Autophagy 9:2, 196-207; February 2013; © 2013 Landes Bioscience

Autophagy-dependent EIF2AK3 activation
compromises ursolic acid-induced apoptosis
through upregulation of MCL1 in MCF-7 human
breast cancer cells
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Abbreviations: PtdIns3K, phosphatidylinositol 3-kinase; MAPKSs, mitogen-activated protein kinases; ATF4, activating
transcription factor 4 (tax-responsive enhancer element B67); ATF6, activating transcription factor 6; STAT3, signal transducer
and activator of transcription 3 (acute-phase response factor); TP53, tumor protein p53; BCL2, B-cell CLL/lymphoma 2;
MCLLI, myeloid cell leukemia sequence 1 (BCL2-related); NFKBI, nuclear factor of kappa light polypeptide gene enhancer in
B-cells 1; MTOR, mechanistic target of rapamycin; ERN1, endoplasmic reticulum to nucleus signaling 1; XBP1s, spliced X-box
binding protein 1; EIF2AK3, eukaryotic translation initiation factor 2-alpha kinase 3; EIF2S1, eukaryotic translation initiation
factor 2, subunit 1 alpha, 35 kDa; DDIT3, DNA-damage-inducible transcript 3; HSPAS, heat shock 70 kDa protein 5 (glucose-
regulated protein, 78 kDa); EIFAEBP1, eukaryotic translation initiation factor 4E binding protein 1; RPS6KB1/2, ribosomal
protein S6 kinase, 70 kDa, polypeptide 1/2; LC3, microtubule-associated protein 1 light chain 3; PARP1, poly (ADP-ribose)
polymerase 1; ATG5, autophagy-related 5; BECN1, Beclin 1, autophagy related; CASP7, caspase 7, apoptosis-related cysteine
peptidase; ACTB, actin, beta; UA, ursolic acid; TNFSF10, tumor necrosis factor (ligand) superfamily, member 10; PGG, penta-
1,2,3,4,6-O-galloyl-beta-D-glucose; RAPA, rapamycin; 3-MA, 3-methyladenine; WORT, wortmannin; BAF, bafilomycin A ;
TEM, transmission electron microscopy; ER, endoplasmic reticulum; UPR, unfolded protein response

Ursolicacid (UA) is a pentacyclic triterpenoid with promising cancer chemopreventive properties. A better understanding
of the mechanisms underlying anticancer activity of UA is needed for further development as a clinically useful
chemopreventive agent. Here, we found that both endoplasmic reticulum (ER) stress and autophagy were induced
by UA in MCF-7 human breast cancer cells. Surprisingly, ER stress was identified as an effect rather than a cause of
UA-induced autophagy. Autophagy-dependent ER stress protected the cells from UA-induced apoptosis through
EIF2AK3-mediated upregulation of MCL1. Activation of MAPK1/3 but not inhibition of MTOR pathway contributed to
UA-induced cytoprotective autophagy in MCF-7 cells. Our findings uncovered a novel cellular mechanism involved
in the anticancer activity of UA, and also provided a useful model to study biological significance and mechanisms of

autophagy-mediated ER stress.

Introduction

The endoplasmic reticulum (ER) is an important organelle found
in eukaryotic cells. One of the main functions of ER is protein
folding. The status of protein folding in ER is tightly monitored
and regulated by a primitive, evolutionarily conserved signal-
ing pathway, collectively termed the unfolded protein response
(UPR) or ER stress response.! Three ER resident transmem-
brane proteins ATF6 (activating transcription factor 6), ERNI
(endoplasmic reticulum to nucleus signaling 1) and EIF2AK3
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(eukaryotic translation initiation factor 2-a kinase 3) are the
stress sensors of ER. Activation of these sensors results in increase
of ER protein-folding capacity and decrease of ER protein load.
The final outcome of UPR is mitigation of ER stress. However,
prolonged activity of the UPR could lead to cell death.?
Autophagy is generally defined as a lysosome-dependent
mechanism to degrade intracellular components including dam-
aged or obsolete organelles and proteins.? ER stress as one impor-
tant inducer of autophagy is well established.* EIF2AK3-EIF2S1
or the ERN1-MAPKS8/9/10 pathway has been recognized as the
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crucial mediator of ER stress-induced autophagy.’” Growing evi-
dence suggests that both ER stress response and autophagy might
play an important role in modulation of anticancer effects of che-
mopreventive agents.®'?

