivation occurs in the core of the tumor rendering less access to glutamine
to the nearby tumor cells. Tumor cells mostly use the glutamine for mitochondrial oxidative phosphorylation
(OXPHOS) to produce energy and the ingredients of the biomass required for the highly proliferating and met-
astatic ovarian cancer cells. But there is a lack of reports on the regulation of glutamine starvation on metastatic
behavior and epithelial to mesenchymal transition (EMT) of ovarian cancer cells. We found that glutamine
starvation reduced the migration and invasion properties of the ovarian cancer cells, PA1 and SKOV3. The
expression of the invasion-inducing proteins, like matrix metalloproteinases (MMP2 and MMP9), were down-
regulated upon glutamine starvation. MMP genes are mostly regulated by the ETS1 oncogenic transcription factor
in invasive tumor cells. Here we demonstrated the significant involvement of ETS1 on EMT and invasion in
glutamine-deprived cells. We have further shown that the regulation of ETS1 expression and nuclear localization
upon glutamine starvation is controlled in a cell type-specific manner. In PA1 cells, glutamine-induced ETS1 over-
expression is HIF1α-dependent, while in SKOV3, its translocation to the nucleus is regulated through the mTOR
pathway. Considering all, our study suggests that glutamine plays a very significant role in migration and invasion
in ovarian cancer cells and ETS1 plays a key role in inducing such oncogenic parameters.
1. Introduction cancer [5]. Upon receiving the microenvironmental stimuli, ETS1 expres-
Invasion and metastasis in cancer cells are the major steps in oncogen-
esis. As cancer progression occurs, the tumor cells move from the primary
site to a new secondary site. During migration, the cancer cells undergo
epithelial to mesenchymal transition (EMT) as the mesenchymal cells are
more motile in nature [1]. The actin polymerization and its turnover at the
leading edge in such cells are important to facilitate migration. Here the
mitochondria provide ATP to fuel the actin rearrangement [2]. The for-
mation of actin stress fibers is most frequently observed in the migrating
cells [3]. Apart from ATP-dependant actin-cytoskeleton rearrangement,
several other factors are also important for invasion and metastasis. For
invasion through the basementmembrane in a solid tumor, the cells need to
digest the extracellular matrix of the surrounding tissue or the secondary
tissue site. This is performedbydifferentmatrixmetalloproteinases (MMPs)
secreted by the tumor cells as their activities are enhanced in solid tumors
[4]. These MMP (MMP2 and MMP9) genes are transcriptionally regulated
by different transcription factors, but most importantly ETS1 has been
proposed as a promising factor in this regard especially in epithelial ovarian
m 15 February 2021; Accepted 1
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sion increases and it translocate to the nucleus, where it transcriptionally
activatesdifferentMMPgenesaswell as regulatesdifferentgenes associated
with metabolic reprogramming of tumor cells. Vimentin and VEGF have
been reportedasEpithelial toMesenchymal (EMT)markers.Vimentinhelps
directly incellmotility,whereasVEGFoverexpressionor treatment foundto
be elicit EMT in cancer cells [6, 7, 8].

Cancer progression is highly dependent on the metabolic activities of the
tumor cells,which are influenced by the availability of twoessential nutrients,
glucose and glutamine in the cell as well as in the microenvironment. Gluta-
mine is not an essential one for the normal tissues and cells, but the tumor cells
consume excess glutamine in vivo, as well as in vitro for their proliferation. c-
Mycandk-Rasmutation found tobe involved in theglutamineaddictionof the
cancer cells [9]. Inhibiting glutamine metabolism or glutamine withdrawal
from themedia reduces the cell proliferation of the highly metastatic ovarian
cancer cells [10]. Although the mechanism behind such proliferation is not
well established, glutaminehasbeen shown toactivate theSTAT3pathway for
the proliferation of these highly metastatic ovarian cancer (OVCA) cells [11].
Further, glutaminehas also been reported to activate themTORC1pathway to
1 May 2021
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:sibsankar@iicb.res.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e07064&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e07064
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.heliyon.2021.e07064


P. Prasad, S.S. Roy Heliyon 7 (2021) e07064
facilitate proliferation [12]. But whether or how glutamine is associated with
EMT and invasive behavior following the proliferation of the tumor cells has
not been adequately studied and needs investigation.

