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Abstract

Modulation of autophagy has been increasingly regarded as a promising cancer therapeutic
approach. In this study, we screened several ginsenosides extracted from Panax ginsengand
identified ginsenoside Ro (Ro) as a novel autophagy inhibitor. Ro blocked the
autophagosome-lysosome fusion process by raising lysosomal pH and attenuating lysosomal
cathepsin activity, resulting in the accumulation of the autophagosome marker
MAP1LC3B/LC3B and SQSTM1/p62 (sequestosome 1) in various esophageal cancer cell lines.
More detailed studies demonstrated that Ro activated ESR2 (estrogen receptor 2), which led to
the activation of NCF1/p47°"°* (neutrophil cytosolic factor 1), a subunit of NADPH oxidase,
and subsequent reactive oxygen species (ROS) production. Treatment with sSiRNAs or inhibitors
of the ESR2-NCF1-ROS axis, such as N-acetyl-L-cysteine (NAC), diphenyleneiodonium
chloride (DPI), apocynin. (ACN), Tiron, and Fulvestrant apparently decreased Ro-induced
LC3B-I1l, GFP-LC3B puncta, and SQSTML, indicating that ROS instigates autophagic flux
inhibition triggered by Ro. More importantly, suppression of autophagy by Ro sensitized
5-fluorouracil (5-Fu)-induced cell death in chemoresistant esophageal cancer cells. 5-Fu induced
prosurvival autophagy, and by inhibiting such autophagy, siRNAs against BECN1/Beclin 1,
ATG5, ATG7, and LC3B enhanced 5-Fu-induced autophagy-associated and
apoptosis-independent cell death. We observed that Ro potentiates 5-Fu cytotoxicity via delaying

CHEKTI (checkpoint kinase 1) degradation and downregulating DNA replication process,
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resulting in the delayed DNA repair and the accumulation of DNA damage. In summary, these
data suggest that Ro is a novel autophagy inhibitor and could function as a potent anticancer

agent in combination therapy to overcome chemoresistance.
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Introduction

Esophageal cancer is relatively common and one of the leading causes of cancer-related deaths
worldwide.! The high mortality rate is attributed to a low rate of diagnosis at the early stage, a
tendency to relapse, and drug resistance. Although the use of surgical resection and definitive
chemotherapy as a single-modality treatment is initially effective, chemotherapy with cisplatin
and 5-fluorouracil (5-Fu) results in poor long-term survival associated with high rates of
recurrence and drug resistance.”® Considerable efforts have been made to identify novel and
reliable biomarkers for early diagnosis, more effective combination chemotherapy strategies, and
possible mechanisms of chemoresistance.*® A recent study indicates that autophagy is a survival
mechanism that promotes chemoresistance and that.regulators selectively inhibiting autophagy

have the potential to improve chemotherapeutic regimes in esophageal cancer cells.’

Autophagy is an evolutionarily conserved survival response to growth-limiting conditions,
in which cytosolic proteins or damaged organelles are sequestered, degraded, and released for
recycling.®*° Autophagy is generally initiated by the coordination of several autophagy-related
proteins to form double-membrane vacuoles, the autophagosomes. Following fusion of the
autophagosomes with lysosomes to form autolysosomes, the defective organelles, misfolded or
aggregated proteins and certain long-lived proteins are degraded by the activation of lysosomal
hydrolases. There is an increasing understanding that autophagy plays a controversial role in

tumor cell death or cell survival.***? On the one hand, autophagy functions as a suppression
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mechanism for tumor development, and defective autophagy in tumor cells induces aggregation
of toxic proteins and oxidative stress, resulting in genomic instability and ultimately malignant
transformation.*>** On the other hand, once the tumor is formed, autophagy enhances the
survival of cancer cells in metabolic stress such as DNA damage and hypoxia, protects them
from anoikis, and promotes tumor metastasis.>" Autophagy is also involved in the resistance of
cancer cells to chemotherapy.™® Although there are reports demonstrating that.overactivating
autophagy can enhance therapeutic efficacy by triggering autophagy-dependent cell death or
autophagic cell death of cancer cells, currently accumulating evidence suggests that suppression
of autophagy would be a logical approach to overcome resistance and sensitize cancer cells to

chemotherapeutic agents and radiotherapy.***

Natural products are a major source of drugs against a wide variety of diseases, including
cancer and infectious diseases** For instance, ginseng, a traditional medicine, is commonly used
either by itself or in combination with other medicinal ingredients to modulate immune functions
and metabolism;and is widely accepted as complementary and alternative medicine in cancer
therapy.?” Ginsenosides are the pharmacologically active component in ginseng, which are
composed of a dammarane skeleton with various sugar moieties attached at the C-3 and C-20
positions. Several ginsenosides such as ginsenoside Rg3, Rh2, Re, and F2, have been tested in
vitro and in vivo as novel anticancer agents to induce apoptosis and inhibit cell proliferation and

metastasis.?*?* Many molecular mechanisms have been proposed for such anticancer activity,
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including autophagy regulation.?*" Moreover, autophagy contributes to the neuronal protective
effects of ginsenoside Rb1 and compound K.?*?° However, there is currently no evidence
showing a direct connection between autophagy and ginsenoside-induced cell death.

Additionally, the mechanism of autophagy modulation by ginsenosides is unclear.

In this study, we screened novel autophagic regulators from ginsenosides extracted from
Panax ginseng (Renshen, Chinese ginseng). We identified ginsenoside Ro (R0) as a new
autophagy suppressor that inhibited autophagic flux by blocking the fusion process between
autophagosome and lysosome via the ESR2 (estrogen receptor 2)-NCF1-ROS axis. Thus, Ro
enhanced 5-Fu induced DNA damage and sensitized chemoresistant esophageal cancer cells to
5-Fu-mediated cell death. These results suggest that targeting the autophagic pathway represents
a promising new strategy for cancer therapy and screening for novel autophagy modulators from

natural products may be an efficient approach for anticancer drug discovery.

Results

Ro regulates.autophagy in‘human esophageal cancer cells

To identify novel autophagy modulators from ginsenosides, we examined LC3B
(microtubule-associated protein 1 light chain 3 B) levels in ginsenoside-treated ECA-109 human
esophageal cells. Interestingly, several new compounds (ginsenoside Ro, Ral, Rhl, Rd,

20(R)-Rg2, and notoginsenoside Fc) induced LC3B-I1 accumulation (Fig. S1A). Further,
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fluorescence microscopy analyses confirmed their autophagy-modulating effects on ECA-109
cells transiently expressing green fluorescent protein (GFP)-tagged LC3B (Fig. S1B and S1C).
Among all the tested ginsenosides, Ro exhibited preferential activity for inducing an increase in
GFP-LC3B puncta and therefore was selected for further study to elucidate its mechanisms of
action in modulating autophagy (Fig. S1D). Ro increased not only endogenous LC3B-II levels in
a time- and dose-dependent manner in ECA-109 cells (Fig. 1A and 1B), but.also GFP-LC3B
punctation (Fig. 1C). Transmission electron microscopy was used.to observe the accumulation of
autophagic vacuoles in Ro-treated cells, which revealed an increased number of autophagic
vacuoles compared with control cells (Fig. 1D). We also tested.the effect of Ro on other human
esophageal cell lines including EC-9706 and TE-1 cells (Fig. 1E). Consistently, Ro treatment
resulted in a dramatic accumulation of LC3B-II in these cell lines, whereas R1, a negative
control, showed no effect on the level of endogenous LC3B-II. Moreover, exposure to Ro
increased the level of ATG7 (autophagy related 7) in a concentration-dependent manner (Fig.
1F). Knockdown of ATG7 by siRNA suppressed the Ro-mediated increase in LC3B-I11 level

(Fig. 1G). In-addition, Ro did-not induce accumulation of LC3B-II in atg7-knockout, mouse
embryonic fibroblast (atg7 '~ MEF) cells, whereas it functioned as a potent autophagy regulator
in the wild-type (WT) counterparts (WT MEF) (Fig. 1H). This further suggested an essential role

of ATG7 in Ro-mediated autophagy modulation.

Ro inhibits autophagic flux
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To distinguish whether the increase in GFP-LC3B puncta or LC3B-II level was due to
increased autophagosome generation or rather a blockage in the autophagosome-lysosome fusion
process, we performed an autophagic flux assay by measuring the total cellular amount of
SQSTM1/p62 (sequestosome 1). SQSTML is delivered to the lysosome for degradation and.a
steady-state level of this protein reflects the autophagic status.>*** Immunoblot analysis showed
that Ro induced a remarkable increase in SQSTM1 levels in a time- and dose-dependent manner
(Fig. 2A). Quantitative real time-polymerase chain reaction (PCR) assay was performed to
evaluate the mMRNA level of SQSTML1 after Ro treatment and exclude the possibility that
SQSTM1 accumulation was due to transcriptional activation (Fig. 2A). We also detected the
protein level of SQSTML1 after treatment with other autophagy-inducing ginsenosides and found
that all autophagy-inducing ginsenosides showed effects similar to those of Ro (Fig. S2A),

without affecting SQSTM1 mRNA expression (Fig. S2B).

