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Depletion of gamma-glutamylcyclotransferase in cancer
cells induces autophagy followed by cellular senescence

Keiko Taniguchi'*, Kengo Matsumura®”, Hiromi lit, Susumu Kageyama?®, Eishi Ashihara?, Tokuhiro Chano®,
Akihiro Kawauchi?, Tatsuhiro Yoshiki**, Susumu Nakata®

Departments of 1Clinical Oncology, 2Clinical and Translational Physiology, Kyoto Pharmaceutical University,
Misasagi-Nakauchicho 5, Yamashina-ku, Kyoto 607-8414, Japan; 3Department of Clinical Pharmacology and
Therapeutics, Kyoto University Hospital, Shogoin-kawaharacho 54, Sakyoku, Kyoto 606-8507, Japan; Depart-
ments of “Urology, ®Clinical Laboratory Medicine, Shiga University of Medical Science, Tsukinowa-cho, Seta, Otsu,
Shiga 520-2192, Japan. "Equal contributors.

Received December 15, 2017; Accepted March 16, 2018; Epub April 1, 2018; Published April 15, 2018

Abstract: Gamma-glutamylcyclotransferase (GGCT) was originally identified as a protein highly expressed in bladder
cancer tissues by proteomic analysis, and its higher expression in a variety of cancers compared to normal tissues
have been shown. Depletion of GGCT in various cancer cells results in antiproliferative effects both in vitro and in
vivo; thus it is considered a promising therapeutic target. Although it has been shown that knockdown of GGCT
induces cellular senescence and non-apoptotic cell death, associated with upregulation of cyclin-dependent kinase
inhibitors (CDKIs) including p21"AF%/¢1 the cellular events that follow GGCT depletion are not fully understood. Here,
we show that GGCT depletion induced autophagy in MCF7 breast and PC3 prostate cancer cells. Conversely, over-
expression of GGCT in NIH3T3 fibroblast under conditions of serum deprivation inhibited autophagy and increased
proliferation. Simultaneous knockdown of autophagy related-protein 5, a critical effector of autophagy, along with
GGCT in MCF7 and PC3 cells led to significant attenuation of the multiple cellular responses, including upregula-
tion of CDKIs, increased numbers of senescence-associated B-galactosidase positive senescent cells, and growth
inhibition. Furthermore, we show that autophagy-promoting signaling cascades including activation of the AMPK-
ULK1 pathway and/or inactivation of the mTORC2-Akt pathway were triggered in GGCT-depleted cells. These results
indicate that autophagy plays an important role in the growth inhibition of cancer cells caused by GGCT depletion.

Keywords: Gamma-glutamylcyclotransferase, autophagy, cyclin-dependent kinase inhibitor, p21%A*/¢P1 cellular
senescence, AMPK, ULK1, ATG5, mTORC, Akt

Introduction proliferation in various types of cancer cell [5].
Furthermore, the anti-tumor effects of GGCT
knockdown have been demonstrated in tumor-

bearing mouse models using regional injection

Chromosome 7 open reading frame 24 was
originally identified as a highly expressed pro-

tein in bladder cancer tissues by proteome
analysis [1, 2]; and later characterized as gam-
ma-glutamylcyclotransferase (GGCT) [3]. GGCT
levels in various cancer tissues are higher than
in noncancerous tissues. A previous study
involving a large cohort reported that 72% of
colon cancers, 58% of uterine cervical cancers,
46% of breast cancers, and 38% of lung can-
cers show higher expression of GGCT protein
than normal tissue, and that higher expression
of GGCT protein correlates with a poor progno-
sis in patients with breast cancer [4]. In vitro
depletion of GGCT by RNA interference inhibits

[6] and systemic administration [7] of siRNAs
targeting GGCT.

