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Growing evidence has demonstrated that autophagy plays important and paradoxical roles in carcinogenesis,
while senescence is considered to be a crucial tumor-suppressor mechanism in cancer prevention and treatment. In the
present study we demonstrated that both autophagy and senescence were induced in response to penta-1,2,3,4,6-O-
galloyl-B-D-glucose (PGG), a chemopreventive polyphonolic compound, in multiple types of cancer cells. Analysis of
these 2 events over the experimental time course indicated that autophagy and senescence occurred in parallel early in
the process and dissociated later. The long-term culture study suggested that a subpopulation of senescent cells may
have the capacity to reenter the cell cycle. Inhibition of autophagy by either a chemical inhibitor or RNA interference led
to a significant reduction of PGG-induced senescence, followed by induction of apoptosis. These results suggested that
autophagy promoted senescence induction by PGG and that PGG might exert its anticancer activity through autophagy-
mediated senescence. For the first time, these findings uncovered the relationships among autophagy, senescence, and
apoptosis induced by PGG. In addition, we identified that unfolded protein response signaling played a pivotal role in the
autophagy-mediated senescence phenotype. Furthermore, our data showed that activation of MAPK8/9/10 (mitogen-
activated protein kinase 8/9/10/c-Jun N-terminal kinases) was an essential upstream signal for PGG-induced autophagy.
Finally, the key in vitro results were validated in vivo in a xenograft mouse model of human HepG2 liver cancer. Our
findings provided novel insights into understanding the mechanisms and functions of PGG-induced autophagy and
senescence in human cancer cells.

Introduction
of carcinogenesis. Several studies have shown that autophagy

Autophagy is the process by which cells break down their functions as tumor suppressor.?” In contrast, several other studies
own long-lived proteins and damaged components, such as argue that autophagy could support tumor progression and
mitochondria.! Growing evidence has demonstrated that survival.®” Because of its contradictory functions, the current
autophagy plays important and paradoxical roles in the regulation  autophagy literature is often viewed as confusing. Therefore,
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further studies are clearly needed to better understand the
functional role of autophagy in carcinogenesis.

Cellular senescence is an irreversible growth arrest. This
phenomenon was first observed more than 50 years ago by
Hayflick and Moorhead" as a special growth-arrest program
that prevents normal fibroblasts from unrestricted proliferation
and limits the life span of the cells in culture. This permanent
growth-arrested state is referred to as replicative senescence in
response to replicative aging. Recent evidence suggests that
cellular senescence can also occur in cancer cells in response
to stimuli such as chemopreventive agents or therapeutic
drugs.!"® This response, now termed as senescence-like growth
arrest (also known as premature senescence, stress-induced
premature senescence, or accelerated senescence). Recent studies
demonstrate that a small subpopulation of senescent cancer
cells might be able to reenter the cell cycle."*"> Transformed or
cancer cells possess unlimited mitotic division potential while
senescence is characterized to be a permanent form of cell cycle
arrest. Therefore, senescence-modulation is thought to be a very
effective approach in preventing proliferation of cancer cells and
a crucial tumor-suppressor mechanism in cancer prevention and

treatment.'®"

Penta-1,2,3,4,6-O-galloyl-B-D-glucose (PGG) is a naturally
occurring gallotannin polyphenolic compound found in Oriental
herbs such as Rhus chinensis Mill and Paeonia suffruticosa.'®
Previous studies show that PGG is effective against various
types of cancer both in vitro and in vivo, suggesting its potential
usefulness as a novel chemopreventive agent.”* Our recent study
has demonstrated that cellular features of both autophagy and
senescence were induced in response to PGG in multiple types
of cancer cells.?* In the present study, we further investigated
the crosstalk among these PGG-induced phenotypes and
signal transduction mechanisms. We demonstrated here that
autophagy-mediated activation of the unfolded protein response
(UPR) contributed to PGG-induced senescence. Furthermore,
these biological processes induced by PGG in vitro were indeed
observed in vivo. These findings not only uncovered the
relationships between PGG-induced autophagy and senescence,
but also provided a novel insight into understanding the
mechanisms involved in autophagy-mediated senescence.

Results

Both autophagy and the senescent phenotype were induced
in response to PGG exposure in HepG2, MCF-7, and A549 cells