Chloroquine (CQ);*%:an autophagic inhibitor that significantly increases the amount of
LC3B-1l and SQSTM1, failed to further enhance the accumulation of SQSTM1 and LC3B-II
induced by Ro, indicating that Ro inhibits autophagic flux (Fig. 2B). The autophagic inhibitory
effect of Ro.was confirmed in TE-1 and EC-9706 cells (Fig. 2C). In addition to using autophagic
degradation of SQSTM1, we also used ECA-109 cells transfected with the tandem
fluorescent-tagged LC3B (monomeric red fluorescent protein [MRFP]-GFP-LC3B) plasmid.

GFP and RFP exhibit differing pH sensitivity, wherein GFP is quantitatively quenched in acidic
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compartments while RFP is stable. Therefore this probe capitalizes on the pH difference between
the acidic autolysosome and the neutral autophagosome to monitor flux of LC3B from
autophagosomes (GFP-positive RFP-positive; yellow dots) to autolysosomes (GFP-negative
RFP-positive; red dots).** As shown in Figure 2D, the number of yellow and red puncta
increased in the Earle balanced salt solution (EBSS)-treated cells (positive control), indicating
that autophagy flux had increased. In the presence of Ro, we observed an enhanced formation of
yellow puncta without any significant increase in the number of red puncta, as well as
CQ-treated cells. Moreover, the sizes of autophagosomes in the starved group were significantly
smaller than those in the Ro-treated group. In addition, SQSTM1 was colocalized with GFP and
RFP in the presence of Ro and CQ, indicating that autophagy was arrested at the autophagosome
level (Fig. 2E). Taken together, these results clearly suggest that Ro, similar to CQ, blocks the

fusion between autophagosomes‘and autolysosomes.

Next, we tested whether the autophagic inhibitory effect was reversible. Apparently, the
block between autophagosomes and autolysosomes was not relieved even 6 h after removal of
Ro from the medium;-instead, both LC3B-Il and SQSTML1 continued to accumulate (Fig. 3A).
Similarly, the flux inhibition by CQ through the autophagic pathway was not reversed (Fig. 3B).
Notably, starvation-induced autophagy was completely relieved at 4 h, as numbers of both,
yellow (GFP™ RFP™) and red (GFP~ RFP™) dots were diminished in ECA-109 cells expressing

MRFP-GFP-LC3B after replacing EBSS with normal medium (Fig. 3C). However, the yellow
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puncta still persisted irrespective of the presence of Ro, whereas red puncta were not observed

(Fig. 3C). These data indicate that the effect of Ro on autophagy inhibition is irreversible.

Ro treatment inhibits lysosomal activity

We then explored the mechanism underlying Ro-mediated autophagy arrest. To assess
whether Ro affected autophagosome-lysosome fusion, we examined the colocalization between
LC3B-I1l and LysoTracker Red, a dye specific for live cell lysosomes. As a.positive control,
starvation remarkably increased the accumulation of LC3B-II puncta, which were well
colocalized with LysoTracker Red, suggesting that autolysosome formation progressed normally
during starvation upon autophagy activation.(Fig. 4A). However, such colocalization was

abolished in the presence of Ro or CQ.

Since the autophagic flux depends.on low pH,** we analyzed the lysosomal pH using an
acridine orange (AO) assay. AO is.a fluorescent nucleic acid dye that accumulates in acidic
spaces such as lysosomes. Under the low pH conditions in lysosomes, the dye emits red light
when excited by blue light. Unlike the control and starvation cells, the red fluorescent signal was
greatly reduced in both, CQ- and Ro-treated cells (Fig. 4B). The ratio of fluorescent intensity
from red and green channels in the cytosolic region was also calculated and the data
demonstrated that the reduction of the red fluorescence signal was due to an increase in

lysosomal pH and not a decrease in AO loading.

10
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Next, to examine whether Ro affected lysosomal function, an epidermal growth factor
receptor (EGFR) assay was performed (Fig. 4C). Upon stimulation with epidermal growth factor
(EGF), the EGF-EGFR complex undergoes internalization through clathrin-meditated
endocytosis and is targeted by lysosomes for degradation or recycling.® As shown.in Figure 4C,

Ro and CQ inhibited EGF-triggered EGFR degradation.

Interestingly, analysis of the chimeric protein in ECA-109 cells.expressing GFP-LC3B by
western blot showed that Ro treatment resulted in the accumulation of free GFP fragments,
which was also observed in CQ-treated cells (Fig. 4D).*®However, free GFP fragments were
barely detectable in starved cells where the lysosomal activity was high. These results suggest

that the lysosomal proteolytic activity is impaired in Ro-treated cells.

The processing of cathepsins from the precursor form to its mature form has been used as a
marker for lysosomal activity.*” Next, we investigated the effect of Ro treatment on the
expression and activation of lysosomal CTSB (cathepsin B) and CTSD (cathepsin D). Cathepsins
are synthesized as inactive membrane-associated precursors, the latter of which are further
cleaved to generate an active form within endosomes or lysosomes.*® Western blot assay
demonstrated that Ro dramatically downregulated the mature form and the total protein level of
CSTB and CSTD (Fig. 4E). Additionally, the mRNA expression of CSTB and CSTD were
reduced (Fig. 4F). Finally the enzymatic activity of CTSB and CTSD were measured by

fluorogenic substrate assays. Both, CTSB and CTSD activities were reduced in a time-dependent

11
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manner upon Ro treatment (Fig. 4G). In summary, these observations suggest that Ro inhibits
lysosomal proteolytic activity by altering lysosomal pH and downregulating lysosomal

cathepsins.

5-Fluorouracil induces protective autophagy in esophageal cancer cells

Recent studies have shown that modulation of autophagic flux can sensitize cancer cells to
agents that cause DNA damage.**** Besides, esophageal cancer patients exhibit a higher level of
autophagy.* Therefore, we tested the role of autophagy in 5:Fu-mediated cell death. First, we
examined the cytotoxicity of 5-Fu on ECA-109 and TE-1 cells. 5-Fu treatment caused
dose-dependent cell death with half maximal.inhibitory. concentration (ICso) of 60 pg/ml for
ECA-109 cells and 78 ug/ml for TE-1 cells (Fig. S3A), which was consistent with previous
reports.**> Unexpectedly, these cells were more 5-Fu-resistant than other chemosensitive cells
such as OE19 (ICso = 3.03 pig/ml) and OE33 (ICsp = 1.24 pg/ml),* implying that ECA-109 and
TE-1 cells were 5-Fu-resistant. A recent study showed that 5-Fu-induced cell death in
chemoresistant esophageal cancer cells is apoptosis-independent, and that autophagy exerts a
protective effect.” Therefore, we examined the effect of 5-Fu on autophagy induction. 5-Fu
induced LC3B-11 accumulation and decreased SQSTML protein level in a time- and
dose-dependent manner in ECA-109 cells (Fig. 5A) as well as in TE-1 and EC-9706 cells (Fig.
5B and 5C), indicating that 5-Fu-induced autophagy and increased autophagic flux. Next,

siRNAs targeting autophagy-related genes were used to investigate the role of autophagy in

12
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5-Fu-induced cell death. Suppression of autophagy by knockdown of ATG5, ATG7, LC3B, and
BECNL1 in ECA-109 cells significantly augmented 5-Fu-induced cell death (Fig. 5D), further
suggesting that autophagy may help cancer cells to avoid 5-Fu-induced, exacerbated DNA
toxicity. In addition, inhibition of autophagy by 3-MA (10 mM), a class | phosphoinositide
3-kinase and class I11 phosphatidylinositol 3-kinase (PtdIns3K) inhibitor used widely as a
pharmacological inhibitor in autophagy studies, also reduced 5-Fu-mediated LC3B-11

accumulation and slightly augmented 5-Fu cytotoxicity (Fig. S3B).

Finally, we also tested the effect of other chemotherapeutic agents including cisplatin and
carboplatin, on autophagy. Unlike 5-Fu, neither cisplatin nor carboplatin induced protective
autophagy in esophageal cancer cells (Fig. S3C), which was consistent with a previous report.*’
These results demonstrated a complicated regulatory network including autophagy, which is

utilized by cancer cells to overcome survival stress and achieve drug resistance.

Ro sensitizes 5-Fluorouracil-induced cell death in a caspase-independent manner

Our data suggest that autophagy serves as a prosurvival function in 5-Fu-induced cell death,
whereas Ro interferes in the process of fusion between the autophagosome and lysosome.
Therefore; we tested whether the suppression of autophagic flux by Ro sensitized chemoresistant
cells to 5-Fu-induced cell death. Apparently, Ro raised LC3B-II levels induced by 5-Fu (Fig.