In a previous study, we reported that in vitro
knockdown of GGCT induces cellular senes-
cence in multiple cell lines, due to cell type-
dependent upregulation of cyclin-dependent
kinase inhibitors (CDKIs) such as p21WAF/CP1
(p21) and/or p16™*4a (p16) [8]. Upregulation of
CDKls including p21 and p16 that cause cell
cycle arrest, also mediates cellular senescence
[9], which is characterized as a permanent limi-
tation of cell division; this affects both normal
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cells and cancer cells [10]. However, the mech-
anism by which depletion of GGCT inhibits can-
cer cell growth and induces senescence is
unclear.

Autophagy is a self-degradation system that
maintains normal cellular homeostasis; it is
induced in response to environmental signals
such as nutrient deprivation, hormones and
microbial pathogens [11]. While autophagy is
basically a cytoprotective phenomenon, an
imbalance in cellular metabolism may cause
excessive autophagic activation and induce
cell death [12]. The so-called autophagy-asso-
ciated cell death is one mechanism of non-
apoptotic cell death [13]. Autophagy related-
protein 5 (Atg5) is an indispensable constituent
of autophagosomes and plays an essential role
in autophagy. Atgl2 is activated via El-like
enzyme Atg7 and is covalently bound to Atg5 by
E2-like enzyme Atg10, resulting in complex for-
mation with Atg16L1. The protein complex
exerts function as an E3-like enzyme for the
next conjugation system, including microtu-
bule-associated protein 1A/1B-light chain 3
(LC3) [14]. Under starvation conditions, Atgb-
deficient neonatal mice lacking functional
autophagy survive for much shorter periods
than wild-type mice [15].

Unc-51 like autophagy activating kinase 1
(ULK1) is essential for initiation of autophagy.
Once AMP-activated protein kinase (AMPK) is
activated by phosphorylation at Thrl72, the
p-AMPK phosphorylates ULK1 directly to
induce autophagy in response to cellular nutri-
tional deficiency [16]. ULK1 harbors several
phosphorylation sites, which are phosphorylat-
ed by each respective signal cascade and
mediate different functions [17]. For example,
activated AMPK directly phosphorylates ULK1
at Ser777 and Ser317 in response to glucose
starvation, thereby initiating autophagy [18].
Under nutrient-rich conditions, ULK1 is phos-
phorylated at Ser757 by mTORC4, which inhib-
its ULK1 activation by AMPK [18]. Also, amino
acids starvation activates AMPK, which induc-
es autophagy by phosphorylating ULK1 at
Ser555 [19]. In addition, activated AMPK phos-
phorylates Raptor, which is a component of
mTORC1, thereby inhibiting mTORC1 signaling
[20]. Another mTOR complex, mTORC2, increas-
es phosphorylation of Akt [21]. The activated
Akt phosphorylates Beclinl (Atg6), and the
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resulting complex, which comprises Beclinl,
14-3-3 proteins, and intermediate filaments,
inhibits autophagy [22].

Here, we show that depleting GGCT induces
autophagy in MCF7 breast and PC3 prostate
cancer cells. Conversely, overexpression of
GGCT in NIH3T3 fibroblasts inhibits autophagy
and increases proliferation under conditions of
serum deprivation. We also demonstrate that
simultaneous knockdown of Atgb and GGCT in
MCF7 and PC3 cells attenuates cellular events
caused by GGCT depletion alone, including
upregulation of CDKI, cellular senescence, and
growth inhibition. Moreover, we show that GGCT
depletion triggers the autophagy-promoting sig-
naling cascades including activation of the
AMPK-ULK1 signaling pathway and/or inactiva-
tion of the mTORC2-Akt pathway in a cell type-
dependent manner.

Materials and methods
Cell culture

The MCF7, PC3, DU-145, and MDA-MB-231
cells were obtained from RIKEN BRC and cul-
tured in DMEM supplemented with 10% FBS
(HyClone, South Logan, UT) and 1% penicillin
and streptomycin. The mouse embryonic fibro-
blast NIH3T3 cell line was purchased from
American Type Culture Collection (Rockville,
MD) and GGCT was overexpressed using the
pCX4bsr vector as described in [2]. Control
NIH3T3 cells transfected with empty vector or a
GGCT expression vector were seeded in 6 cm
dishes. The next day, the medium was chang-
ed for DMEM containing 2% or 10% FBS. All
cells were maintained at 37°C in 5% CO,
atmosphere.