While attending this significant area of research on ovarian cancer,
our findings suggest that the PA1 and SKOV3 cancer cells lose their
migratory and invasive potential upon glutamine starvation. In the pre-
sent report, we have shown the possible mechanism behind these effects.

2. Methods

2.1. Key resources table

This table contains the list of the materials and resources used to
perform the experiments and will be useful to reproduce the same.
Reagent

Antibodies

Rabbit polyclonal anti-ETS1

Rabbit polyclonal anti-MMP2

Rabbit polyclonal anti-p-AKT

Rabbit monoclonal anti-α-TUBULIN
Rabbit polyclonal anti-β-ACTIN

Horse anti-rabbit HRP tagged secondary antibody

Goat anti-rabbit IgG Alexa-Fluor 488-labeled secondary antibody

Goat anti-rabbit IgG Alexa-Fluor 568-labeled secondary antibody

Chemicals, Peptides, and Recombinant Proteins

Rapamycin

HIF1α inhibitor

Gelatin

DAPI

Rhodamine tagged phalloidin

SYBR green

RNAiso Plus

Experimental models: cell lines

Human: PA1

Human: SKOV3

Critical commercial assays

iSCRIPT cDNA synthesis kit

Nuclear-cytoplasmic isolation kit

Cell culture reagents

MEM-α
MEM- α (W/O GLN)

RPMI-1640

RPMI-1640 (W/O GLN)

Oligonucleotides

Primer for ETS1 (Forward: GGAGGACCAGTCGTGGTAAA; Reverse: AACTGCCATAGCTGGATT

Primer for MMP2 (Forward: TGATCTTGACCAGAATACCATCGA; Reverse: GGCTTGCGAGGGA

Primer for MMP9 (Forward: ACCTCGAACTTTGACAGCGAC; Reverse: GAGGAATGATCTAAGC

Primer for VIM (Forward: ACACCCTGCAATCTTTCAGACA; Reverse: GATTCCACTTTGCGTTCA

Primer for VEGF (Forward: CTGGAGCGTTCCCTGTGGGC; Reverse: CCTTCCTCCTGCCCGGCT

Primer for L19 (Forward: GCGGATTCTCATGGAACACA; Reverse: GGTCAGCCAGGAGCTTCTT

Table 1. Sequence of primers used for this work.

Gene name Forward primer (50–30) Reverse p

ETS1 GGAGGACCAGTCGTGGTAAA AACTGCC

MMP2 TGATCTTGACCAGAATACCATCGA GGCTTGC

MMP9 ACCTCGAACTTTGACAGCGAC GAGGAAT

VIM ACACCCTGCAATCTTTCAGACA GATTCCA

VEGF CTGGAGCGTTCCCTGTGGGC CCTTCCT

L19 GCGGATTCTCATGGAACACA GGTCAGC

2

2.2. Cell culture and treatments

PA1 (ATCC Cat# CRL-1572, RRID:CVCL_0479) cells were cultured in
MEM (α modification, GIBCO) media and SKOV3 (ATCC Cat# HTB-77,
RRID:CVCL_0532) cells were cultured in RPMI-1640 (GIBCO) media
supplemented with 10% FBS (GIBCO). PA1 cell line was authenticated by
STR profile analysis and the SKOV3 cells were cultured for less than 15
passages, therefore STR profiling was not performed for this cell line. The
cells were maintained in a 5% CO2 and 37 �C humidified incubator.
Passaging of the cells was done by decanting the medium followed by
trypsinization (0.25%, GIBCO) of the cells and then centrifuged in 1000 g
for 5 min. After decanting the supernatant, the cells were resuspended in
a complete medium and seeded in a cell plate for treatment. Splitting was
done when cells attain about 80% of confluency in the T25 flask and
Resource Identifier