6A) and sensitized both, ECA-109 and TE-1 cells to 5-Fu-induced cell death (Fig. 6B and Fig.

13
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S4A). Similar results were obtained with CQ-treated cells (Fig. S4B and S4C), indicating that
cells with compromised autophagic flux show higher sensitivity to DNA-damaging agent, 5-Fu.
In addition, we examined the autophagy inhibition effect of Ro on cisplatin- and
carboplatin-induced cell death (Fig. S4D). We found that Ro treatment did not enhance the
cytotoxicity of cisplatin or carboplatin, which was consistent with the result that cisplatin and
carboplatin did not induce prosurvival autophagy (Fig. S3C). Indeed, cisplatin induced
protective autophagy in resistance cells and inhibition of autophagy by small molecules such as
CQ could significantly sensitize cisplatin-induced apoptosis.*’ Therefore, targeting autophagy
may be a potential therapeutic strategy in cancer treatment, especially in drug-resistant cancer,

where anticancer agent-induced autophagy exerted a protective function.

We next examined whether apoptosis was induced by the combination of Ro and 5-Fu in
ECA-109 cells by western blot assay. As shown in Figure 6C, cleavage of CASP3 (caspase 3)
was not seen in some of the dying cells treated with Ro and 5-Fu when compared to the positive
control SNX-2112,"a HSPQ0 inhibitor, which induced CASP3 cleavage. Additionally, cleaved
CASP9 (caspase 9)and PARP1 (poly[ADP-ribose] polymerase 1) were not observed after
treatment with 5-Fu and Ro or CQ. Consistently, SNX-2112-induced cleavage of CASP3 was
detected by fluorescence microscopy analysis while signals were not observed in 5-Fu- and Ro-
or CQ-treated cells (Fig. S4E). Interestingly, the conformational change of the F-actin

cytoskeleton induced by SNX-2112 was different from those triggered by 5-Fu and Ro,

14
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suggesting a different mechanism of cell death induced by 5-Fu. Additionally, when the cells
were treated with a general caspase inhibitor (Z-VAD-FMK), no effect was observed on cell
death induced by the combination of Ro and 5-Fu (Fig. 6D). Thus, cell death induced by Ro and
5-Fu seems to be largely a caspase-independent process. Moreover, transmission electron
microscopy revealed that 5-Fu induced the accumulation of autophagosomes; whereas Ro
treatment enhanced the formation of several autophagic vacuoles (Fig. 6E and Fig. S4F),
implying the involvement of autophagy in 5-Fu-induced cell death. Furthermore, we tested
whether autophagic flux inhibition by Ro further enhanced the sensitivity of normal esophageal
cells (HEEC cells) to 5-Fu. We found that treatment with'Ro dose-dependently increased the
protein levels of LC3B-11 and SQSTM1 (Fig. S5A). However, the cytotoxicity of 5-Fu was not
enhanced by Ro in normal cells (Fig. S5B), further suggesting a specific role for Ro in cancer
therapy. Taken together, these results suggest that Ro promotes caspase-independent cell death in

chemoresistant esophageal cancer cells.

Ro renders chemoresistant cells more sensitive to 5-Fu-induced genotoxicity via DNA

damage accumulation

Next, we investigated the correlation between Ro-mediated autophagic flux inhibition and
the enhancement of cell death. Recent studies have demonstrated a protective effect of autophagy
during DNA damage.**° Autophagy participates in regulating the degradation or cytosol quality

control of the main proteins maintaining DNA stability, such as CHEK1 (checkpoint kinase 1).

15
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Timely degradation of CHEKZ1 allows disengagement of DNA repair proteins and cell cycle
progression after DNA repair, whereas persistence of CHEK1 leads to the accumulation of DNA
damage.>>? Therefore, we examined the connection between autophagic flux deficiency and
DNA damage accumulation. Exposure to 5-Fu significantly induced DNA damage, measured as
higher levels of Ser139 phosphorylated H2AFX (H2A histone family member X; yYH2AFX), a
DNA double-strand break (DSB) marker, than in control cells (Fig. 7A). Besides, the enhanced
sensitivity to 5-Fu in Ro-treated cells was associated with increased levels of DNA damage (Fig.

7A).

To determine whether higher levels of DNA DSBs in Ro-treated cells were due to increased
DNA damage or delayed repair, we performed a time-course analysis 48 h post 5-Fu treatment
(Fig. 7B). While yYH2AFX levels gradually decreased in control cells as a result of DNA repair,
the decrease in Ro-treated cells was markedly slow. These results suggest that the higher content
of DNA DSBs in cellstreated with Ro was due for the most part, to inefficient DNA repair.

Next, we analyzed cell cycle progression to determine the effect of Ro treatment on the cell cycle
arrest that normally-allows time for DNA repair. Unexpectedly, we found that a higher
percentage of Ro-treated cells was arrested at G, stage as compared to control or 5-Fu cells (Fig.
7C).*In.agreement with this finding, 5-Fu treatment largely decreased the levels of DNA
damage-mediated phosphorylation of CHEK1 (Ser345) and total CHEK1, one of the

best-characterized gatekeepers of the G,/M phase.>® Although both Ro and CQ alone have little

16
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effect, the levels of phosphorylated (p)-CHEK1 and CHEK1 were significantly higher in the

presence of 5-Fu and Ro or CQ when compared to control or 5-Fu-treated cells (Fig. 7D).

In contrast, CHEK1 autophosphorylation (Ser296) was decreased by treatment with Ro. In
addition, the gradual decrease with time, in levels of p-CHEK1 and CHEKZ1 observed in control
cells after 5-Fu treatment was markedly delayed in Ro-treated cells (Fig. 7E), which was
consistent with the previous reports that CHEK1 underwent lysosomal degradation. These results
suggested that persistence of CHEK1 induced by Ro-mediated-autophagic flux inhibition causes
a delay in DNA repair, the interruption of cell cycle progression and accumulation of DNA
damage. To further elucidate the mechanisms leading to'Ro-mediated increase in DNA damage,
we examined phosphorylation of several upstream kinases of CHEK1, such as ATM, ATR, and
BRCAL. Western blot results showed that Ro treatment increased the activation of ATM, ATR,
and BRCAL (Fig. 7F). Activation of DNA damage-mediated phosphorylation of CHEK2 was
also observed. Therefore;:Ro induced the whole spectrum of the DNA damage response
pathway. Finally, expression of DDIT3 (DNA damage inducible transcript 3), a transcription
factor upregulated in-response to a variety of cellular stress,>* was upregulated in the presence of
Ro and 5-Fuwhen compared with 5-Fu alone, whereas several genes regulating replication
progression, including MCM2, MCM3, MCM5, MCM6, and MCM7 were downregulated in
culture with combinations of 5-Fu and Ro (Fig. 7G). These results indicate that the function of

DNA replication machinery was interrupted. Collectively, these results support that inhibiting

17
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the lysosomal degradation of CHEKZ1 by Ro renders cells more sensitive to 5-Fu-induced cell

death via delayed DNA repair and cell cycle progression, and accumulated DNA damage.

Ro induces intracellular ROS-mediated autophagy inhibition and cell death

To understand the mechanism by which Ro blocks the process of autophagosome and
lysosome fusion and leads to higher DNA damage (Fig. 7) and cell death(Fig. 6), we analyzed
the possible role of reactive oxygen species (ROS) in Ro-promoted cell death../Accumulating
evidences suggest that ROS are important triggers of autophagy under.various circumstances.*>*®
We first measured the level of ROS in ECA-109 cells‘using the oxidation-sensitive probe
dichloro-dihydro-fluorescein diacetate (DCFH-DA) by flow cytometry (Fig. 8A). Both, Ro and
CQ treatment increased intracellular ROS production and raised the lysosomal pH, which were
significantly reduced by N-acetyl-L-cysteine (NAC), a ROS scavenger (Fig. 8B). Besides, NAC
substantially attenuated Ro-mediated autophagy inhibition in ECA-109 and TE-1 cells and
blocked cell death enhanced by the combination of Ro and 5-Fu (Fig. 8C and 8D). This
indicated that accumulation of ROS by Ro triggered cell death. Addition of the generalized
superoxide scavenger Tiron also lowered LC3B-I11 levels and SQSTM1 accumulation and
partially restored autophagic flux inhibited by Ro and CQ (Fig. 8E). Tiron treatment also

normalized Ro- or CQ-induced GFP-LC3B-positive autophagosome accumulation (Fig. 8F).

This suggested that Ro impairs autophagosome turnover in a superoxide-dependent manner.