Antibodies

Antibodies specific for the following proteins
were purchased: mouse monoclonal antibodies
against LC3 (M186-3, MBL, Nagoya, Japan),
p21 (556430, BD Biosciences, NJ), GGCT
(6-1E, Cosmo Bio, Tokyo, Japan), Atgb (M153-3,
MBL), GAPDH (016-25523, Wako Pure Chemical
Industries, Osaka, Japan), B-actin (013-24553,
Wako), B-tubulin (T4026, Sigma-Aldrich, St.
Louis, MO); and rabbit monoclonal antibodies
against p16 (ab51243, Abcam, Cambridge,
MA), phospho-AMPKa (Thrl72, #2535, Cell
Signaling Technology, Danvers, MA), phospho-
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ULK1 Serb555 and Ser757 (#5869 and #6888,
CST), phospho-70 kDa ribosomal protein S6
kinase (p70S6K) (Thr389, #9205, CST), phos-
pho-rapamycin insensitive companion of mTOR
(Rictor) (Thr1135, #3806, CST), phospho-Akt
(Serd73, #4060, CST), and the respective non-
phosphorylated forms (#5832, #8054, #9476
and #4691, CST). Horse anti-mouse IgG-HRP
conjugates were purchased from Vector
Laboratories (PI-2000, Burlingame, CA). The
HRP-linked goat anti-rabbit IgG was purchased
from CST (#7074).

Western blot analysis

Cells were lysed with lysis buffer (50 mM Tris-
HCI, 150 mM NacCl, 1% NP-40, 0.5% deoxycho-
late-Na, and 0.1% SDS) supplemented with a
protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan) and PhosSTOP EASYpack (Roche
Diagnostic, Indianapolis, IN). The protein con-
centration was measured using the BCA protein
assay (Bio-Rad, Hercules, CA), according to the
manufacturer’s protocol. Aliquots containing
20 ug of protein were separated by SDS-PAGE
and transferred to PVDF membranes (Millipore,
Billerica, MA). After blocking with 3% fat-free
dry milk in PBS with 0.05% Tween-20 (PBST), or
PVDF Blocking Reagent for Can Get Signal
(TOYOBO, Osaka, Japan), the membranes were
incubated with appropriate primary and sec-
ondary antibodies diluted in 3% BSA in PBST, or
Can Get Signal Immunoreaction Enhancer
Solution (TOYOBO). When using antibodies
against phosphorylated proteins, membranes
were blocked with Blocking one-P (Nacalai
Tesque), and then incubated with primary and
secondary antibodies diluted in TBS with 0.05%
Tween-20. Proteins were visualized using Clarity
or Super Western ECL Substrate (Bio-Rad).
Chemiluminescence was detected by the
ChemiDoc XRS Plus system (Bio-Rad).

Transfection of siRNA targeting GGCT, Atg5

Transient transfection was performed with
Lipofectamine RNAi MAX (Invitrogen, Waltham,
MA), according to the manufacturer’s protocol.
Synthesized siRNAs were purchased from RNAi
Co., Tokyo, or from Gene Design Inc., Osaka,
Japan. The sequences of siRNA targeting GGCT
or non-targeting described in [8] were used.
The following Atgb siRNA sequence was used:
5-CGAAUUCCAACUUGCUUUA-3’ (Atgb). All siR-
NAs were transfected at a concentration of 10
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nM. For the double knockdown experiments,
20 nM non-targeting siRNA was transfected as
a control.

Detection of autophagy

Five x 10* MCF7 or PC3 cells were seeded in
6-well plates, and on next day transfected with
siRNAs as described above. At 4 days post-
transfection, cells were stained with CYTO-ID
Green detection reagent and Hoechst 33342,
using the CYTO-ID Autophagy Detection Kit
(Enzo Life Science, Farmingdale, NY), according
to the manufacturer’s protocol. After treatment
with 10 uM of chloroquine for 18 hours, images
were obtained using an Eclipse Ti confocal
microscope (Nikon, Tokyo, Japan).