Terpenoids such as the monoterpene d-Limonene, the ses-
quiterpene farnesol, the diterpene vitamin A or retinol and the
triterpenoids asiatic acid, celastrol and ursolic acid, are among
the various chemopreventive agents that have shown promise
for inhibiting breast cancer in preclinical models."”*"> Ursolic
acid (UA) is a pentacyclic triterpenoid found in apple, rosemary
and holy basil. Previous studies have shown that UA is effec-
tive against various types of cancer both in vitro and in vivo.'®"
Purported mechanisms include cell cycle arrest and apopto-
sis induction through inhibition of AKT," STAT3,"” NFKB1%
and activation of MAPK8/9/10* or TP53% signaling pathways.
However, the role of ER stress response in UA-induced apoptosis
has not been addressed.

In the present study with MCF-7 human breast cancer cells,
we discovered that UA induced ER stress response, evidenced
by increased expression of ER chaperone HSPA5 and activation
of ER resident kinase EIF2AK3-ERN1 pathways. We demon-
strated that ER stress was an effect rather than a cause of auto-
phagy induction. Autophagy-dependent ER stress suppressed
UA-induced apoptosis through upregulation of MCLI. Finally
we identified MAPK1/3 pathway activation, rather than MTOR
pathway inhibition, as a mechanism of autophagy induction by
UA. Our findings revealed a novel cellular mechanism triggered
by UA, compromising its apoptotic activity.

Results

UA activated UPR in MCF-7 human breast cancer cells. MCE-7
cells were treated with various concentrations of UA for 24 h, and
then overall growth inhibitory effects were measured by crystal
violet staining and apoptosis was detected by Annexin V staining
of externalized phosphatidylserine in apoptotic cells, respectively.
As shown in Figure 1A and B, UA treatment decreased, in a
dose-dependent manner, cell number and increased apoptosis.
Significant apoptosis was observed at concentrations of 30 nM
and above. Treatment with 20 wM UA for 24 h decreased cell
number and only slightly increased apoptosis. Cell cycle distri-
bution analysis showed that cells treated with 20 uM UA treat-
ment were arrested at G, (data not shown). We next analyzed
changes of ER stress markers by UA at sub-lethal and lethal doses
by western blotting. As shown in Figure 1C, UA treatment in the
concentration range of 10 to 20 wM, significantly increased pro-
tein abundance of ER chaperone HSPA5, the ER resident kinase
EIF2AK3 and ERNI, and their phosphorylation levels. In line
with EIF2AK3 and ERN1 induction, phosphorylation of EIF2S1
and expressions of ATF4 and XBP1s were significantly induced
in response to UA treatment. These parameters were decreased
with onset of apoptosis at 25 wM or higher UA. The data sug-
gested that ER stress was induced by UA at relatively low concen-
trations in MCEF-7 cells.

To determine the biological function of UPR, we tested
effects of knockdown of these ER stress-related proteins by
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siRNA on apoptosis induction by UA in MCEF-7 cells. As shown
in Figure 1D, E/F2AK3 silencing led to a dramatically enhanced
apoptosis induction by UA compared with that of nontargeting
siRNA control (22.2% vs 4.1%). But no significant changes were
found when HSPAS or ERNI was silenced (data not shown).
These results indicated that neither EIF2AK3 activation nor
HSPA5 or ERNI induction inhibited apoptosis induction in
response to UA treatment in MCF-7 cells.

UA induced autophagy in MCF-7 human breast cancer cells.
Because ER stress is a well-known inducer of autophagy, we asked
whether autophagy was induced in response to UA exposure in
MCE-7 cells. We analyzed conversion of LC3-1 to LC3-1I, a bio-
chemical marker of autophagy, by western blotting. As shown
in Figure 2A, treatment with UA at concentrations of 15 to
25 wM led to a significant increase of LC3-I1 level. Interestingly,
at relatively high concentrations (30 wM and above), UA-induced
LC3-II almost disappeared. To verify the UA-induced auto-
phagy, immunofluorescence staining was employed to analyze
distribution patterns of LC3. As shown in Figure 2B, a diffuse
localization of LC3 fluorescence was observed in control cells,
whereas a punctated pattern of LC3 fluorescence was detected
in UA-treated cells. Quantitative analysis of LC3-punctate cells
showed that the number of cells with LC3 puncta in UA-treated
cells was significantly increased compared with the untreated
control (Fig. 2C). Furthermore, transmission electron micros-
copy (TEM) revealed many autophagic vacuoles in UA-treated
cells (Fig. 2D). A higher magnification image clearly showed the
presence of autophagic vacuoles containing partially degraded
cytoplasmic material (Fig. 2D). These data together supported
the concept that there was induction of autophagy by UA in
MCE-7 cells at relatively low concentrations, in close association
with ER stress response.

To determine whether autophagy induced by UA is due to
increased formation of autophagosome or decreased its degra-
dation, we measured autophagy flux using bafilomycin A , an
inhibitor of autophagosome degradation. As shown in Figure 2E,
bafilomycin A, treatment led to accumulation of LC3-II whereas
UA treatment significantly increased LC3-II levels either in the
presence or absence of bafilomycin A , suggesting that increase of
autophagosome formation contributed to UA-induced autophagy
in MCF-7 cells.