18
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As an important source of superoxides, we explored if NADPH oxidase, particularly
CYBB/Nox2 (cytochrome b-245, beta polypeptide), modulated Ro-induced autophagic flux
inhibition.>” First, NADPH oxidase activity was measured by lucigenin assay and we found.that
Ro treatment significantly enhanced NADPH oxidases activity in a dose-dependent.manner (Fig.
8G). Exposure of cells to diphenyleneiodonium chloride (DPI1), a NADPH oxidase inhibitor,
decreased the formation of punctate GFP-LC3B, and increased LC3B-Il and SQSTM1 levels
(Fig. 8H and 81). We then examined activation of the superoxide-generating enzyme NCF1, a
component of the CYBB complex. Western blot assay and confocal microscopy images showed
that Ro increased the expression of NCF1 in a dose-dependent.manner and mobilized its
translocation from cytosol to the plasma membrane (Fig. 8J and 8K). Moreover, pretreatment
with apocynin (ACN), a specific CYBB inhibitor, considerably abolished autophagic flux
inhibition and the NAPDH oxidase activity (Fig. 8L and 8M). ACN also reduced ROS
production (Fig. 8N) and restored lysosomal acidification downregulated by Ro-mediated ROS
production (Fig. 80). This implied that NCF1-ROS is upstream of autophagy. Based on these
results, we suggest that Ro-triggered accumulation of ROS inhibits autophagy and sensitizes

cells to 5-Fu mediated cell death.

ESR?2 (estrogen receptor 2) regulates NCFL1 activity in Ro-treated cells

Next, we explored molecular signals linking Ro treatment to NCF1 activation, by focusing

on ESR1 (estrogen receptor 1) and ESR2. To determine any possible role of ESR in autophagic
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flux inhibition by Ro, we used a panel of cell lines with varying combinations of ESR expression
(ESR1 and ESR2).>*®! Interestingly, Ro inhibited autophagic flux only in ESR2-expressing cell
lines, SH-SY5Y and SK-N-SH, whereas no pattern was observed relating ESR expression.to
CQ-induced autophagy inhibition of cell lines (Fig. 9A and Fig. S6A). As additional evidence,
siRNA-mediated deletion of ESR2 completely suppressed Ro-increased enhancement of LC3B-I1
and SQSTML1 protein levels in ECA-109 cells (Fig.9B and Fig. S6B). Either-noneor only low
effects of siRNA targeting ESR1 on CQ or Ro treatment was observed. In addition, knockdown
of ESR2 blunted NCF1 expression, as well as ROS production in Ro-treated ECA-109 cells (Fig.
9C and 9D). Furthermore, in silico molecular modeling method was used to determine whether
Ro bound directly to ESR2 and activated its downstream signals. However, we failed to dock Ro
into the ligand-binding pocket of ESR2 using software, including MOE and AutoDock, which
suggested that Ro exerted estrogen=like activities via ligand-independent activation of ESR2. In
agreement with this inference, preinhibiting ESR2 activity with specific inhibitor fulvestrant,
reversed Ro-induced LC3B-1I, SQSTM1, and NCF1 accumulation while preactivation of ESR2
with its ligand.estradiol led to-an opposite effect (Fig. 9E and 9F). Together, these data suggest
that ESR2 mediates the activation of CYBB and impairment of autophagic flux in response to

Ro.

Discussion
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Autophagy, especially induced by chemotherapeutic agents, generally serves as a prosurvival
mechanism. Consequently, suppression of autophagy has been increasingly recognized as a
novel cancer therapeutic approach to induce autophagy-associated cell death or sensitize tumor
cells to clinical drug-mediated cell death.*® °2%* However, very limited information.is currently
available regarding the detailed mechanisms linking autophagic flux inhibition to cell death. In
this study, we investigated the inhibitory effect of Ro on autophagy and its consequence on the
crosstalk between CHEK1-mediated DNA damage checkpoint pathway and 5-Fu-induced cell
death (Fig. 10). Autophagy served as a prosurvival function in 5-Fu-induced DNA damage via
regulation of the degradation or cytosol quality control of CHEKZ1, one of the main proteins
controlling cell cycle and DNA stability, to construct a beneficial niche for cancer cell
proliferation. On the contrary, Ro activated the ESR2-NCF1-ROS signal pathway to impair
autophagosome-lysosome fusion‘and lysosomal proteolytic activity, to suppress CHEK1
degradation and enhance the CHEK1-mediated DNA damage checkpoint signaling, which

thereby sensitized chemoresistant cancer cells to 5-Fu-induced cell death.

We first identified Ro, as well as ginsenosides Ral, Rh1, Rd, 20(R)-Rg2, and
notoginsenoside Fc, as novel autophagy inhibitors. Next, we presented confirmatory evidence
that Ro interferes with autophagic flux by blocking autophagosome-lysosome fusion and
inhibiting lysosomal proteolytic activity. This was demonstrated several different approaches

including measuring LC3B-I1 and SQSTML1 protein levels, detecting GFP-LC3B punctation and
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GFP-RFP-LC3B fluorescence and colocalization, determining the lysosomal pH or cathepsin
enzyme activity, and analyzing EGFR degradation. Notably, results with Ro were similar to
those with CQ, which inhibits autophagosome-lysosome fusion. We then demonstrated that
interference with autophagic flux by Ro leads to the accumulation of DNA damage.and reduced
DNA repair, which renders cells more sensitive to 5-Fu-induced cell death. Moreover, detailed
studies to explore the underlying mechanism revealed that the effect of'/Ro on.thefusion process
and autophagy-associated cell death requires the ligand-independent activation of ESR2,
sequentially increased NCF1 activity, and ROS production. Data from this study thus expand our
current knowledge about the bioactivity of Ro considering that only anti-inflammatory and
anti-hepatic activities of Ro have been documented to date.?>® These observations also
collectively provide a novel therapeutic strategy for human esophageal cancer treatment.
Besides, the underlying mechanisms of autophagy inhibition mediated by other ginsenosides
(Ral, Rh1, Rd, 20(R)-Rg2, and notoginsenoside Fc) deserves further investigation to completely

understand whether ginsenosides inhibit autophagy via a universal mechanism.

The results presented here demonstrated that the process of fusion between autophagosomes
and lysosomes is preferably impaired by the action of Ro. Currently, it is generally considered
that autophagosome-lysosome fusion depends on the pH of the acidic compartments.®* Our data
from AO staining indciated that Ro-mediated blockage of autophagosome-lysosome fusion

might be due to a rise in lysosomal pH (Fig. 4B). We also tested the effect of Ro on other

22



Downloaded by [University of Cambridge] at 17:58 16 June 2016

lysosomal positioning proteins that may affect autophagosome-lysosome fusion, such as
transcription factor EB and RAB5A,*"® and found that expression of these proteins were
unchanged (data not shown). Thus, other factors may also contribute to the inhibitory effect of
Ro on autophagosome-lysosome fusion. Besides, like CQ, Ro treatment blocked the degradation
of RFP- -LC3B, consistent with previously reported data that generation of free GFP fragments
is the first consequence in the step-wise degradation of GFP-LC3B and the GFP moiety is
probably degraded rather than quenched under lysosomal conditions.* In.addition, activity of the
cathepsin proteases CSTB and CSTD, the least-studied hydrolases within the lysosomal
compartment, determines the efficiency of lysosomal degradation and autophagic flux.*"*® Since
CSTB and CSTD are involved in various pathologies and oncogenic processes in cancer,® ™
inhibiting CSTB and CSTD activities. represents a promising strategy for cancer therapy. The
autophagic-lysosomal pathway.is the main proteolytic system modified in esophageal cancer
patients and the lysosomal protease activities are increased significantly in such patients,
suggesting the involvement of the autophagic-lysosomal proteolytic system during development
of cachexiain-humans with esophageal cancer.*® Therefore, modulation of the enzymatic activity
of these systems, especially cathepsins, can be an efficient therapeutic approach for esophageal
cancer. Indeed, using cathepsin substrate assay, CTSB and CSTD maturation immunoblot and

real-time PCR, we confirmed that Ro dramatically downregulated the expression and activities

of the most abundant cathepsins, CSTB and CSTD, leading to the inhibition of lysosomal
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activity, which in turn sensitized esophageal cancer cells to anticancer drug-induced cell

cytotoxicity.