Cell cycle analysis

Two x 10° NIH3T3 cells stably transfected with
empty vector or a GGCT expression vector were
seeded in 6 cm dishes. The next day, the medi-
um was changed for DMEM containing 2% FBS.
At 3 days after seeding, the cells were washed
with PBS and fixed for 1 hour at -20°C in 70%
ethanol, and stained with propidium iodide (20
pg/ml) in the presence of RNase A (200 ug/
ml). DNA content was analyzed using BD
LSRFortessa X-20 cytometer (BD Bioscience).
MCF7 cells were seeded in 6-well plates and
transfected with GGCT, Atgb, or non-targeting
siRNA. The cells were then washed with PBS
and fixed overnight at -20°C in 70% ethanol,
and stained with propidium iodide as described
above. DNA content was analyzed using a
FACSCalibur cytometer (BD Bioscience). At
least 10,000 cells were analyzed per sample.

Assessment of cell proliferation

MCF7 and PC3 cells were transfected with the
indicated siRNAs 1 day after seeding, and via-
bility was assessed using the standard trypan
blue dye exclusion method (0.4% trypan blue
solution) (Wako). The viability of NIH3T3 cells
was assessed using the cell count reagent SF
kit (Nacalai Tesque). Relative OD values were
obtained based on absorbance at 450 nm on
Day O (set as 1).

Staining of senescence-associated
B-galactosidase

Cells were seeded in 6-well plates, and trans-
fected with siRNAs as described above. At 4
days post-transfection, cells were stained with
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Figure 1. GGCT depletion induces autophagy. A: Western blot analysis of LC3,
GGCT, Atg5 and GAPDH in MCF7 and PC3 cells at 4 days post-transfection with
siRNA targeting GGCT and Atgb, or with a non-target control siRNA. GAPDH is
shown as a loading control. B: Representative images of autophagosomes in

GGCT siRNA
+ Atg5 siRNA

induced by GGCT knock-
down, we investigated the
LC3-Il protein levels in MCF7
breast cancer cells and PC3
prostate cancer cells trans-
fected with GGCT-targeting
siRNA or non-target siRNA.
+ We found that GGCT knock-
+ down increased the levels of
the LC3-II (Figure 1A). This
increase was attenuated by
simultaneous knockdown of
Atgb, which is a critical medi-
ator of autophagy induction
(Figure 1A). These results
indicate that the conversion
into LC3-Il occurs via Atgb-
mediated autophagic activi-
ty. We also confirmed that
autophagosomes were for-
med in MCF7 and PC3 cells
upon GGCT knockdown, and
that formation of autophago-
somes could be abrogated
by co-transfection with anti-
Atgb siRNA (Figure 1B), in
parallel with a positive con-
trol using a well-established
autophagy inducer rapamy-

MCF7 and PC3 cells stained by CYTO-ID Autophagy Detection Kit. Cells were cin (Supplementary Figure

stained 4 days after transfection with the indicated siRNAs. Scale bar, 20 ym. 1)

SA-B-Gal using a senescence kit (OZ Bioscien-
ce, San Diego, CA), according to the manufac-
turer’s protocol. Cells were incubated overnight
at 37°C with staining solution and SA-B-Gal
positive cells were counted. For each evalua-
tion, more than 400 cells were counted in at
least 12 random fields.

Statistical analysis

All data were obtained from at least three
independent experiments and results were
expressed as the mean + S.D. Data were com-
pared using a two-tailed Student’s t-test and
p-values < 0.05 were deemed significant.
Statistical analysis was performed using Excel
software.