Our previous study showed that PGG induces autophagy
in PC-3 human prostate cancer cells.”” We asked if autophagy-
induction by PGG also occurred in other types of human cancer
cells. HepG2 human liver cancer cells, MCF-7 human breast
cancer cells and A549 human lung cancer cells were treated with
PGG at concentrations of 25 to 75 M for 24 h and then a cleaved
and lipidated form of LC3, LC3-I1, an autophagic marker, was
analyzed by western blotting. As shown in Figure 1A, treatment
with PGG at concentrations of 25 to 75 wM led to a significant
increase of LC3-1I level in HepG2 (left), MCF-7 (middle), and
A549 (right) cells. LC3 lipidation by PGG was further verified
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by immunofluorescence staining to analyze distribution patterns
of LC3. As shown in Figure 1B, a diffuse localization of LC3
fluorescence was observed in control cells whereas a punctate
pattern of LC3 fluorescence was detected in PGG-treated cells.
Quantitative analysis of LC3-puncta-positive cells for the time-
course experiment showed that the number of cells with LC3
puncta in PGG-treated cells was significantly increased compared
with the untreated control at 24 h and reached a peak at 48 h
and it then gradually diminished (Fig. 1C). We next measured
autophagic flux to determine whether the elevated levels of LC3
cleavage and lipidation induced by PGG were due to increased
formation of autophagosomes or to decreased degradation. As
shown in Figure 1D, treatment with bafilomycin A, an inhibitor
of autophagosome degradation, was expected to increase
accumulation of LC3-II, whereas PGG treatment significantly
increased LC3-II levels either in the presence or absence of
bafilomycin A, suggesting that the increase of autophagosome
formation contributed to PGG-induced autophagy. This notion
was further supported by the evidence that PGG treatment led to
a dose-dependent decrease of SQSTM1 (formerly also known as
p62), the best-known mammalian autophagy-specific substrate”
(Fig. 1E).

To determine whether autophagy induction by PGG is
accompanied by a senescent phenotype in these cancer cells,
we employed the senescence-associated 3-galactosidase (SA-B-
gal) staining to detect acidic B-galactosidase (B-gal) activity
at pH 6, a known characteristic of senescent cells not found in
presenescent, quiescent, or immortal cells. As shown in Figure 1F
and G, as well as Figure S1A and S1B, PGG treatment (25 pM,
24 h treatment) significantly increased the percentage of -gal-
positive cells in HepG2 (Fig. 1F and G), MCF-7, and A549
cells (Fig. S1A and S1B). Time-course analysis demonstrated
that senescence induction by PGG reached a peak at 5 d and
decreased thereafter (Fig. 1G) accompanied by a significantly
increased apoptosis (data not shown). The cell cycle distribution
analysis revealed that a progressive increase in the percentage of
S-phase cells over time was observed in HepG2 (Fig. 1H), MCF-
7, and A549 cells (Fig. S1C). Further BrdU incorporation assays
showed that treatment with PGG caused a strong inhibition
of DNA synthesis (Fig. SID). Together, these data suggested
that a persistent S-phase cell cycle arrest was induced in the
PGG-treated cells. To further confirm PGG-induced senescent
phenotype, we next measured the changes of senescence-
associated secretory phenotype (SASP) key component IL6
using real-time PCR and an ELISA kit. As shown in Figure 11
and J, treatment with PGG caused a significant increased level
of both /L6 mRNA and its secretory protein In line with the
above changes, the typical morphological features of senescence
such as an enlarged and flattened morphology with an increase
of cytoplasmic vacuoles were observed in PGG-treated cells (data
not shown). Consistent with the biochemical change, SASP and
the typical morphological features of senescence, the majority of
PGG-treated cells irreversibly lost their proliferative capacity after
withdrawal of the treatment (Fig. S1E). Together, these results
strongly supported that PGG was capable of inducing autophagy
as well as a senescence-like phenotype in the cell lines tested.
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Figure 1 (See opposite page). PGG induces autophagy and senescence in HepG2, MCF-7, and A549 human cancer cells. (A) PGG caused a concentra-
tion-dependent increase of LC3-I to LC3-Il conversion analyzed by western blotting in HepG2 (left), MCF-7 (middle), and A549 cells (right). (B) A punctate
distribution of LC3 induced by PGG and detected by immunofluorescence staining. (C) Quantitative analysis of LC3-punctate cells for time-course
experiments in PGG-treated and untreated cells. (D) Increase of autophagosome formation was involved in PGG-induced autophagy in HepG2 cells.
The cells were treated with 25 M PGG for 24 h in the presence or absence of 50 nM bafilomycin A (added 2 h before cells harvest) and then LC3 was
analyzed by western blotting. (E) PGG caused a concentration-dependent decrease of SQSTM1 analyzed by western blotting in HepG2 cells. (F and
G) PGG-induced senescence-like phenotype in HepG2 cells. The cells were treated with 25 WM PGG for 24 h and SA-B-gal activity was measured with
senescence-associated B-galactosidase staining. The stained cells were viewed and photographed under an inverted microscope (F); Time-course
analysis of B-gal-positive cells (G). (H) Cell cycle distribution induced by PGG. HepG2 cells were treated with PGG for the indicated times and cell cycle
was analyzed by flow cytometry (the data are representative of 3 experiments). (I and J) PGG stimulated IL6 secretion in HepG2 cells. The cells were
treated with 25 uM PGG for the indicated times and the levels of /L6 mRNA and its secreted gene product were measured by Real-time PCR and an ELISA

Kit respectively. **P < 0.01.