An important finding of this study is the NCF1-ROS-mediated impairment of lysosomal
acidification and pH-dependent enzyme activity by Ro. An association between ROS
accumulation and autophagy modulation has been previously described, implying that autophagy
serves as a means for clearance of ROS and is both, a cell-survival and cell-death response.>>°
Elevated oxidative stress is associated with impaired lysosomal maturation-and disrupted
autophagosome-lysosome fusion, possibly because it increases lysosomal pH.”* Our data also
indicate that ROS production trigged by Ro treatment raises the lysosomal pH and disrupts the
fusion process, leading to an increase in LC3B-11'and SQSTM1 as well as 5-Fu-mediated cell
death (Fig. 8). Therefore, caution is required when considering a connection between ROS and
autophagy induction. Asan important source of ROS, the present study suggests a role of CYBB
activation in ROS-derived autophagic flux impairment. Although we cannot exclude the
involvement of other ROS sources (that is, the mitochondria), Ro treatment increased the
expression and translocation of NCF1 in a dose-dependent manner (Fig. 8] and 8K). NADPH
oxidase is associated with lysosomal membranes that locally generate superoxide, which might
modulate lysosomal acidification.”>’* CYBB-derived ROS regulate autophagosome pH and

inhibit autophagosome coalescence and fusion with the lysosome.”" In agreement with

previous reports, we found that inhibition of the CYBB completely reduces ROS production in
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parallel with normalizing lysosomal pH and lowering autophagosome abundance by Ro (Fig. 8L
to O). Recent studies also identify NADPH oxidase4 in the regulation of cardiac autophagy,
particularly during energy stress, implying that the activation of specific NADPH oxidase

isoforms depends on different stress stimuli.”®

In addition, for the first time, we uncovered that CYBB activation and ROS production is
mediated by the activation of ESR2 upon Ro treatment. The siRNA knockdown assay performed
with a panel of cell lines expressing various ESR isoforms demonstrated that ESR2, but not
ESR1, plays a vital role in autophagy inhibition, independent of ligand binding (Fig. 9). This is
consistent with previous reports that ginsenosides have an estrogenic effect on ESR activation.?
Though the effect of ESR activation on ROS production has been widely reported, *% the
interaction between ESR and NADPH oxidase is barely discussed. On the contrary, scant
evidence in the literature,supports an inhibitory effect for ESR in NADPH oxidase activation and
superoxide production.2+#2 Further efforts are required to elucidate the mechanism by which
ESR2 activation stimulates NCF1 activity. Besides, the foundation of the indirect activation of

ESR2 and possible Ro'targets remain to be clarified.

Another interesting finding in our study is that, unlike cisplatin and carboplatin, 5-Fu
induces prosurvival autophagy, and inhibiting such autophagy enhances 5-Fu-induced cell death.
In fact, our results are generally consistent with some previous reports.”#* The results from

recent studies indicate that chemoresistant cells exhibit a prosurvival autophagy, and cell death
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induced by 5-Fu resembles the morphology of autophagic cell death.”®® Besides, esophageal
cancer patients exhibit a higher level of autophagy.** Consistently, we found that ECA-109 and
TE-1 cells are more resistant to 5-Fu than other chemosensitive esophageal cancer cells such as
OE19 and OE33 cells (Fig. S3A) ***® and that 5-Fu induces prosurvival autophagy,-and
caspase-independent and autophagy-associated cell death (Fig. 5D and 6C). Direct suppression
of autophagy by knockdown of ATG5, ATG7, LC3B, and BECN1 apparently.enhanced
5-Fu-mediated cell death (Fig. 5D). Inhibition of autophagy by 3-MA (at a high concentration of
10 mM), a class 111 PtdIns3K inhibitor that is widely used as a pharmacological inhibitor in the
autophagy studies, also slightly augmented the cytotoxicity of 5-Fu (Fig. S3B). Although there is
increasing evidence showing that blockage of autophagy by 3-MA can reduce the protective
effect of autophagy and potentiate the chemosensitivity and radiosensitivity of esophageal

squamous cell carcinoma,®*#’

itis'not clear if the potentiating effects of 3-MA on chemotherapy
efficacy comes from autophagy inhibition. Other studies have also reported that 3-MA can
inhibit both, class 111 PtdIns3K and class | phosphoinositide 3-kinase and exhibit a dual role in
modulation.of autophagy.®®%® Additionally, the synergism between 3-MA and chemotherapeutic
drugsseems to be independent of autophagy.®® Therefore caution should be exercised in the
application‘of 3-MA in cancer combinatory study. Remarkably, disruption of the late stages of

autophagy leads to excessive accumulation of autophagic vacuoles containing harmful,

undegraded material and has the potential to turn autophagy into a destructive process. *** It is
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therefore conceivable that Ro, though inhibiting autophagic flux, is able to markedly sensitize
chemoresistant cancer cells to 5-Fu-induced cell death. These findings suggest that Ro can be
further developed as a potent cancer therapeutic agent by targeting autophagy, especially in.those
cancers where chemotherapeutic drugs induce protective autophagy that contributes to.drug

resistance.

Another important finding from our studies is the relevance of CHEK1-mediated DNA
damage checkpoints and autophagy-associated cell death. Upon DNA damage induced by
genotoxic agents such as 5-Fu, CHEK1 is activated to delay cell cycle progression to allow
enough time for DNA repair. During completion of repair, CHEKZ1 is selectively degraded in
lysosomes.>**? During this process, autophagy:exerts a protective effect and is necessary for the
degradation of specific DNA repair proteins.*** We found that following Ro treatment, the
degradation of phosphorylated (Ser 345) and total CHEKL1 induced by 5-Fu is largely impaired
or delayed due to compromised lysosomal proteolytic activity (Fig. 7E). Consequently, the
persistence of elevated levels of p-CHEKZ1 resulted in a higher proportion of cells being arrested
in the G,/M phase, along with accumulation of DNA damage, associated with prolonged
clearance of yH2AFX (Fig. 7A to D).*® The immunoblotting assay confirmed that the activation
of ATM or ATR-initiated DNA damage response, the upstream of CHEK1, was another source
of the Ro-mediated increase in DNA damage (Fig. 7F). Moreover, expression of several DNA

replication-related genes were downregulated in the presence of Ro, which could contribute to
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increased DNA damage and the chemo-sensitizing effect of autophagic flux inhibition in
combination with 5-Fu (Fig. 7G). Although we attributed the increased DNA damage and cell
death to a consequence of Ro-mediated failure of autophagic degradation, further experiments
should be performed to explore the specific molecular mechanism by which accumulated
CHEKZ1 triggers the increased DNA damage-associated cell death. Other functional alterations in
DNA repair, such as the deficiency of homologous recombination or nonhomologous end-joining
for repair of DNA DSBs and the downregulation of DNA replication process (Fig. 7G), should
be clarified. For instance, DNA mismatch repair (MMR) plays an important role in the cytotoxic
effect of 5-Fu. In response to 5-Fu treatment, MMR has been implicated in initially activating a
G,/M cell cycle arrest followed by the activation.of autophagy.®®°” The duration of
CHEK1-mediated G,/M arrest determines the level of autophagy following MMR *® and a
synergistic cytotoxic effect of 5<Fu.combined with CHEK1 activity inhibition may result.*® In
addition, the relationship between ROS and DNA damage should also be examined since ROS
has been implicated in oxidative injury of DNA and phosphorylation and stabilization of
CHEKZ1, while autophagy inhibition by stimulating ROS formation has been reported to promote

5-Fu-induced:cell death.'®

In'summary, data from our study shed light on the intricate relationship between CYBB,
ROS, autophagy, DNA damage, and cell death in cancer cells. We showed for the first time, that

ginsenoside Ro suppresses autophagy by interfering with autophagosome-lysosome fusion and
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lysosomal proteolytic activity via the ESR2-NCF1-ROS axis. Subsequently, such autophagic
inhibition reduces CHEK1 degradation, enhances CHEK1-mediated DNA damage checkpoint
arrest, and thereby sensitizes tumor cells to 5-Fu-induced cell death. Our findings support the
theory that autophagy-modulating small molecules such as Ro, may be effective therapeutic
options for cancer treatment. Targeting DNA damage response, as well as cell cycle checkpoint

kinases, may also be a promising approach to overcome chemoresistance.
Materials and Methods
Cell lines and cell culture

ECA-109, TE-1, and H460 cells were cultured in RPMI 1640 (Gibco, C11875500BT)
supplemented with 10% fetal bovine serum (Gibco, 1027-106) and 1% penicillin/streptomycin
(Invitrogen, 15140163) at 37°C-in-a humid atmosphere with 5% CO,. EC-9706, SK-N-SH, MEF,
and atg7-knockout MEF (atg7 '").cells were maintained in minimum essential medium (Gibco,
41500018). Vero, SH-SY5Y, HEEC, and HUVEC cells were cultured in Dulbecco modified
Eagle medium. (Gibco, 41965120). For nutrient starvation, tumor cells were washed 3 times with
phosphate-buffered saline (PBS; Gibco, 10010049) buffer and then cultured in EBSS

(Invitrogen, 14155063) for the indicated time periods.

Chemicals and Reagents
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Tiron (sc-253699), diphenyleneiodonium chloride (sc-202584), and apocynin (sc-203321)
were purchased from Santa Cruz Biotechnology. CQ (C6628) and NAC (A9165) were purchased
from Sigma-Aldrich. Z-VAD-FMK (C1202) was purchased from Beyotime. Estradiol (S4046)
and Fulvestrant (S1191) were purchased from Selleck. EGF (epidermal growth factor)

(PHGO0314) and plasmid mRFP-GFP-LC3B (36239) was purchased from Invitrogen.