Cell Signaling Technology Cat# 6258BC

Cell Signaling Technology Cat# 4022, RRID:AB_2266622

Cell Signaling Technology Cat# 9271, RRID:AB_329825

Cell Signaling Technology Cat# 2125, RRID:AB_2619646

Cell Signaling Technology Cat# 4967, RRID:AB_330288

Cell Signaling Technology Cat# 7074, RRID: AB_2099233

Molecular Probes (Invitrogen) Cat# A-11008, RRID:AB_143165

Thermo Fisher Scientific Cat# A-21069, RRID:AB_2535730

Calbiochem Cat# 553210; CAS: 67-68-5, 53123-88-9

Calbiochem Cat# 400089; CAS: 329932-55-0

Sigma-Aldrich Cat# G2500; CAS: 9000-70-8

SRL Cat# 18668; CAS: 28718-90-3

Invitrogen Cat# R415

Bio-Rad Cat# 1725120

TAKARA Bio Cat# 9109

ATCC Cat# CRL-1572, RRID:CVCL_0479

ATCC Cat# HTB-77, RRID:CVCL_0532

Bio-Rad 1708891

Thermo Scientific Cat# 78833

HIMEDIA Cat# AL080A

HIMEDIA Cat# AL080

HIMEDIA Cat# AL199A

HIMEDIA Cat# AL060

GG) [13] NA

AGAAGTT) [13] NA

CCAGC) [13] NA

AGGT) [14] NA

CA) This paper NA

G) This paper NA

rimer (50
–30) Amplicon size (nt) Source

ATAGCTGGATTGG 304 [13]

GAGGGAAGAAGTT 90 [13]

GATCTAAGCCCAGC 133 [13]

CTTTGCGTTCAAGGT 80 [14]

CCTGCCCGGCTCA 180 This paper

CAGGAGCTTCTTG 68 This paper
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Figure 1. Glutamine starvation reduces migration and invasion capacity of cancer cells. Wound healing assay of PA1 (A, B) and SKOV3 (C, D) cells reveals reduced
healing in absence of glutamine (n ¼ 3). SKOV3 and PA1 cells showed reduced invasion capacity in absence of glutamine (E) (n ¼ 3). mRNA expression of MMP2,
MMP9, Vimentin, and VEGF reduced in PA1 cells in absence of glutamine (F) (n ¼ 3). Reduced mRNA expression of MMP9 and Vimentin was observed in SKOV3 cells
in absence of glutamine (G) (n ¼ 3). MMP2 protein expression was reduced after glutamine starvation (H). Gelatine zymography shows that MMP2 and MMP9 activity
was reduced after glutamine starvation (I). High extracellular pH in absence of glutamine in PA1 cells (J) (n ¼ 3). Phalloidin staining revealed the reduced actin stress
fiber formation in SKOV3 and PA1 cells in absence of glutamine (K). Data are expressed in �SEM, and statistical significance was calculated using two-tailed Student's
t-test and the two-way ANOVA was performed followed by Bonferroni post-test analysis (A–D). (*p < 0.05, **p < 0.01). ns is statistically non-significant. Scale bars
400 μm (A, C, E) and 20 μm (K).
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seeded at 0.5 � 106 cell/35 mm dish for PA1 (0.3 � 106 cell/35 mm dish
for SKOV3). For treatment after reaching 60% confluency, the cells were
first starved with an incomplete medium (1% FBS) for 4–6 h and then
treated with either 2 mM glutamine supplemented or glutamine-free
complete medium (10% FBS). HIF1α inhibitor (Calbiochem, Cat #
400089) and Rapamycin (Calbiochem, Cat # 553210) was given at the
onset of glutamine re-supplementation. After the completion of treat-
ment, the pH of the conditioned medium was directly measured with a
pH meter (Sartorius).