Results

Knockdown of GGCT induces autophagy in
MCF7 and PC3 cancer cells

When autophagy is induced, LC3-I is converted
to LC3-11 [23]. To examine whether autophagy is
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Overexpression of GGCT prevents autophagy
and promotes proliferation under conditions of
serum deprivation in NIH3T3 cells

We next overexpressed GGCT in the cancer
cells to address whether GGCT levels affect
induction of autophagy. However, no evident
phenotype was observed, suggesting that func-
tions of GGCT would be saturated in various
cancer cell lines expressing GGCT abundantly.
We therefore prepared GGCT-overexpressing
NIH3T3 fibroblasts and examined the effect
on proliferation and autophagy under serum-
deprived conditions, since it was shown that
serum deprivation induces autophagy in cul-
tured cells [23]. Western blot analysis con-
firmed successful overexpression of GGCT
(Figure 2A). The condition with serum depriva-
tion led to a significant increase in LC3-1l levels
in the control NIH3T3 cells (Figure 2B), indicat-
ing induction of autophagy. We found that over-
expression of GGCT led to a marked decrease
in the induction of LC3-ll under the serum-
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Figure 2. Overexpression of GGCT suppresses autophagy and promotes proliferation. (A) Western blot analysis of
GGCT-overexpressing cells. (B) Western blot analyses of LC3 in control and GGCT-overexpressing NIH3T3 cells cul-
tured in (-) 10% or (+) 2% serum-containing medium. (C) Growth curves of control and GGCT-overexpressing (OE)
NIH3T3 cells cultured in 2% serum-containing medium. (D and E) Cell cycle analysis of control and GGCT-overex-
pressing NIH3T3 cells in DMEM supplemented with 2% FBS. Representative histograms (D) and quantified distribu-

tion (E) are shown. (*P < 0.05, **P < 0.01).

deprived condition (Figure 2B). Moreover, over-
expression of GGCT rescued suppressed NIH-
3T3 cell proliferation (Figure 2C) and promoted
cell cycle progression (Figure 2D and 2E) under
conditions of serum deprivation. These results
clearly illustrate the autophagy-regulating and
the proliferation-promoting functions of GGCT,
which are consistent with our findings that
knockdown of GGCT induces autophagy (Figure
1) and suppresses cell proliferation [8].

Blocking autophagy attenuates GGCT deple-
tion-mediated CDKI upregulation and cell cycle
arrest

A previous study reported that expression of
p21 and/or p16 in various types of cancer cell
are upregulated upon GGCT knockdown; in par-
ticular, both p21 and p16 are upregulated in
MCF7 and PC3 cells [8]. We found that simulta-
neous knockdown of Atgb together with GGCT
in the cells attenuated upregulation of both
p21 and pl16 (Figure 3A). These results suggest
that upregulation of these CDKIs in cancer cells
requires Atgb-mediated autophagy induction.
Also, depletion of GGCT from MCF7 cells induc-
es GO/G1 phasecellcyclearrestina p21-depen-
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dent manner [8]. Consistent with this, we found
that depleting Atgb significantly reduced GO/
G1 phase population increased by GGCT knock-
down, indicating significance of p21 induction
via autophagy for responses to GGCT depletion

(Figure 3B).

Blocking autophagy rescues the cell growth
inhibition caused by GGCT knockdown

Given that the induction of autophagy plays
an important role in upregulating CDKIs and
inducing cell cycle arrest in GGCT-depleted
cells, we hypothesized that blocking autophagy
would rescue the growth inhibition mediated by
GGCT knockdown. Indeed, simultaneous knock-
down of Atgb and GGCT partially, but signifi-
cantly rescued proliferation of MCF7 and PC3
cell lines (Figure 4). These results indicate that
antiproliferative effect by depleting GGCT is, at
least in part, mediated through induction of

autophagy.