Induction of autophagy contributed to PGG-induced
senescent phenotype

To determine if autophagy plays a role in the PGG-induced
senescent phenotype, we first tested effects of autophagy
inhibition by its inhibitor 3-MA on the PGG-induced senescent
phenotype in HepG2, MCEF-7, and A549 cells. The cells were
treated with 25 pM PGG in the presence or absence of 3-MA
for 24 h and then senescent phenotype was assessed using
senescence-associated [-galactosidase staining. As shown in
Figure 2A-C and Figure S2A and S2B, under the conditions in
which autophagy was blocked by its inhibitor, the percentage of
B-gal-positive cells induced by PGG was significantly decreased
in HepG2 (Fig. 2B and C), MCF-7, and A549 cells (Fig. S2A
and S2B) in comparison with PGG treatment without 3-MA
(P < 0.01). Consistent with the reduction of B-gal-positive cells,
PGG-induced /L6 mRNA was also significantly decreased in the
presence of 3-MA (Fig. 2D). After the 48 h treatment, however,
a dramatically increased apoptosis measured by ANXAS staining
was observed in PGG and/or 3-MA treated cells compared with
PGG treatment alone in HepG2 (Fig. 2E), MCF-7, and A549
cells (Fig. S2C) and no significant changes of apoptosis were
detected at 24 h (Fig. 2E; Fig. S2C) or 12 h (data not shown)
by either PGG treatment alone or in combination with 3-MA.
We next used a genetic approach to further validate the role of
autophagy in the PGG-induced senescent phenotype. As shown in
Figure 2F, ATGS5, an essential gene for autophagy,?® was silenced
by RNA interference. Under this condition, the percentage of
B-gal-positive cells induced by PGG was significantly decreased
in HepG2 cells (Fig. 2G, 24 h), followed by an increased PARP1
cleavage (Fig. 2F, 48 h). We also assessed effects of autophagy

inhibition on cycle distribution induced by PGG. As shown in
Figure 2H, under the condition in which autophagy was inhibited
by knocking down A7GS5, the percentage of cells in S phase
decreased, whereas the number of cells in G,/M phase increased,
indicating that partial S-phase-arrested cells by PGG moved into
G,/M phase. To critically determine the role of autophagy in the
regulation of senescence induction by PGG, we further measured
senescence induction by PGG in a system where apoptosis was
suppressed. As shown in Figure 2I, simultaneous transfection
of HepG2 cells with ATG5si and CASP3si led to a significant
inhibition of ATG5 and CASP3 expression (Fig. 2I), and apoptosis
induction by PGG was significantly suppressed (Fig. 2J). Under
such conditions, a significant reduction of B-gal-positive cells
induced by PGG was observed (Fig. 2K). Taken together, these
results clearly indicated that autophagy induction was involved
in the regulation of senescence and apoptosis induced by PGG.

PGG induced activation of the UPR

Our recent study has shown that stimulation of autophagosome
formation could trigger activation of the UPR.?” We then asked
if the UPR was induced in response to PGG. HepG2 cells were
treated with various concentrations of PGG for 24 h, and then
the changes of endoplasmic reticulum (ER) stress markers
after PGG treatment were analyzed by western blotting. As
shown in Figure 3A, PGG treatment significantly increased
protein abundance of ER chaperone HSPAS5 as well as the
phosphorylation levels of ER resident kinase EIF2AK3 and ERNI1
in a concentration-dependent manner in HepG2 cells. In line
with EIF2AK3 and ERNI activation, phosphorylation of EIF2S1
and expression of ATF4, DDIT3, and XBP1s were significantly
induced in response to PGG treatment. Furthermore, similar

Figure 2 (See next page). Autophagy is required for the senescent phenotype induced by PGG. (A) Effects of autophagy inhibitor 3-MA on PGG-
induced autophagy in HepG2 cells. (B) Effects of autophagy inhibition by 3-MA on PGG-induced senescence phenotype (SA-B-gal activity) in HepG2
cells. The cells were treated with PGG in the presence or absence of 3-MA for 24 h and senescence phenotype was measured by senescence-associated
B-galactosidase staining. (C) Quantitative analysis of B-gal-positive cells induced by PGG in the presence or absence of 3-MA. (D) Effects of autophagy
inhibition by 3-MA on /L6 mRNA induction by PGG analyzed by real-time PCR. (E) Effects of autophagy inhibition by 3-MA on PGG-induced apoptosis.
The cells were treated with PGG in the presence or absence of 3-MA for the indicated times and apoptosis was analyzed by ANXA5 staining. (F and
G) Effects of autophagy inhibition by knockdown of ATG5 on PGG-induced senescence phenotype and apoptosis. The cells were transfected with 50
nmol/L of ATG5 siRNA using siPORT™ NeoFX™ Transfection Agent. After 24 h transfection, the cells were treated with 25 wM PGG for 24 or 48 h. ATG5,
LC3-Ito LC3-ll conversion and PARP1 cleavage were analyzed using western blotting (F) and senescence phenotype was measured by senescence-asso-
ciated B-galactosidase staining (G). (n = 3, **P < 0.01). (H) Effects of autophagy inhibition by knocking down ATG5 on cell cycle distribution induced by
PGG. The cells were transfected with 50 nmol/L of ATG5 siRNA using siPORT™ NeoFX™ Transfection Agent. After 24 h transfection, the cells were treated
with 25 wM PGG for 24 h and cell cycle was assessed by flow cytometry. (1-K) Effects of autophagy inhibition by knocking down ATG5 on senescence
induction by PGG in a system where apoptosis was suppressed by knocking down CASP3. HepG2 cells were simultaneously transfected with 50 nmol/L
of ATG5 siRNA and 60 nmol/L of CASP3 siRNA (I). After 24 h transfection, the cells were treated with 25 M PGG for 48 h, and then cell death and senes-
cence phenotype (SA-B-gal activity) were measured by a Cell Death ELISA Kit (J) and senescence-associated 3-galactosidase staining (K) respectively
(n=3,**P<0.01).
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Figure 2. For figure legend, see page 299.
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Figure 3. PGG induces the unfolded protein response (UPR) in HepG2, MCF-7, and A549 human cancer cells. The cells were treated with various concen-
trations of PGG for 24 h and ER stress associated markers were analyzed by western blotting. (A) HepG2 cells. (B) MCF-7 cells. (C) A549 cells.