2.3. Quantitative real-time PCR

Total RNAwas isolated from the cultured cells (about 1� 106 cells for
PA1 and 0.8 � 106 cells for SKOV3) grown in 35 mm cell culture dish,
using RNAiso Plus (TAKARA Bio, Cat #9109) following a standard pro-
tocol [13]. The RNA concentration was obtained by directly measuring
the absorbance of the resuspended RNA pellet (1:300 in DEPC treated
water) at 260 nm wavelength. RNA integrity and purity were confirmed
by direct observation of 1% agarose gel loaded with 1 μl RNA and 260
nm/280 nm absorbance ratio. cDNA synthesis was done with 500 ng of
isolated RNA using iScript cDNA synthesis kit (Bio-Rad, Cat #1708891).
Relative expression of the genes was measured by real-time qPCR
(Applied Biosystems, 7500 Real-Time PCR Software, RRID: SCR_014596)
using iTaq universal SYBR green supermix (Bio-Rad, Cat #1725120), and
normalized to L19 mRNA levels [15]. The real-time PCR thermal profiles
are: initial denaturation (95 �C for 20s) then the 40 cycling steps (95 �C
for 15s, annealing for 30 s at 60 �C, extension at 72 �C for 30s) followed
by melting curve analysis stage (95 �C for 15s, 60 �C for 60s, 95 �C for 15s
and 60 �C for 15s.). The comparative CT value (ΔΔCT) was used to
measure the relative gene expression. Relative fold changes of genes by
qPCR are shown in comparison with control cells with no treatment. The
primers were designed using Primer Express software (Primer Express
Software, RRID: SCR_017376) and then verified by Primer-Blast (Pri-
mer-BLAST, RRID: SCR_003095). Custom oligos were purchased from
IDT (Integrated DNA Technology). The primer sequences are given in
Table 1.

2.4. Fluorescence microscopy

The cells were cultured on glass coverslips (Blue Star 22 � 22 mm
square No. 1 cover glass sterilized with 70% methanol) and were given
treatment after serum starvation. After discarding the medium, the cells
were fixed with 4% paraformaldehyde (pH 7.4) for 20 min followed by
permeabilization with 0.1% Triton X-100 for 15 min at room tempera-
ture. Then the fixed cells were incubated overnight with anti-ETS1
antibody (1:200; Cell Signaling Technology Cat# 6258BC, Lot # 1) in
4 �C after 1 h of blocking in 3% BSA in PBS (HIMEDIA, India, Cat#
TL1101) solution. Then the cells were stained with either Alexa-Fluor
488-labeled secondary antibody (1:400; Invitrogen, Cat# A11008,
Lot# 2051237) or Alexa-Fluor 568-labeled secondary antibody (1:400;
Invitrogen, Cat# A-21069, Lot# 108193) for 2 h in room temperature
and the nucleus was stained with DAPI (0.25 μg/ml) for 5 min. To stain
the filamentous actin, after permeabilization cells were incubated with
Rhodamine-phalloidin (Cat# R415, Invitrogen) for 20 min in room
temperature. Images were taken using TCS SP8 confocal microscope
4

(Leica Microsystems, RRID: SCR_008960) with 63X oil immersion
objective lens and Olympus BX51 microscope (Olympus, RRID:
SCR_017564) with 40X objective lens.
2.5. In vitro Matrigel invasion assay

The Matrigel invasion chamber was purchased from BD Biosciences
(Cat # 354480, 354481) and the manufacturer's protocol was followed.
Briefly, the untreated cells and the glutamine starved cells (SKOV3 cell
passage no. 11) were trypsinized separately, their number was counted
and plated on the upper chamber. Then the cells were allowed to invade
for 22 h. The seeding cell number was kept according to the manufac-
turer's protocol. After crystal violet staining and followed by methanol
fixation, the invaded cells were observed and counted under an inverted
microscope (EVOS, Thermo Fischer Scientific).
2.6. In vitro wound healing assay