Anti-GFP (11814460001) was obtained from Roche. Anti-LC3B.rabbit polyclonal (L7543)
and anti-SQSTM/p62 antibody (P0067) were supplied by Sigma-Aldrich. Anti-ATG7 (ab53255)
and anti-ATG5 antibody (ab78073) were from Abcam. Anti-NCF1 (4301s), anti-LC3B (3868),
anti-p-ATM (5883), anti-p-ATR (2853), anti-p-BRCA1 (9009), anti-p-CHEK1 (Ser345) (2348),
anti-p-H2AFX (Ser139; 9718), anti-p-CHEK2 (Thre8; 2197), anti-CHEK1 (2360),
anti-p-CHEKZ1 (Ser296; 2349), anti-GAPDH (5174), anti-EGFR (4267), anti-CASP3 (9662),
anti-cleaved CASP3 (9664), anti-CASP9 (9504), anti-PARP1 (9542), anti-ESR1/estrogen
receptor a (8644), anti-<ESR2/estrogen receptor B (5513), anti-mouse 1gG (7076), and anti-rabbit
1gG (7074) horseradish peroxidase (HRP)-linked antibodies were purchased from Cell Signaling
Technology. Anti-CTSD/cathepsin D (PB0019) and anti-CTSB/cathepsin B (BA0428)
antibodies were from Boster. Alexa Fluor 488 goat anti-rabbit IgG (H+L) was from Life
Technologies (A-11034). Alexa Fluor 488 anti-mouse 1gG (H+L) (4408), Alexa Fluor 647

anti-mouse 1gG (H+L) (4410) and HRP-linked anti-mouse (7076) or anti-rabbit IgG (7074) were
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from Cell Signaling Technology. DAPI (D9542) and TRITC-phalloidin (P1951) were purchased

from Sigma-Aldrich. All inhibitors were used in a non-cytotoxic concentration.

RNA extraction and real-time PCR

For the mRNA expression level assay, total RNA was extracted with TRIzol reagent
(Invitrogen, 15596-026) according to the manufacturer’s protocol and 1 ug RNA was then
reverse-transcribed with a PrimeScript RT reagent kit (TaKaRa, RR047A)..A real-time PCR
assay was performed using a Bio-Rad CFX96 real-time PCR system (singapore). The results
were analyzed with CFX manager software (Bio-Rad). The sequences of primer pairs are shown
in Table S1. Messenger RNA transcription levels were standardized against housekeeping gene

GAPDH.

Cell viability assay

The cell viability of ehemical inhibitors and siRNA were determined with a
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich,
M2128) assay. In brief, cells were cultured in each well of 96-well plates with varying
concentrations of drugs for 48 h. Following incubation with MTT (0.5 mg/ml) for 4 h, the
supernatant fraction from each well was discarded and the insoluble formazan product was

dissolved in 100 ul dimethyl sulfoxide (DMSO). The optical density was measured at 570 nm,
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with a reference wavelength of 630 nm on a multiscanner autoreader (Epoch, Bio-tek, Winooski,

VT, USA). The ODsy for control cells was taken as 100% viability.

Western blotting

Cells were lysed in RIPA buffer (Beyotime, PO013B). The lysates were normalized to equal
amounts of protein, and the proteins were separated by 6%-15% gradient.sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and probed
with the indicated primary antibodies. Proteins were detected by incubation with species-specific
HRP-conjugated secondary antibodies. Immunoreactive bands were visualized using enhanced
chemiluminescence blotting detection reagents (Thermo, 34080). ImageJ software was used to
quantify the band intensity. For each point, the signal intensity for each protein was normalized

to that measured for GAPDH and was expressed as the fold-increase relative to the control.

AO staining

Cell staining'with AO (Sigma-Aldrich, A6014) was performed as previously described,*
adding a final concentration of 5 pug/ml for a period of 30 min (37°C, 5% CO). Tumor cells were
incubated with the indicated compounds for 12 h or starved with EBSS before AO was added.
After washing with PBS 3 times, images were captured using a confocal microscope (Zeiss 510
META, Carl Zeiss Microimaging, Thornwood, NY, USA) equipped with an argon laser

(excitation wavelength 488 nm), and a 40x objective lens. AO produces red fluorescence
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(emission peak at approximately 650 nm) in lysosomal compartments, and green fluorescence
(emission between 530 and 550 nm) in the cytosolic and nuclear compartments. The red and

green intensity ratio in the exclusive nuclear region was analyzed by ImageJ software.

Cell cycle analysis

To determine the effects of Ro or 5-Fu on the cell cycle distribution;tumor cells were
treated with Ro (100 uM) or 5-Fu (100 pg/ml) for 48 h, fixed with 70% (v/v) ethanol, and
stained with 50 pg/ml propidium iodide (Sigma, P4170) containing 0.1 mg/ml RNase (Sigma,
R6513) and 5% Triton X-100 (Sigma,T8787) for. 30 min at 37°C. The percentage of cells in
different phases of the cycle was analyzed using a flow cytometer (BD FACSCalibur,

Piscataway, NJ, USA) and inbuilt software.

Measurement of intracellular ROS

Tumor cells treated with the indicated compounds for 12 h or transfected with siRNAs were
stained with 10 yM'DCFH-DA (Sigma-Aldrich, D6883) for 30 min. ROS generation was
determined at 525 nm-with a flow cytometer (BD FACSCalibur, USA, Piscataway, New Jersey,

USA).

NADPH oxidase activity assay
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NADPH oxidase activity assay was performed using a modified procedure.*® Equal
amounts of proteins in Krebs-HEPES buffer (NOXYGEN, NOX-07.6.1; pH 7.4) containing
protease and phosphatase inhibitor cocktail (Sigma-Aldrich, P5726) were incubated with 10 mM
lucigenin (Santa Cruz Biotechnology, 2315-97-1) at 37°C for 10 min. Then, 100 uM NADPH
(Sigma, 000000010107824001) was added with or without inhibitors and incubated for another 5
min at 37°C. Chemiluminescence was measured with a Fluostar Optima microplate reader
(Molecular Devices SpectraMax 13, Sunnyvale, CA, USA). Lucigenin activity (RLU/mg protein)

of control cells was arbitrarily set at 100%.

RNA interference and transfection

siRNAs targeting autophagy and estrogen receptors, and nonsense control sSiRNAs were
purchased from GenePharma. Tumor cells were transfected with 2 pg siRNA against BECN1,
ATG5, ATG7, LC3B, ESR1; ESR2, or nonsense control siRNA using Lipofectamine 2000
(Invitrogen, 11668-019) according to the manufacturer’s instructions. Further experiments were

performed after transfection for 24 h. The sequences of sSiRNAs are provided in Table S2.

Immunofluorescence staining and analysis

Cells were washed in PBS, fixed in 4% paraformaldehyde-PBS for 15 min and
permeabilized with 0.1% Triton X-100 for 5 min. The samples were blocked in 5% bovine serum

albumin (Gibco, 1027-106) and incubated with anti-LC3B antibody (1:1000; Sigma, L7543),
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anti-SQSTM1 antibody (1:5000), anti-NCF1 (1:1000), or anti-cleaved-CASP3 (1:1000). The
stained cells were washed and incubated with Alexa Fluor-conjugated secondary antibodies
(1:1000). Unless otherwise specified, staining was performed at room temperature for 1 h.
Additionally, 1 mg/ml DAPI-PBS and 5 uM TRITC-phalloidin were added to label-nuclei (15
min) and F-actin (40 min), respectively. Images were captured with a Zeiss LSM510 Meta
confocal system under a 40x oil immersion objective (Carl Zeiss Microimaging, Thornwood,

New York, USA).

For LysoTracker Red staining, cells were treated with.chemicals (as indicated) for 12 h at
37°C and then incubated with 50 nM LysoTracker Red (Beyotime, C1043) for an additional 1 h.
Cells were fixed with 4% paraformaldehyde, stained with DAPI, and analyzed by fluorescence

microscopy.

Cathepsin activity assay

The catalytic activities of CSTB (cathepsin B) and CSTD (cathepsin D) were measured
using fluorometric methods (Abnova, KA0766, KA0767). Briefly, 2 x 10° cells were collected
by centrifugation and lysed in 50 pl chilled cell lysis buffer (Cell Signaling Technology, 9806).
Then the cell lysate was transferred into 96-well plates, mixed with 50 pl reaction buffer and 2 pl

substrate, and incubated at 37°C for 2 h. The samples were read in a fluorometer with 400 nm
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excitation and 505 nm emission filters. Fold-increase in cathepsin activity was determined by

comparing the relative fluorescence units (RFU) with the level of the untreated sample.

GFP-LC3B or mRFP-GFP-LC3B assay

Cultured cells were transfected with GFP-LC3B or mRFP-GFP-LC3B (2 pg) for 24 h.and
incubated with different chemicals or starved for the indicated times. After treatment, the cells
were fixed with 4% paraformaldehyde in PBS. Images were captured using.a fluorescence
microscope (Olympus co. Ltd, IX71, Tokyo, Japan) or LSM/510 META confocal microscope
(Zeiss). For screening of autophagy modulators,cells were treated with different chemicals for
12 h and the average number of GFP-LC3B puncta per cell'was determined. Autophagic flux
analysis was measured by confocal counting of the cells with GFP* mRFP* (yellow) and GFP~
RFP™ (red) LC3B-puncta. At least 50 cells from 5 representative fields were counted in each

independent experiment.