changes of these ER stress markers were also observed in MCE-7
(Fig. 3B) and A549 (Fig. 3C) cell lines. These results clearly
indicated that PGG treatment led to activation of the UPR in all
cell lines tested.

Induction of autophagy contributed to PGG-induced
activation of the UPR

To determine the relationship between autophagosome
formation and UPR activation, we first performed a time

www.landesbioscience.com

kinetic study assessing dynamic changes of key parameters
of autophagy and ER stress. As shown in Figure 4A, PGG
treatment caused a rapid LC3 cleavage and lipidation and a
significantly increased LC3-II level was detected as eatly as
after 6 h of PGG treatment, whereas the increase of ERN1 and
EIF2S1 phosphorylation was observed at 12 h of the treatment.
No cleavage of PARP1 was found during this time frame. These
time-course results indicated that PGG induced autophagy
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Figure 4. For figure legend, see page 303, top

preceding ER stress, which preceded apoptosis. To critically test
the role of autophagosome formation in PGG-induced UPR
activation, we next employed an RNA interference approach to
assess effect of inhibition of autophagosome formation on UPR
activation by PGG. As shown in Figure 4B, knockdown of
ATG5 led to a significant attenuation of PGG-induced ERN1
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and EIF2S1 phosphorylation. Similar results were also observed
when autophagosome formation was blocked by a chemical
inhibitor 3-MA (Fig. 4C). These results further supported that
autophagy occurred upstream of UPR activation. However,
inhibition of ERNI by either RNAi (Fig. 4D) or a chemical
inhibitor 3-ethoxy-5,6-dibromosalicylaldehyde®® (Fig. 4E) led
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Figure 4 (See opposite page). Induction of autophagy contributed to PGG-induced activation of the UPR. (A) Time-course analysis of key parameters
of autophagy and ER stress induced by PGG in HepG2 cells. The cells were treated with PGG for the indicated time and then LC3 and phosphorylation
of ERN1 and EIF2S1 were assessed by western blotting. (B) Effects of autophagy inhibition by ATG5 knockdown on PGG-induced UPR. The cells were
transfected ATG5 siRNA using siPORT™ NeoFX™ Transfection Agent. After 24 h transfection, the cells were treated with 25 M PGG for 24 h and ERN1
and EIF2S1 phosphorylation were assessed by western blotting. (C) Effects of autophagy inhibition by its inhibitor on PGG-induced UPR. The cells were
treated with 25 WM PGG in the presence or absence of 3-MA for 24 h and ER markers were assessed by western blotting. (D) Effects of ERNT knockdown
on PGG-induced autophagy. The cells were transfected ERNT siRNA using siPORT™ NeoFX™ Transfection Agent. After 24 h transfection, the cells were
treated with 25 wM PGG for 24 h and ERN1 and LC3 were assessed by western blotting. (E) Effects of ERN1 inhibitor on PGG-induced autophagy. The cells

were treated with PGG in the presence or absence of 3-ethoxy-5,6-dibromosalicylaldehyde for 24 h and LC3 was assessed by western blotting.

to a decrease of PGG-induced LC3-I to LC3-II conversion,
suggesting that a positive feedback loop might exist between ER
stress and autophagy induced by PGG.