The cells were seeded in 35 mm cell culture dishes and treated with
complete medium with or without glutamine for 24 h at approximately
70% confluency. Then the cells were scratched with a 200 μl microtip
through the diameter of the culture dishes and the migration of the cells
towards the wound was detected at 24 h intervals under an inverted
microscope (EVOS, Thermo Fischer Scientific). The wound width was
measured with the help of ImageJ software (ImageJ, RRID: SCR_003070,
version # 1.50i). After opening the image in ImageJ, the scale bar pixel:
size ratio of the image was fed to the software. Then a horizontal line was
drawn through the wound width and the length of the line was acquired
with the 'measure' option under the 'analyze' tab of ImageJ toolbar. 3–4
horizontal lines were drawn through the wound and an average was
taken for each Image.
2.7. Western blot analysis

The cultured cells were lysed and the protein extractionwas performed
as described previously [13]. Lysateswere immunoblottedwith antibodies
specific for ETS1 (Cell Signaling Technology, Cat# 6258BC, Lot# 1),
α-tubulin (Cell Signaling Technology Cat# 2125, RRID:AB_2619646, Lot#
11), β-actin (Cell Signaling Technology Cat# 4967, RRID:AB_330288,
Lot# 6), MMP2 (Cell Signaling Technology Cat# 4022, RRI-
D:AB_2266622, Lot# 2) and p-AKT (Cell Signaling Technology Cat# 9271,
RRID:AB_329825, Lot# 12). The chemiluminescent bands were detected
using horseradish peroxidase-labelled secondary antibodies (1:5000) (Cell
Signaling Technology Cat# 7074, RRID: AB_2099233, Lot# 28) and ECL
luminescence substrate (Bio-Rad, Cat# 170-5061). The expression of
proteins was normalized with α-tubulin or β-actin.
2.8. TCGA data acquirement

The TCGA (The Cancer Genome Atlas) processed data were acquired
from www.oncolnc.org and the Kaplan plot for ETS1 expression in
ovarian cancer patients was generated with the lower and upper
percentile of 50:50 (total number of patients is 294).

rridsoftware:SCR_014596
rridsoftware:SCR_017376
rridsoftware:SCR_003095
http://www.oncolnc.org/


Figure 2. ETS1, the regulator of MMPs, is strongly associated with a poor prognosis of ovarian cancer. STRING interactome analysis showed ETS1 as a common
interactor with MMP2, MMP9 and VEGFA (A, B). TCGA data showing different cancers affected with ETS1 gain and loss of function (C). Kaplan plot showing survival
percentage of patients expressing high and low levels of ETS1 (D). Dot plot of mRNA expression of ETS1 of different patients (E) (n ¼ 147). Data are expressed
in �SEM, and statistical significance was calculated using two-tailed Student's t-test (*p < 0.05, **p < 0.01, ***p < .001).
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2.9. Gelatine zymography

After glutamine starvation, 2 ml of the conditioned medium was
collected, frozen, and lyophilized. Then the lyophilized sample was
5

dissolved in 200 μl of distilled water. Then protein concentration was
measured and about 100 μg of protein was loaded per well in 0.1%
gelatine-10% polyacrylamide gel. No SDS was used in the preparation of
protein loading buffer and gel. After running, the gel was washed with
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Figure 3. Glutamine regulates ETS1 expression. ETS1 expression was reduced after 24 h (n ¼ 3) and 48 h (n ¼ 2) of glutamine starvation in PA1 cells in mRNA (A)
and protein level (B). Microscopy data also reveals a reduction in ETS1 expression in PA1 cells after glutamine starvation (C, D). In SKOV3 cells glutamine starvation
cause translocation of the ETS1 from the nucleus to the cytoplasm (E). There is no change in expression of ETS1 in mRNA (F) (n ¼ 3) and protein level (G) in SKOV3
cells in absence of glutamine. Western blot analysis of cytoplasm and nuclear protein fraction revealed translocation of ETS1 from the nucleus to the cytoplasm in
glutamine-starved SKOV3 cells (H). Microscopic data showed reintroduction of glutamine to the glutamine-starved cells causes ETS1 re-translocation to the nucleus (I).
Data are expressed in �SEM, and statistical significance was calculated using a two-tailed Student's t-test (*p < 0.05, **p < 0.01). ns is statistically non-significant.
Scale bars 10 μm (E, K) and 20 μm (F, G).