Blocking autophagy inhibits cellular senes-
cence induced by GGCT knockdown

Several recent reports demonstrated the func-
tion of autophagy as a novel effector mecha-
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Figure 3. Inhibition of autophagy attenuates upregulation of CDKI and cell cycle arrest caused by GGCT knockdown.
(A) Western blot analysis of p21, p16, GGCT, Atgb, and GAPDH expression in MCF7 and PC3 cells at 4 days post-
transfection with siRNA targeting GGCT or with a non-target control siRNA. (B and C) Cell cycle phases in MCF7 cells
were analyzed by flow cytometry at 4 days post-transfection with the indicated siRNAs. Representative histograms
(B) and quantified distribution are shown (C).
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Figure 4. Blockade of autophagy attenuates cell growth inhibition caused by
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655

Gal, a specific marker of se-
nescent cells [29]. When we
blocked autophagy by simul-
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AMPK-ULK1  phosphoryla-
tion in GGCT-depleted MCF7
cells. We also found that the
amount of p-ULK1 Ser757,
which is phosphorylated by
mTORC1, decreased upon
GGCT depletion in MCF7
cells (Figure 6A) and MDA-
MB-231 cells (Supplementa-
ry Figure 2). Phosphorylation
of p7rOS6K, one of the ma-
jor downstream targets of
mTORC1 [31], significantly

PC3 decreased in both GGCT-

ok

n depleted MCF7 and PC3
cells (Figure 6A). These re-
sults suggest that GGCT
knockdown also suppresses
the mTORC1-mediated sig-
naling pathway. We further

cell: total cell ratios are shown. (*P < 0.05, **P < 0.01).

taneously depleting Atgb and GGCT, the flat
and enlarged morphologic changes were less
clear and the number of SA-B-Gal-positive
senescent cells was significantly lower than
that in a population of cells lacking GGCT alone
(Figure 5A and 5B). These results indicate that
autophagy is required for subsequent induction
of cellular senescence in GGCT-depleted MCF7
and PC3 cells.

Depleting GGCT activates the AMPK-ULK1
pathway and leads to inactivation of the
mTORC2-Akt in cancer cells

Next, we analyzed signaling pathways that reg-
ulate autophagy in the GGCT-depleted cells.
AMPK phosphorylates and activates ULK1,
which is an essential factor for autophagy [16,
18-20, 30]. We found that phosphorylation of
AMPKa Thrl172 and ULK1 Ser555 in PC3 cells
were markedly increased by GGCT knockdown
(Figure 6A). We also confirmed those changes

in DU-145 cells (Supplementary Figure 2).
However, we observed no significant change in
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analyzed phosphorylation of
+ + proteins within the mTORC2-
Akt signaling pathway. The
amount of p-Rictor Thr1135,
which inhibits mTORC2 func-
tion mediating phosphoryla-
tion of Akt at Ser473 [21],
increased upon GGCT deple-
tion in MCF7 cells (Figure
6B). Consistent with this, we
confirmed that expression of p-Akt Serd73,
which inhibits autophagy along with Beclinl
[22], was decreased upon GGCT knockdown in
both MCF7 and PC3 cells (Figure 6B). Taken
together, these changes in phosphorylation
status of signal mediators in response to GGCT
knockdown are consistent with the observa-
tions that GGCT-depletion induces autophagy
(Figure 7).

- +

Discussion

It has been reported that depletion of GGCT
inhibits proliferation via CDKIs induction and
subsequent cellular senescence in a variety of
cancer cells [8], however, the mechanisms
underlying the responses are not fully under-
stood. Here, we first demonstrate that deplet-
ing GGCT in MCF7 and PC3 cancer cells induc-
es autophagy. Our results show that blockade
of autophagy by knocking down Atgb attenu-
ates GGCT depletion-mediated upregulation of
CDKls, indicating a regulatory role for autopha-
gy. Simultaneous knockdown of Atg5 attenuat-
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Figure 6. Depletion of GGCT activates AMPK-ULK1 pathway and/or leads to inactivation of the mTORC2-Akt in can-
cer cells. A: Western blot analyses of mediators of the AMPK-ULK1 signaling pathway (p-AMPKa Thrl172, AMPKa,
p-ULK1 Ser555, and ULK1) and downstream components of the mTORC1 pathway (p-ULK1 Ser757 and p-p70S6K
Thr389) in MCF7 and PC3 cells 4 days post-transfection with siRNA targeting GGCT or with a non-target control
siRNA. GAPDH and B-tubulin are shown as loading controls. B: Western blot analyses of p-Rictor Thr1135, Rictor,
p-Akt Ser473, Akt, GAPDH and B-tubulin in MCF7 and PC3 cells 4 days post-transfection with the indicated siRNAs

are shown.
GGCT knockdown
I mTORC2  mTORC1} p-AMPK 1
lser757 p D Ser555 1
J p-AKT
AutophagyT
CDKI 1