Both the ERNI and EIF2AK3 arms of UPR signaling
pathways were involved in the PGG-induced senescent
phenotype

To investigate the role of UPR signaling pathways in the PGG-
induced senescent phenotype, we first evaluated inhibition of the
UPR by RNA interference on PGG-induced senescent markers.
As shown in Figure 5A and B, when the UPR was inhibited
by either knockdown of ERNI or EIF2AK3, the population of
B-gal-positive cells induced by PGG was significantly decreased
(60.72% + 3.76 in PGG and nontargeting siRNA-treated cells vs.
25.55% + 1.95 in PGG and ERNI siRNA-treated cellsand 39.96%
+ 2.75 in PGG and EIF2AK3-siRNA treated cells, P < 0.01).
Following the senescence suppression, a dramatically increased
apoptosis was induced when the treatment was extended over 48 h
(Fig. 5C). We next used a chemical inhibitor to inactivate ERN1
to further validate the role of the UPR in PGG-induced senescent
phenotype. HepG2, MCEF-7, and A549 cells were treated with
25 M PGG in the presence or absence of the inhibitor for 24 h
and then (-gal activity was examined by senescence-associated
B-galactosidase staining. As shown in Figure 5D, a decrease in
B-gal-positive cell numbers, followed by an increase in apoptotic
cell numbers in response to PGG was observed in the presence
of the inhibitor compared with the absence of the inhibitor
(Fig. 5E). Together, these results indicated that activation of
both ERNI and EIF2AK3 contributed to autophagy-mediated
senescence by PGG.

MAPKS8/9/10 activation lied upstream of PGG-induced
autophagy

It has been shown that ER stress can induce autophagy
via MAPKS8/9/10 activation.’"** We asked if MAPKS8/9/10
played a role in the feedback loop between PGG-induced
ER stress and autophagy. We first analyzed MAPK8/9/10
(phosphorylation) activation in response to PGG in HepG2
cells. As shown in Figure 6A, treatment with PGG induced
a concentration dependent increase of MAPKS8/9/10
phosphorylation. We next tested effect of ER stress inhibition

on PGG-induced MAPKS8/9/10 phosphorylation. As shown
in Figure 6B, under the condition that ERNI was silenced
by RNAIi, phosphorylation of MAPKS8/9/10 was further
enhanced compared with PGG and control siRNA treatment.
Similar results were also found when EIF2AK3 was
inhibited by RNAi (Fig. 6C). These results suggested that
MAPKS8/9/10 activation was unlikely lying downstream of
ERNI1 or EIF2AK3 activation. We then further examined
the effect of MAPK8/9/10 inactivation on PGG-induced
autophagy and ER stress to determine if MAPK8/9/10
activation was signaling upstream. As shown in Figure 6D-F,
MAPK8/9/10 inactivation by its inhibitor led to a near
abolishment of PGG-induced LC3-I/LC3-II conversion, ERN1-
EIF2S1 phosphorylation and 3-gal-positive staining, followed by
a dramatic increase of PGG-induced apoptosis (Fig. 6G). The
results indicated that MAPK8/9/10 activation lied upstream of
PGG-induced autophagy.

PGG induced autophagy and senescence in vivo

Lastly, the above in vitro findings were validated in vivo in
a xenograft mouse model of human HepG2 liver cancer.
PGG was given after one week inoculation of cancer cells
by ip injection for 16 days and then the tumors were
harvested for western blot analysis of proteins of interest and
senescence-associated {3-galactosidase staining. As shown in
Figure 7A, treatment with PGG resulted in a significant reduction
of tumor weight without affecting body weight obviously.
Moreover, dramatically enhanced LC3-I/LC3-II conversion
and ERNI or EIF2S1 phosphorylation were detected in the
tumors of PGG-treated mice in comparison with that found
in the untreated control. Consistent with the changes of these
autophagy and ER stress markers, MAPK8/9/10 was activated
by PGG treatment in the tumors (Fig. 7B). The senescence
assay showed that PGG treatment caused a significant increase
of B-gal-positive cell numbers in the tumors of PGG-treated
mice (Fig. 7C. P < 0.05, compared with the untreated control).
Together, these data suggested that treacment with PGG indeed
caused autophagy and senescence in vivo, which were possibly
associated with activation of MAPK8/9/10 and ER stress
signaling pathways.