P. Prasad, S.S. Roy Heliyon 7 (2021) e07064
2.5% Triton X-100 and incubated in digestion buffer (NaCl 0.2 M, CaCl2
4.5 mM, Tris 50 mM) for overnight in 37 �C. Then the gel was stained
with 0.1% Coomassie brilliant blue for 2 h and the image was captured
after washing.

2.10. Statistical analysis

All the statistical significance was calculated with values acquired
from at least three biological replications of an experiment. The ac-
quired data were expressed as the mean � SEM. The two-way
ANOVA (followed by Bonferroni post-test analysis) was performed,
where the number of variables was 2. The statistical significance was
estimated by two-tailed Student's t-test. p-value<0.05 was considered
as statistically significant (*) and p-value<0.001 were considered to
be highly statistically significant (**). All statistical analyses were
performed using GraphPad Prism-5 (GraphPad Prism, RRID:
SCR_002798) software.

3. Results

3.1. Glutamine starvation reduces migratory and invasive potential of
ovarian cancer cells

Migration and invasion are the two basic criteria for increased
metastasis of cancer cells. To check the changes in the migration and
invasion properties of the cells, we performed wound healing assay and
found that glutamine starved cells failed to heal the wound in PA1
(Figure 1A, B) and SKOV3 (Figure 1C, D) cells. The Matrigel invasion
assay showed that a smaller number of cells could migrate upon gluta-
mine starvation (Figure 1E). Consequently, the mRNA expression of
MMP2 andMMP9 genes and EMTmarkers like VIMENTIN and VEGFwere
also reduced significantly (Figure 1F–G). Similarly, the MMP2 protein
expression as well as MMP2 and MMP9 in-gel activity was reduced after
glutamine starvation (Figure 1H–I, Supplementary Figure 1–3). The ac-
tivity of MMPs is dependent upon the extracellular pH [16] and the pH
was found to be significantly high in absence of glutamine (Figure 1J) in
the culture medium of PA1 cells. This indicates that glutamine with-
drawal significantly reduced the migration and invasion of the ovarian
cancer cells by reducing the activities of MMPs. During cell migration,
the actin cytoskeleton helps in the formation of new lamellipodium. The
actin cytoskeleton interacts with myosin and forms the actin stress fibers,
which helps in pushing the cell body mass to the forward direction.

In accordance with our previous data, we have found that there was a
reduction in the actin fiber formation in absence of glutamine
(Figure 1K). Actin polymerization and stabilization supports the forma-
tion of inter-cellular tunneling nanotubules, which are prominent in
untreated SKOV3 cells (arrowheads in Figure 1K) but are undetectable in
glutamine starved cells.

3.2. ETS1 regulates the expression of MMPs and is associated with a poor
prognosis of ovarian cancer

To find the possible regulating factor for the expression of MMP2,
MMP9, vimentin, and VEGF, the STRING [17] database was used. We
found the oncogenic transcription factor ETS1 as a potent regulator of
MMP2, MMP9, and VEGF, which were altered in the absence of gluta-
mine, with a significant score (Figure 2A–B). To find the importance of
ETS1 in ovarian cancer, we performed TCGA data mining and found that
7

relative to other cancers, ovarian cancer is most affected by ETS1 gain of
function (Figure 2C). Patients with high ETS1 also show low survival
probability (Figure 2D). The mRNA expression of ETS1 between the
compared low and high group set was significantly different (Figure 2E)
with a positive cox regression coefficient value of 0.039 as acquired from
OncoLnc [18].
3.3. ETS1 expression and translocation are regulated through glutamine