— Induction
— Inhibition

Figure 7. Graphical summary of the signaling cascades involved in the au-
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tophagy induction upon GGCT depletion is shown.

ed upregulation of both p21 and pl6 after
GGCT depletion. In PC3 cells, silencing Atgb did
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not weaken the upregulation
of p21 but did also reduce
p16. The concurrent knock-
down of Atgb and GGCT in
both cell lines, however, at-
tenuated cellular senesce-
nce and cell growth inhibi-
tion (Figure 5) induced by
GGCT depletion. These find-
ings indicate that inductions
of pl6 and/or p21 were
shown as an indispensable
factor for cellular responses
(including growth inhibition
and cellular senescence) to
GGCT depletion in cancer
cells, although the cellular
events following depletion of
GGCT do not deeply depend
on p21 upregulation in PC3
cells [8].

Given that the inhibiting
autophagy by depleting Atgb
attenuates cellular senes-
cence induced by GGCT

knockdown (Figure 5), it is conceivable that
autophagy plays a role as an effector mecha-
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nism also for inducing senescence in response
to GGCT depletion. Indeed, an emerging body
of evidence suggests a link between autophagy
and senescence; in particular, a regulatory role
for autophagy in inducing senescence. For
instance, a study based on a human fibroblast
model revealed that oncogene-induced and oxi-
dative stress-induced senescence could be
inhibited by blocking autophagy [24, 25], there-
by highlighting a role for autophagy as an
upstream regulator of cellular senescence
induction. Anticancer drugs such as doxorubi-
cin and camptothecin induce both autophagy
and senescence, and blockade of autophagy in
MCF7 and HCT116 cells reduces or delays
induction of senescence [26]. In addition, a
naturally occurring chemical compound, pseu-
dolaric acid B, induces autophagy-dependent
senescence in murine fibrosarcoma cells and
MCF7 cells by inhibiting the Akt-mTOR pathway
[27]. Li et al. recently reported that the treat-
ment of melanoma cells harboring BRAFV600E
mutation with a BRAF inhibitor, encorafenib
(LGX818), blocked both the mTOR-p70S6K pa-
thway and induction of the autophagy-depen-
dent cellular senescence [28]. Taken together,
these findings highlight the regulatory role for
autophagy in senescence induction in response
to therapeutic interventions against cancer
cells. Our results presented herein imply that
putative molecular mechanisms, as yet to be
elucidated, underlying inhibition of CDKI-up-
regulation via autophagy blockade might be
involved in autophagy-dependent senescence.

GGCT is an enzyme that plays a role in amino
acid metabolism by catalyzing reactions to gen-
erate 5-oxoproline and free amino acids from
gamma-glutamyl peptide in the gamma-glu-
tamyl cycle [3]. It has been reported that a
shortage of amino acids induces autophagy via
AMPK activation [19], whereas sufficient amino
acids activate mTORC1, which inhibits ULK1
[32]. Therefore, the mechanism underlying
autophagy induction by GGCT knockdown may
be explained by aberrant amino acid homeosta-
sis. The experiments conducted herein based
on overexpression demonstrated that GGCT
has an autophagy-regulating function. Serum
deprivation suppressed proliferation of NIH3T3
cells (data not shown) and induced autophagy
(Figure 2B). In fact, augmenting GGCT function
inhibited autophagy and promoted proliferation
of serum-deprived NIH3T3 cells. These results
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suggest that enhanced GGCT function might
compensate for a metabolic stress, possibly
amino acid insufficiency, caused by serum
insufficiency. However, particular amino acids
responsible for the resulting phenotypes
remain to be revealed probably by a metabolo-
mic approach.