Figure 5 (See next page. Both the ERN1 and EIF2AK3 arms of UPR signaling pathways are involved in the PGG-induced senescent phenotype. (A and
B) Effects of ERNT or EIF2AK3 knockdown on PGG-induced senescence phenotype. HepG2 cells were transfected ERNT or EIF2AK3 siRNA using siPORT™
NeoFX™ Transfection Agent. Twenty four h after transfection, the cells were treated with 25 .M PGG for 24 h and the senescence phenotype was
measured by senescence-associated -galactosidase staining. The stained cells were viewed and photographed under an inverted microscope (A);
Quantitative analysis of B-gal-positive cells (B). (C) Effects of ERNT or EIF2AK3 knockdown on PGG-induced apoptosis analyzed by ANXAS5 staining after
a 48 h treatment. (D) Effects of ERN1 inhibitor on the PGG-induced senescence phenotype. The cells were treated with PGG in the presence or absence
of 3-ethoxy-5,6-dibromosalicylaldehyde for 24 h and the senescent phenotype was measured by senescence-associated B-galactosidase staining.
(E) Effects of ERN1 inhibitor on PGG-induced apoptosis analyzed by ANXAS5 staining after 24 and 48 h treatment.
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Figure 6. MAPK8/9/10 activation lies upstream of PGG-induced autophagy-dependent senescence in HepG2 cells. (A) PGG induced a concentration-
dependent MAPK8/9/10 phosphorylation (activation) analyzed by western blotting. (B and C) Effects of ERNT or EIF2AK3 knockdown on PGG-induced
MAPK8/9/10 phosphorylation. The cells were transfected with ERNT (B) or EIF2AK3 (C) siRNA using siPORT™ NeoFX™ Transfection Agent. After 24 h trans-
fection, the cells were treated with 25 wM PGG for 24 h and MAPK8/9/10 phosphorylation was assessed by western blotting. (D) Effects of MAPK8/9/10
inactivation by its inhibitor on PGG-induced autophagy and UPR. The cells were treated with 25 uM PGG in the presence or absence of SP600125 for 24
h. LC3 and phosphorylation of ERN1 and EIF2S1 were analyzed by western blotting. (E and F) Effects of MAPK8/9/10 inactivation by its inhibitor on the
PGG-induced senescence phenotype. The cells were treated with PGG in the presence or absence of SP600125 for 24 h and the senescence phenotype
was measured by senescence-associated (-galactosidase staining. (G) Effects of MAPK8/9/10 inactivation by its inhibitor on PGG-induced apoptosis.
The cells were treated with PGG in the presence or absence of SP600125 for 48 h and apoptosis was assessed by ANXA5 staining.
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Discussion

The implication of autophagy in carcinogenesis still remains
controversial. Autophagy functions either as prooncogenic
or antioncogenic signaling. Our current study demonstrated
that autophagy was induced by PGG, followed by senescence
induction not only in vitro, but also in vivo. Moreover, we
identified autophagy as an important mechanism to promote
PGG-induced senescence phenotype in all 3 cell lines tested.
Given the important role of senescence in tumor suppression,
our findings supported that PGG-induced autophagy might

306 Autophagy

act as a tumor suppressor mechanism through induction of
senescence.

Autophagy and senescence are 2 important cellular processes
that have been shown to play critical role in regulation of
carcinogenesis. Recently, a number of studies have shown that
autophagy and senescence were closely related and autophagy can
promote senescence induction.”* In the current study, we found
that both autophagy and senescence were induced in response
to PGG treatment. Inhibition of autophagy by either chemical
inhibitor or genetic approach led to a significant decrease of
PGG-induced senescence, followed by an increased induction of
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Figure 8. Potential signaling pathways involved in PGG-induced auto-
phagy and senescence in human cancer cells. PGG induced autophagy-
dependent senescence through UPR (ERN1 and EIF2AK3) activation.
MAPK8/9/10 activation was an essential upstream signal to trigger
autophagy.

apoptosis. We further revealed that the reduction of senescence
by autophagy inhibition was not due to apoptosis induction.
These data indicated that autophagy facilitated the senescence
phenotype in response to PGG, which is in agreement with the
previous studies showing that inhibition of autophagy can reduce
and/or delay the senescence response by therapeutic drugs.>***
The time-course analysis indicated that autophagy was rapidly
induced with a peak at 48 h after PGG exposure and it then
gradually diminished, whereas senescence induction by PGG
reached a peak at 5 d and decreased thereafter accompanied
by a significant increase in apoptosis, suggesting these 2 events
occurred in parallel only at the early stage of senescence and then
autophagy was progressively inactivated in the senescent cells. The
possible reasons for the decreased percentage of senescent cells
over time (after 6 d) include senescent cells undergoing apoptosis,
nonsenescent cell proliferation, and senescent cells reentering
proliferation. This was supported by significant apoptosis, which
was detected starting from 6 d (data not shown), and a certain
amount of nonsenescent cells that were observed in the PGG-
treated cell population during the time-course analysis. Having
found the involvement of autophagy in PGG-induced senescence,
we next questioned how autophagy promoted senescence. Our
previous study has shown that induction of autophagy can
activate the UPR in response to a chemopreventive agent ursolic
acid,” we then hypothesized that the UPR could be activated
by PGG which might mediate the link between the senescence
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and autophagy induced by PGG. Our data demonstrated that
PGG treatment led to an increased protein abundance of ER
chaperone HSPAS and activation of ER resident kinase EIF2AK3
and ERNI in all 3 cell lines tested. Inhibition of autophagy
by either RNA interference or a chemical inhibitor resulted in
a significant attenuation of these UPR signals. Furthermore,
inhibition of EIF2AK3 or ERNI activation by both genetic and
chemical approaches caused a dramatic decrease of PGG-induced
senescent cell populations. Together, these data strongly indicated
that autophagy-mediated UPR signaling played a critical role
in the PGG-induced senescence of cancer cells, supporting our
hypothesis. Our current study established a critical role of UPR
signaling in the autophagy-mediated senescence phenotype.
The detailed mechanisms involved in UPR modulation of the
autophagy-mediated senescence phenotype clearly need to be
further investigated.