ETS1 is also an established regulator of the MMP gene expression
[13]. We found that the expression of ETS1 was reduced in mRNA and
protein levels after 24 h and 48 h of glutamine starvation in PA1 cells
(Figure 3A–B, Supplementary Figure 4). Immunofluorescence micro-
scopy also showed reduced ETS1 protein expression in absence of
glutamine in PA1 cells (Figure 3C–D). However, in SKOV3 cells, there
was delocalization of ETS1 from the nucleus to the cytoplasm upon
glutamine starvation (Figure 3E) without a change in mRNA and
protein expression (Figure 3F–G, Supplementary Figure 5). Further,
there was a lower amount of ETS1 in the nuclear fraction of glutamine
starved cells than the control cells (Figure 3H, Supplementary
Figure 6). Glutamine re-supplementation to the 24 h glutamine starved
cells were able to re-localize the ETS1 protein to the nucleus. Some
cells showed distinct nuclear localization, whereas some had uni-
formed distribution in the cytoplasm and nucleus, depicting the initi-
ation of nuclear transport (Figure 3I). This indicates that the
translocation of ETS1 is glutamine dependent in SKOV3 cells. How-
ever, in PA1 cells the expression of ETS1 is reduced upon glutamine
starvation.
3.4. HIF1α regulates the expression of ETS1, but its localization is
regulated through mTOR

Hypoxia-inducible factor1α (HIF1α) is another important factor,
known to regulate EMT and metastasis in tumor cells [19]. According
to the earlier data, HIF1α regulates the expression of the ETS1 gene in
PA1 ovarian cancer cells [13]. We checked if glutamine-mediated
modulation of expression and localization of ETS1 is HIF1α depen-
dent or not. Microscopic studies revealed that when glutamine was
supplemented to the glutamine-starved PA1 cells, ETS1 expression was
increased, however, the addition of HIF1α inhibitor could successfully
inhibit this ETS1 resurrection (Figure 4A–B, Supplementary Figure 7).
However, it failed to inhibit the translocation of ETS1 from the cyto-
plasm to the nucleus in SKOV3 cells (Figure 4A). This signifies that
HIF1α is an important factor for the ETS1 expression in PA1 cells, but
not in SKOV3, as treating the latter with HIF1α inhibitor did not
decrease the ETS1 expression. We have also found that glutamine
starvation reduced AKT phosphorylation (Ser 473) in SKOV3 cells
(Figure 4C, Supplementary Figure 8). Further, according to previous
reports, glutamine induces mTORC1 activity. Interestingly, we found
that treating the SKOV3 cells with Rapamycin (inhibitor of mTOR, a
direct substrate of Akt) significantly reduced the ETS1 translocation to
the nucleus upon glutamine starvation in these cells (Figure 4A).
Glutamine starvation reduces actin stress fiber formation in SKOV3
cells and it was regained when glutamine starved cells are supple-
mented with glutamine. Whereas Rapamycin treatment also reduced
the actin stress fiber formation, when glutamine-starved SKOV3 cells
were supplemented with glutamine (Figure 4D). Therefore, mTOR
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Figure 4. HIF1α and mTOR regulate ETS1 expression and translocation respectively. HIF1α inhibitor successfully inhibited the increase in ETS1 expression upon
glutamine reintroduction in glutamine starved PA1 cells (A, B) but failed to inhibit ETS1 translocation in SKOV3 cells. Rapamycin treatment inhibited ETS1 trans-
location upon glutamine supplementation (A). Glutamine starvation reduces AKT phosphorylation in SKOV3 cells only (C). Rapamycin treatment inhibits actin stress
fiber formation in SKVO3 cells after glutamine supplementation (D). Scale bars 10 μm (A) and 20 μm (D).
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seems to be a regulator of cell migration and ETS1 translocation in
SKOV3 cells (see Figure 5).