Transmission electron microscopy assay

ECA-109 cells:were treated as indicated and were fixed in 4% glutaraldehyde at 4°C
overnight. After dehydration, ultrathin sections were embedded and stained with uranyl
acetate/lead citrate. Images were captured under a transmission electron microscope (FEI Tcenai

G2 20, Hillsboro, Oregon, USA).

Statistical analysis
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Data shown in this study are represented as mean value + standard deviation values, which
use the results from at least 3 independent experiments. The Student 2-tailed t test was used for

all statistical analysis, with the level of significance set at **, P < 0.005; *, P < 0.05.
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chloroquine; CTSB, cathepsin B; CTSD, cathepsin D; CYBB, cytochrome b-245, beta
polypeptide; DDIT3, DNA damage inducible transcript 3; DMEM, Dulbecco modified Eagle
medium; DPI, diphenyleneiodonium chloride; DSB, DNA double-strand break; EBSS, Earle
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ESR1, estrogen receptor 1; ESR2, estrogen receptor 2; E2, estradiol; GFP, green fluorescent
protein; H2AFX, H2A histone family member X; MAP1LC3B/LC3B, microtubule associated
protein 1 light chain 3 beta; MEF, mouse embryonic fibroblast; MMR, DNA mismatch repair;
NAC, N-acetyl-L-cysteine; NCF1, neutrophil cytosolic factor 1; PARP1, poly(ADP-ribose)
polymerase 1; PtdIins3K, phosphatidylinositol 3-kinase; RFP, red fluorescence protein; Ro,
ginsenoside Ro; ROS, reactive oxygen species; siRNA, small interfering RNA; SQSTM1,
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Figure 1. Identification of Ro as a novel autophagy modulator. (A and B) Ro induces
autophagosome formation in ECA-109 cells in a dose-dependent and time-dependent manner, as
revealed by western blotting. Cells were treated with Ro (50 uM) for the indicated time periods,
or treated with Ro at the indicated doses for 12 h. ImageJ densitometric analysis of the
LC3B-11:GAPDH ratio from LC3B immunoblots (mean + SD of 3 independent experiments). *

indicates a significant difference from the controls. **, P < 0.005; *, P < 0.05; The Student t test.
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(C) Effect of Ro on GFP-LC3B punctation. ECA-109 cells transfected with GFP-LC3B were
treated with Ro for 12 h, and the distribution of GFP-LC3B was examined by confocal
microscopy. Percentage of cells with GFP-LC3B puncta was quantified by analyzing the number
of GFP-LC3B dots in the cells. At least 50 cells were counted in each of the conditions. Data are
shown as the mean + SD of 3 independent experiments. Scale bar: 10 um. (D) ECA-109 cells
were treated with Ro (100 uM) for 12 h, fixed and examined using transmission electron
microscopy. Higher power magnification of the image of Ro-treated cells revealed
autophagosomes (arrows). Scale bar: 2 um. (E) Ro increases the conversion of LC3B-I1 in other
esophageal cancer cells. TE-1 and EC-9706 cells were treated with CQ (20 uM), Ro (50 uM),
and R1 (50 uM) for 12 h, and cell lysates were analyzed by western blotting for endogenous
LC3B. CQ was used as a positive control. ImageJ densitometric analysis of the

LC3B-11:GAPDH ratio from LC3B.immunablots (mean + SD of 3 independent experiments). (F)
Ro increases the protein level of ATG7. ImageJ densitometric analysis of the ATG7:GAPDH
ratio from ATG7 immunoblots (mean = SD of 3 independent experiments). (G) ECA-109 cells
transfected with SiRNA against ATG7 were treated with Ro (50 uM) for 12 h, and cell lysates
were analyzed by western blot. siN.C, nonsense control siRNA. (H) atg7 knockout and wild-type
MEF cells'were treated with Ro, R1 or CQ for 12 h, and cell lysates were collected and subjected

to western blot.
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Figure 2. Ro inhibits autophagic flux. (A) Ro increases SQSTM1 accumulation. ECA-109 cells
were treated with different concentrations of Ro for 12 h, or treated with Ro (50 uM) over a
specific duration, and the protein level of SQSTM1 was analyzed. Relative SQSTM1 mRNA
expression levels (compared with GAPDH) were analyzed by quantitative real-time PCR. ImageJ
densitometric analysis of the SQSTM1:GAPDH ratio from SQSTM1 immunoblots (mean + SD
of 3 independent experiments) (**, P < 0.005). (B) CQ fails to enhance Ro-mediated SQSTM1
increment. ECA-109 cells were treated with Ro (50 uM) for 12 h in the presence or absence of
CQ (50 uM) as indicated. N.S., No significance. (C) Ro inhibits autophagic flux in EC-9706 and
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TE-1 cells, whereas the effects of R1 on SQSTM1 were not observed. (D) ECA-109 cells were
transfected with mRFP-GFP-LC3B plasmid (2 pg). Twenty-four h after the transfection, the cells
were treated with 50 uM Ro or 20 uM CQ, or starved in EBSS for 12 h. Cells were then fixed
and subjected to confocal microscopy. Scale bar: 10 um. The numbers of yellow LC3B and red
LC3B dots per cell in each condition were quantified. More than 50 cells were counted in each of
the conditions and the data (mean + SD) are representative of 2 independent experiments (**, P
< 0.005). (E) Confocal microscopy showing the colocalization between SQSTM1 and LC3B.
The cells were transfected with mRFP-GFP-LC3B plasmid (2 pg), treated with Ro or CQ for 12
h, fixed, and then stained with anti-SQSTM1 (blue). More than. 50 cells were counted in each of
the conditions (mean = SD) (**, P < 0.005). Scale bar: 10 um. The smaller panels in E are 1.5 x

zoom.
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Figure 3. Ro irreversibly inhibits autophagic flux. (A and B) After ECA-109 cells treated with
Ro (50 uM) for 12 h or CQ (20 uM) for 6 h, the compounds were washed out and proteins were
extracted at the indicated time points. The SQSTM1:GAPDH and LC3B-I1:GAPDH ratios were
calculated from 3 independent experiments. (C) ECA-109 cells transfected with
MRFP-GFP-LC3B plasmid were either treated with 50 pM Ro or starved in EBSS for 3 h. Cells
were then fixed at the indicated times and subjected to confocal microscopy. The number of
yellow or.red LC3B puncta was also quantified. At least 50 cells from 5 representative fields
were counted in each independent experiment. * indicates a significant difference from the

controls. **, P <0.005; *, P < 0.05. Scale bar: 10 um.
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Figure 4. Ro interferes with autophagosome-lysosome fusion by raising lysosomal pH and
downregulating lysosomal.cathepsins. (A) Effect of Ro on autophagosome maturation. ECA-109
cells were eithertreated with 50 uM Ro, 20 uM CQ, or starved in EBSS for 12 h, before being
stained with LysoTracker Red. The cells were then fixed, stained with LC3B, followed by
confacal microscopy. Scale bar: 10 um. (B) Ro affects AO staining of acidic compartments.
ECA-109 cells were incubated with or without Ro, CQ, or starved in EBSS for 12 h before
adding AO. In both, the control and EBSS-treated cells, the cytoplasm and nucleus essentially

displayed green fluorescence, whereas the acidic compartments, including the lysosomes,

61



Downloaded by [University of Cambridge] at 17:58 16 June 2016

displayed red fluorescence. Acidification of the latter compartments was inhibited by Ro and
CQ. The ratio of red and green in the cytosolic region was also calculated. At least 50 cells were
counted and the ratio of red and green in the cytosolic region was calculated (**, P < 0.005).
Scale bar: 10 um. (C) Ro and CQ inhibit EGF-induced EGFR degradation in ECA-109 cells. The
cells pretreated with Ro or CQ for 12 h were incubated with EGF (200 ng/ml) for 2 h, the
medium were washed out, and samples were collected at the indicated times..(D) Ro increases
the number of free GFP fragments in ECA-109 cells transfected with GFP-LC3B. Immunoblot
analysis was performed, for GFP and GAPDH levels in cells treated with 100 uM Ro for the
indicated times. As a control, cells were either incubated.in complete medium (ctrl), treated with
20 uM CQ, or starved for 12 h (EBSS). Three independent experiments were performed and a
representative blot was shown. (E) Western blotting analysis for the processing of endogenous
CTSB and CTSD. p/i, precursor/intermediate; m, mature form of CTSB and CTSD. (F) Relative
CTSB and CTSD mRNA levels (compared with GAPDH) were analyzed by quantitative
real-time PCR. Cells were treated with DMSO or Ro (100 uM) at 8, 12, and 24 h, as indicated.
(G) Enzymatic activity of CTSB and CTSD in Ro-treated ECA-109 cells. Enzymatic activity
was analyzed by fluorogenic kits. * indicates a significant difference from the controls; **, P <