The role of MAPKS8/9/10 pathway in autophagy has been
well established in a number of models, including ER stress,*
serum deprivation,® and insulin-like growth factor-1 exposure,’
possibly through regulation of several autophagic genes, such as
ATG5" ATG72 SQSTM1, and DRAM.* In the present study,
we found that MAPK8/9/10 was activated in response to PGG
and inhibition of MAPKS8/9/10 activation significantly prevented
autophagy induction by PGG. Consistent with autophagy
inhibition by MAPK8/9/10 inactivation, the downstream
events including ER stress and senescence were dramatically
attenuated, whereas apoptosis was significantly increased when
MAPKS8/9/10 activation was blocked by its inhibitor. Together,
these results suggested that MAPKS8/9/10 activation played
an apical role in PGG-induced autophagy and its downstream
events. Initially, we hypothesized that MAPK8/9/10 activation
was due to induction of the UPR based, on the literature.’"?
Therefore we tested effect of ER stress inhibition on PGG-
induced MAPKS8/9/10 activation. Unexpectedly, knockdown
of ERNI or EIF2AK3 resulted in an enhanced MAPK8/9/10
activation (phosphorylation), suggesting that ER stress is
unlikely the mediator of MAPK8/9/10 activation. Our current
study established a critical role of MAPK8/9/10 signaling in
PGG-induced autophagy, the detailed mechanisms involved in
MAPKS8/9/10-mediated autophagy in response to PGG exposure
are being investigated.

Finally, we translated our cell culture results into an animal
model. The key markers of autophagy and senescence were
observed in the animal study. Moreover, the signaling pathways
have been implicated in PGG-induced autophagy-dependent
senescence in vitro including MAPK8/9/10, ERN1, and EIF2S1
were indeed activated in the tumors of PGG-treated mice. These
results indicated that the findings of the cell culture study
were well consistent with those found in the animal study. Our
findings provided the first evidence that PGG was capable of
inducing autophagy and senescence in vivo.

In summary (Fig. 8), PGG induced autophagy-dependent
senescence through UPR activation. MAPK8/9/10 activation was
an essential upstream signal to trigger autophagy. Our findings
provided novel insights into understanding the mechanisms and
functions of PGG-induced autophagy and senescence.
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Materials and Methods

Chemicals and reagents

PGG was prepared by a protocol refined and scaled up by
Lu lab® through acidic methanolysis of tannic acid (Fischer
Chemical, batch A310-500) and purification. The chemical
identity and purity were established by proton NMR, specific
rotation, and high-performance liquid chromatography (HPLC).
The typical purity is 99% or higher.

3-methyladenine (3-MA) (M9281), bafilomycin A  (B1793),
5-Bromo-2'-deoxyuridine (BrdU) (B5002) and 3-ethoxy-5,6-
dibromosalicylaldehyde (DBS) (SML0149) were purchased from
Sigma-Aldrich. Antibody for BrdU (11903800) was purchased
from Roche. Antibodies specific for phospho-EIF2S1 (3597),
phospho-MAPK8/9/10 (4668), HSPAS (3177), DDIT3 (2895),
ACTB (4970), CASP3 (9665) and cleaved poly (ADP-ribose)
polymerase (PARP1; p89) (9548) were purchased from Cell
Signaling Technology. Antibodies for phospho-EIF2AK3 (SC-
35277) and ATF4 (SC-22800) were purchased from Santa Cruz
Biotecnology. The antibody for phospho-ERN1 (ab124945)
was purchased from Abcam. The antibody for XBP1s (647502)
was purchased from Biolegend. Antibodies for LC3 (PM036)
and ATG5 (M153-3) were purchased from MBL International
Corporation. The MAPK8/9/10 inhibitor SP600125 (420119)
were purchased from Calbiochem. Human IL6 Quantikine HS
ELISA Kit (HS600B) was purchased from R&D. RNeasy Mini
Kit (74104) and QuantiFast Probe RT-PCR Kit (204443) were
purchased from Qiagen. The High Capacity ¢cDNA Reverse
Transcription Kit (4368814) was purchased from Invitrogen.

Cell culture and treatments

HepG2, MCF-7, and A549 cell lines were obtained from
the American Type Culture Collection. The cells were grown
in Dulbecco’s Modification of Eagle’s Medium (HyClone,
SH30022.01B) supplemented with 10% fetal bovine serum
without antibiotics. At 24 to 48 h after plating when cells were
at 50% to 60% confluence, the medium was changed before
staring the treatment with PGG and/or other agents.

Cell proliferative capacity assay

For the evaluation of the proliferative capacity of PGG-treated
cells, HepG2 cells were treated with 25 uM PGG for 48 h and
then trypsinized, counted, and sparsely seeded into six-well plate
at 1 x 10% cells/well with fresh complete medium. The cells were
continually cultured for 2, 4, 6, 8, 10, 12, 14, and 16 d with
the medium change every 2 d. The cell number was counted by
hemocytometer.