4. Discussion

Cancer is regarded as a metabolic disorder considering the involve-
ment with various metabolic pathways [20]. Initial reports suggest that
the cancer cells consume a significant amount of glutamine in vivo as
well as in vitro during their growth [21]. Not only the cell growth or
proliferation but other aspects of cancer progression are also regulated
by glutamine itself. During tumor growth, cancer cells frequently face
glutamine deprivation [22]. Glutamine starvation also imparts signaling
changes to the cancer cells [23], which then impacts the overall cancer
progression. Previous reports suggest that glutamine is important for the
cell proliferation of highly migrating cancer cells. Therefore, glutamine
starvation or targeted inhibition of glutamine metabolism is a potential
new strategy for combating cancer [9, 10, 24]. However, the mechanism
by which glutamine or its metabolites regulate cancer growth and
metastasis is not well established. Cacace et al. have revealed that the
presence of glutamine in the medium can regulate cellular signaling and
cell proliferation, even when the glutamine metabolism is inhibited
[23]. But what is the impact of glutamine on the EMT or how glutamine
regulates the metastatic potential of cancer cells is not well understood.
In the present study, the essential role of glutamine in invasiveness and
migration have been elucidated in ovarian cancer (OVCA) cells PA1 and
SKOV3. The interesting fact is that glutamine starvation downregulates
the invasive and migratory potential of different OVCA cells following
different signaling pathways.
Figure 5. Graphical Abstract. In PA1 cells glutamine starvation reduces ETS1
expression and re-addition of glutamine increases ETS1 expression in HIF1α
dependent manner. While in SKOV3 cells, ETS1 translocate to cytoplasm from
the nucleus upon glutamine starvation. Glutamine addition increases the nuclear
translocation of ETS1 in mTOR dependent manner.
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ETS1 has been previously described as a potential marker for ovarian
cancer. It is a key regulatory factor of EMT and metastasis in ovarian
cancer cells [13]. Its gain of function is related to the poor prognosis of
ovarian cancer (Figure 2C). In PA1 cells, glutamine deprivation reduced
the expression of ETS1 in an HIF1α-dependent manner. On contrary, in
SKOV3 cells, glutamine deprivation did not reduce the expression of
ETS1 but it is translocated from the nucleus to the cytoplasm in an
HIF1α-independent manner. It seems that these differential ETS1 regu-
lation strategies are due to the activation of separate pathways in these
cell lines, which maintain their cancer phenotype and invasive potential.
It is also possible that glutamine regulates different signaling pathways in
these two cell lines. The differences in the regulation of ETS1 in different
cell lines of the same cancer phenotype shows the broader aspect of
tumor heterogeneity, which occurs in tumors of different origin and
mutation. The final effect of glutamine starvation is similar for different
cancer cells but the pathway is different. To exemplify, Jo et al. also
(2012) reported that Bee venom (1–5 μg/ml) and melittin treatment
inhibited cancer cell growth, inducing apoptosis in both PA1 and SKOV3
cells upon activating caspase-8 and caspase-3 respectively. Thus the same
fate is observed following these drug treatment through the activation of
different signaling pathways [25]. After treatment, apoptosis in PA1 cells
is triggered by active caspase-8, while in SKOV3 cells caspase-3 activa-
tion occurs.

There could be other possible reasons too which can explain the
differential ETS1 regulation in these two cell lines. It has been reported
that glutamine starvation is able to upregulate the p53 protein [26] and
the wild type p53 can downregulate ETS1 mRNA expression, while its
mutant form cannot [27]. SKOV3 cells are p53 deficient, whereas the
PA1 contains its wild type form. Thus, it is possible that upon glutamine
starvation, in both the cells, the ETS1 is transported out from the nucleus,
and particularly in PA1 cells, the increased p53 is downregulating the
ETS1 mRNA expression. Another report depicts that the synthesis of a
different ETS1 isoform (ETS1-p27), due to differential splicing, causes a
reduction in DNA binding and transcriptional activity of full-length
normal variant of ETS1 (ETS1-p51). This reduced DNA binding is fol-
lowed by the de-localization of ETS1-p51 from the nucleus to the cyto-
plasm [28]. Therefore, it is even possible that in SKOV3 cells, increased
ETS1-p21 isoform synthesis could result in ETS1-p51 delocalization from
the nucleus to the cytoplasm.

Altogether, these data suggest that targeting glutamine transport and
metabolism might give a therapeutic approach against cancers of
different origin or mutation. Simultaneously studying the signaling
mechanisms regulated by glutamine is very important. Because, inhib-
iting the metabolic function of glutamine does not reduce its concen-
tration in blood, and hence it can also exert some metabolism-
independent signaling cascades. Therefore, further research is needed
to decipher the signaling mechanisms of glutamine in regulating cancer
progression.
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