0.005; *, P<0.05.
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Figure 5. 5-Fu induces prosurvival autophagy.. (A) 5-Fu promotes autophagic flux in a time- and
dose-dependent manner in ECA-109 cells. The cells were treated with the indicated doses of
5-Fu for 24 h or 100 pg 5-Fu for.indicated durations. Cell lysates were collected and subjected to
western blotting to detect LC3B conversion and SQSTML1 levels. ImageJ densitometric analysis
of the LC3B-I1:GAPDH or SQSTM1:GAPDH ratio (mean + SD of 3 independent experiments).
(B) and (C) 5-Fu induces LC3B-1I accumulation and SQSTM1 degradation in EC-9706 and
TE-1 cells. Cells were treated with 100 pg 5-Fu for 24 h and cell lysates were collected. (D)
Suppression of autophagy augments 5-Fu-induced cell death. ECA-109 cells were transfected
with 2 pug siRNAs against BECN1, ATG5, ATG7, and LC3B for 24 h, followed by 100 pg 5-Fu
for 48 h. Cell viability was measured with the MTT assay. siN.C, nonsense control siRNA. *
indicates a significant difference from the controls. **, P < 0.005; *, P < 0.05.
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Figure 6. Ro blocks:5-Fu-induced autophagy and sensitizes cell death. (A) Ro increases

5-Fu-induced LC3B-11 and SQSTML1 protein levels. ECA-109 cells were treated with 100 uM Ro

SQSTM1:GAPDH ratio (mean = SD of 3 independent experiments). (B) Ro renders

chemoresistant esophageal cancer cells ECA-109 and TE-1, more sensitive to 5-Fu-induced cell
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death. Data (mean = SD) are representative of 3 independent experiments (**, P < 0.005). (C)
5-Fu-induced cell death is apoptosis-independent. ECA-109 cells were treated with 5-Fu and Ro
or CQ for 48 h. Western blot analysis was performed using the specified antibodies. The cells
were treated with 10 uM SNX-2112, a HSP90 inhibitor, for 48 h, and lysates used as a positive
control (P.C) of apoptosis induction. (D) ECA-109 cells were treated with 5-Fu, Ro, and CQ in
the presence or absence of caspase inhibitor (20 uM Z-VAD-FMK) for'48 h..Cellviability was
measured with the MTT assay. * indicates a significant difference from the controls. N.S., No
significance. **, P <0.005; *, P < 0.05. (E) ECA-109 cells treated with 5-Fu in the presence or
absence of Ro for 48 h and the accumulation of autophagic vacuoles was examined using a

transmission electron microscopy and highlighted in areas E1 to E4.
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Figure 7. Blockage of autophagy by Ro enhances DNA damage and reduces DNA repair. (A)
Ro enhances YH2AFX triggered by 5-Fu. ECA-109 cells were treated with 5-Fu in the presence
or absence of Ro (100 uM) for 48 h. (B) Ro delays 5-Fu-induced DNA repair. The cells were
treated with 100 pg 5-Fu inthe presence or absence of Ro for the indicated time courses. Decay
of YH2AEX in both groups of cells are shown. ImageJ densitometric analysis was performed, for
the CHEK1:GAPDH ratio from CHEK1 immunoblots (mean + SD of 3 independent
experiments). (C) Cell cycle arrest induced by Ro. Cell cycle distribution of the cells subjected
to FACS. Values are average and range of 2 different experiments. (D) Levels of CHEK1 in
5-Fu-treated cells in the presence or absence of Ro or CQ. (E) Ro delays CHEK1 degradation.
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The levels of p-CHEK1 and CHEK1 were quantified. ImageJ densitometric analysis of the
p-CHEK1:GAPDH or CHEK1:GAPDH ratio from p-CHEK1 or CHEK1 immunoblots,
respectively (mean £ SD of 3 independent experiments). (F) Immunoblot analyzing the
activation of DNA damage response. (G) Relative mRNA levels (compared with GAPDH) of
several DNA replication-related genes. * indicates a significant difference from the controls. **

P <0.005; *, P < 0.05.
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Figure 8. Ro induces intracellular ROS-mediated autophagy inhibition and cell death. (A)
ECA-109 cells were treated with 50 uM Ro or 20 uM CQ for 12 h in the presence or absence of
3:mM NAC and stained with DCFH-DA. Intracellular ROS levels were analyzed using flow
cytometry. Bar graph represents fold-increase of ROS from 3 independent experiments expressed
as means = SEM. (B) Effect of NAC on AO staining. The cells were treated with NAC and Ro or
CQ for 12 h, fixed, and stained with AQO. The ratio of red and green in the cytosolic region was
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calculated to evaluate lysosomal pH. (C) NAC reduces LC3B-Il and SQSTML1 in TE-1 and
ECA-109 cells. (D) NAC reduces 5-Fu-induced cell death enhanced by Ro in ECA-109 cells.
The cells were treated with the indicated concentrations of NAC in combination with Ro or.5-Fu
for 48 h. Cell viability was measured by MTT assay. (E) Immunoblot analysis of LC3B-I1and
SQSTM1 in ECA-109 cells incubated with vehicle or Ro in the presence or absence of 10 mM
Tiron and with or without 20 uM CQ for 12 h. (F) Confocal microcopy analyses the effect of
Tiron on Ro-trigged GFP-LC3B punctation. ECA-109 cells were transfected with GFP-LC3B for
24 h, treated with Tiron or Ro for 12 h, fixed, and analyzed by confocal microcopy. At least 40
cells were counted from 5 representative fields to determine the average number of GFP-LC3B
per cell. (G) Relative activity of NADPH oxidase. ECA-109 cells were treated with Ro for 12 h
and the NADPH oxidase activity was measured by lucigenin assay (mean £ SD of 3 independent
experiments versus control). (H-and I)) Effect of 10 uM DPI or NAC on the accumulation of
LC3B-I1I, SQSTM1, and GFP-LC3B:(J) Ro upregulates NCF1 expression in a dose-dependent
manner. The cells were treated with Ro at the indicated concentration for 12 h. ImageJ
densitometric-analysis of the NCF1:GAPDH ratio from NCF1 immunoblots (mean = SD of 3
independent experiments). (K) After treatment with 50 uM Ro for 12 h, immunofluorescence
signals of NCF1 (green) were observed using a confocal microscope. Nuclei were stained with
DAPI (blue). Scale bar: 10 um. (L to O) Effects of 10 uM ACN on LC3B-Il and SQSTM1

accumulation (L), NADPH oxidase activity (M), ROS production (N), and lysosomal pH
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increase in ECA-109 cells (O). Data presented are representative of 3 independent experiments.

* indicates a significant difference from the controls. **, P < 0.005; *, P < 0.05.
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Figure 9. Activation of NCF1 and.ROS requires ESR2. (A) Estrogen receptor expression and
autophagy status in cell lines. =, no expression; +, positive expression based on analysis by
western blot; Y, accumulation of LC3B-1l and SQSTM1 induced by Ro (50 uM) or CQ (20 uM);
N, cells resistant to'Ro- or CQ-mediated autophagic flux inhibition. (B) Knockdown of ESR2
reduces Ro-induced LC3B-Il and SQSTM1 accumulation. ECA-109 cells were transfected with
siRNAs against ESR1 or ESR2 for 24 h and treated with Ro or CQ for another 12 h. siN.C,
nonsense control siRNA. (C and D) Knockdown of ESR2 reduces NCF1 expression and ROS

production. Three independent experiments were performed and a representative bolt was
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shown. ImageJ densitometric analysis of the NCF1:GAPDH ratio from NCF1 immunoblots
(mean = SD of 3 independent experiments) (**, P < 0.005). (E) Estradiol promotes Ro-induced
LC3B, SQSTML1, and NCF1 accumulation. ECA-109 cells were pretreated with estradiol (E2)
(100 ng/ml) for 2 h and then incubated with Ro for 12 h. (G) Fulvestrant compromises
autophagic flux inhibition by Ro. Treatment cells with 10 uM Fulvestrant (Ful) for 2 'h before
adding Ro. Three independent experiments were performed and a representative result was

shown.
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Figure 10. Schematic illustration of Ro inhibiting autophagic flux and sensitizing chemoresistant
esophageal cancer cells to 5-Fu-induced cell death. Upon 5-Fu treatment, autophagy is activated
to serve as a prosurvival function partly through the selective degradation of CHEK1 to assure
timely-release of cell cycle arrest after DNA repair. When the fusion process of autophagosome
and lysosome is blocked by Ro via the ESR2-NCF1-ROS pathway, high level of CHEK1
persists, leading to accumulation of DNA damage and aberrant cell cycle arrest at G,/M phase.

Genes important for DNA replication are also downregulated by Ro. As a consequence,
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5-Fu-mediated cell death is enhanced by Ro in a apoptosis-independent and

autophagy-associated manner.
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