Assessment of senescence-associated [3-galactosidase (SA-3-
gal) activity

SA-B-gal activity at pH 6.0 was cytochemically detected
according to the manufacturer’s instructions (Cell Signaling
Technology, 9860). In brief, after the treatment, the cells were
fixed with the fixative solution and stained with the staining
solution provided with the kit. The stained cells were viewed
and photographed under microscope. Total cell numbers and
SA-B-gal-positive cell numbers were counted randomly for 5 to
10 fields per slide/well. SA-B-gal-positive cells were calculated as
the percentage of positive cells per area.
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DNA synthesis measurement by BrdU labeling

HepG2 cells were treated with 25 pM PGG for 24, 48, and
72 h. After the treatment, fresh media with 1uM BrdU was given
to the cells for 1 h. The cells were collected, fixed, and processed
for binding with a primary anti-BrdU monoclonal antibody
(Roche, 11903800) and a secondary FITC-conjugated antibody
(Sigma, F2883). Finally, the cells were stained with propidium
iodide (MP Biomedicals, 195458) for flow cytometry analyses.

Reverse transcription-PCR

Total RNA was extracted at 12 h and 24 h after PGG
treatment using an RNeasy Mini kit (Qiagen, 74104) and was
used for reverse transcription according to the manufacturer’s
instruction. The primers used for PCR analysis were synthesized
by Sangon Biotech. The sequences of the primers were as
follows: for 726, 5 AAAGAGGCAC TGGCAGAAAA 3’
(forward) and 5" TTTCACCAGG CAAGTCTCCT 3’
(reverse), for glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH), 5" CAGCCTCAAG ATCATCAG CA 3’ (forward)
and 5" GTCTTCTGGG TGGCAGTGAT 3’ (reverse). The
quantification of real-time PCR products was performed
using QuantiFast Probe RT-PCR Kit (Qiagen, 204443). The
housekeeping gene GAPDH was used as internal control for
RNA integrity and loading normalization.

Quantitative determination of human IL6 secretion

HepG2 cells were treated with 25 wM PGG for 24 h and
conditioned medium was collected at various time points.
Secretory IL6 was measured using an ELISA kit (R&D, HS600B)
according to the manufacturer’s protocol.

Apoptosis evaluation

Apoptosis was assessed by 3 methods. The first was
ANXAS5 staining (MBL International Corporation, BV-K101-
3) of externalized phosphatidylserine. The second method was
conducted with a Cell Death ELISA kit (Roche, 11544675001) to
detect cytoplasmic histone-associated-DNA-fragments purchased
from Roche Diagnostics. The third one was immunoblot analysis
of PARP1 cleavage.

Autophagy detection

Autophagy induction was determined by 2 methods. The first
method was western blotting for conversion of the microtubule-
associated protein 1 light chain 3 (LC3) -I to LC3-II. The second
one was immunofluorescence staining for LC3 localization as
reported previously.

Western blotting

The cell lysate was prepared in ice-cold radioimmuno-
precipitation assay buffer. Cell lysate proteins were resolved
by electrophoresis and transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, IPVH00010). The blot was
then probed with a primary antibody followed by incubation
with the appropriate
secondary antibodies. The signal was visualized by enhanced
chemiluminescence (Fisher/Pierce, 34080) and recorded on an
X-ray film (Estman Kodak Company, XBT-1).

RNA interference

siRNAs targeting ERNI(sc-40705), EIF2AK3 (sc-36213),
and CASP3 (sc-29237) were purchased from Santa Cruz
Biotechnologies. siRNAs targeting A7G5 and nontargeting

horseradish  peroxidase-conjugated
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siRNAs were synthesized by Integrated DNA Technologies.
The cells were transfected with 50 nmol/L of specific or non-
targeting siRNA using siPORT™ NeoFX™ Transfection Agent
(Life Technologies, AM4510) for 24 h and then were used for
subsequent experiments.

Animal study

To establish the cancer xenograft, 2 x 10° HepG2 cells were
mixed with Matrigel (50%) (Becton Dickinson, 354234) and
injected subcutaneous (s.c.) into the right flank of 7- to 8-wk-old
BALB/c athymic nude mice (Charles River Laboratories). PGG
was given daily by i.p. injection (20 mg/kg body weight) starting
7 d after s.c. inoculation of cancer cells for 16 d. This dose was
chosen based on our earlier work with DU145 prostate cancer
xenografts.”” After the treatment, the tumors were harvested and
the markers of autophagy, senescence, and ER stress were analyzed
by western blotting or senescence-associated [3-galactosidase
staining.

Statistical analysis

Data are presented as mean + SD. These data were analyzed
with ANOVA with appropriate post-hoc comparisons among
means. P < 0.05 was considered statistically significant.
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