Although autophagy is a cellular survival
response induced by starvation, knockdown of
Atgh attenuated cell growth inhibition caused
by GGCT depletion (Figure 4). These results
indicate that autophagy exerts, at least in part,
an inhibitory effect on proliferation of GGCT-
depleted cancer cells. Excessive induction of
autophagy is one mechanism of non-apoptotic
cell death; presumably, sustained autophagy
induced by metabolic stress leads to cell death
when the turnover of protein and organelles
overwhelm the capacity to synthetic them [13].
In addition, this mode of cell death, so-called
autophagic cell death, occurs in cancer cells
treated with some anticancer agents or drug
candidates [33-37].

We found that when autophagy was induced in
PC3 and DU-145 cells by GGCT depletion, lev-
els of p-AMPKa Thr172 and p-ULK1 Ser555
increased significantly (Figure 6A), suggesting
accompanying activation of the AMPK-ULK1
signaling pathway. In MCF7 and MDA-MB-231
cells, however, subtle change in phosphoryla-
tion levels at these sites on AMPKa and ULK1
were observed; rather GGCT depletion reduced
p-ULK1 Ser757 (Figure 6A), an inactivated form
[18]. Concordantly, GGCT depletion from both
MCF7 and PC3 cells reduced the phosphoryla-
tion of p70S6K (Figure 6A), a major down-
stream factor of mMTORC1 signaling [31]. These
results suggest that the mTORC1 signaling is
suppressed in GGCT-depleted cells, likely
resulting in reversing inhibition of ULK1 and
induction of autophagy. In addition, phosphory-
lated Rictor inhibits the mTORC2-Akt axis [21],
which inhibits autophagy by promoting forma-
tion of a protein complex comprising Beclind,
14-3-3, and intermediate filaments [22]. Based
on our results showing that GGCT knockdown
increases p-Rictor and reduced p-Akt (Figure
6B), inactivation of the mTORC2-Akt axis by
increased p-Rictor may explain induction of
autophagy in GGCT-depleted MCF7 cells. These
findings support that GGCT depletion induces
metabolic stress leading to modify various sig-
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naling pathways to promote autophagy (Figure
7).

Accumulating evidence demonstrates that can-
cer cell growth requires upregulation of GGCT.
Our results support a novel strategy for cancer
treatment based on inhibiting GGCT function.
Indeed, some specific GGCT inhibitors have
been studied and a lead compound developed
[38, 39]. Currently, however, there is no GGCT
inhibitor that can be used in a clinical setting.
Thus, substantial improvement in the efficacy
of potential GGCT inhibitors is needed.

In summary, we provide evidence showing that
GGCT knockdown induces autophagy in cancer
cells, and the cellular responses to GGCT deple-
tion including CDKI upregulation followed by
induction of cellular senescence, and conse-
quent growth inhibition are, at least in part,
mediated by induction of autophagy. Consis-
tently, GGCT depletion triggers the signaling
pathways, which facilitate autophagy, including
activation of AMPK-ULK1 axis and/or inactiva-
tion of the mTORC2-Akt pathway, depending on
the cellular context. This study sheds new light
on our understanding of mechanisms involving
autophagy underlying the inhibitory effects of
GGCT depletion on cancer cell growth.
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Supplementary Figure 1. A positive control for detection of autophagosomes. Representative images of MCF7 cells
treated with an autophagy inducer Rapamycin (500 nM for 18 hours) are shown. Scale bar, 20 um.
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Supplementary Figure 2. Western blot analyses of mediators of the AMPK-ULK1 signaling pathway (p-AMPKa
Thr172, AMPKa, p-ULK1 Ser555, and ULK1) and downstream components of the mTORC1 pathway p-ULK1 Ser757
in DU-145 prostate cancer and MDA-MB-231 breast cancer cells 6 days post-transfection with siRNA targeting GGCT
or with a non-target control siRNA. GAPDH are shown as loading controls.