To examine biological significance of autophagy induction
by UA, we tested the effects of autophagy inhibitors 3-MA or
WORT on apoptosis induction by UA in MCEF-7 cells. As shown
in Figure 2F and G, UA-induced conversion of LC3-I to LC3-1I
was significantly attenuated in the presence of 3-MA or WORT.
Under such conditions, cleavage of PARP1 (Fig. 2F and G) and
apoptosis (Fig. 2H) by UA treatment were dramatically increased
compared with that in the absence of 3-MA (35.4% vs 4.9%) or
WORT (28.7% vs 4.9%). Taken together, these results suggested
that exposure to low-level UA induced cytoprotective autophagy
against its induction of apoptosis in MCF-7 cells.

ATGS5 and BECNI1 were involved in UA-induced autophagy
in MCEF-7 cells. To investigate molecular mediatorsin UA-induced
autophagy, we analyzed changes of BECNI (a component of the
autophagy-specific PtdIns3K complex)?® and ATG5 (involved in

Autophagy 197

©2013 Landes Bioscience. Do not distribute.



A 120 B 30
%k
100 ok
~ * ~~
80 X20
g k% E
3 sk 7
560 k=)
8 8
T 210 |
@]
20
0 0
UA,pM 0 10 15 20 25 30 UA,pM 0 10 15 20 25 30
C D Con-si Con-si+UA
8-
UA, iM 0 10 15 20 25 30 3 o B ¢
o
HSPAS — Py
FL2-A FL2-A
p-EIF2AK3 - G I EIF24K3-si EIF24K3-si+UA
§ S
EIF2AK3 e ———— -
§ s =
p-EIF2S1 S S —— 3
EIF2S1 i- D— s Yoo
: FL2-A
| -
— 25 r EIF2AK3-si - + .
*
-ERN1 e coiits e
P = EIF2AK3 | = |
20 |
— ACTB
VI P — _ ==
s}ls
XBPls 3
210
c-CASP7 - - 2
ACTB e S R e 5
p-EIF2AK3/EIF2AK3 0001 0.19 039 075 0.61 0.59 0
p-EIF2SI/EIF2S1 0002 023 042 041 022 0.003 CON-si i 1 i i
EIF2AK3-si, 50nM - - + +
UA, 20 pM - + - +

Figure 1. Ursolic acid (UA) induced cytoprotective EIF2AK3 activation in MCF-7 human breast cancer cells. UA induced cell number reduction (A) and
apoptosis (B) in a dose-dependent manner. MCF-7 cells were treated with various concentrations of UA for 24 h, and then overall inhibitory effects and
apoptosis were measured by crystal violet staining and annexin V/FITC staining, respectively. (C) Unfolded protein response induced by UA. MCF-7
cells were treated with various concentrations of UA for 24 h and then ER stress associated markers were analyzed by western blotting. (D) Effects of
EIF2AK3 inactivation by RNAi on UA-induced apoptosis. The cells were transfected with 50 nmol/L of EIF2AK3 siRNA using siPORT™ NeoFX™ Transfec-
tion Agent. At 24 h post-transfection, the cells were treated with 20 M for 24 h and apoptosis induction was assessed by sub-G, analysis (n =3,

**p < 0.01). (The blots shown are representative of three independent experiments).
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Figure 2. For figure legend, see page 186.
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independent experiments).

Figure 2 (See previous page). UA induced cytoprotective autophagy in MCF-7 human breast cancer cells. (A) UA caused an increased LC3-| to LC3-II
conversion analyzed by western blotting (24 h). (B) Puncta distribution of LC3 induced by UA detected by immunofluorescence staining (24 h). (C)
Quantitative analysis of LC3 puncta in cells in UA-treated and untreated cells. (D) TEM analysis of autophagic vacuoles in UA-treated and untreated
cells (12 h). E. Increase of autophagosome formation was involved in UA-induced autophagy in MCF-7 cells. The cells were treated with 20 uM UA for
24 h in the presence or absence of 100 nM BAF (added 2 h before cell harvest) and then LC3 was analyzed by western blotting. (F and G) Effects of
autophagy inhibitor 3-MA (F) or WORT (G) on UA-induced LC3-I to LC3-Il conversion and PARP1 cleavage examined by western blotting. (H) Effects
of autophagy inhibitor 3-MA or WORT on UA-induced apoptosis. The cells were treated with 20 WM UA in the presence or absence of 3-MA (3 mM) or
WORT (1 wM) for 24 h and then apoptosis was assessed, measured by sub-G, analysis (n = 3, **p < 0.01). (The blots shown are representative of three

elongation of the autophagic phagophore by the formation of the
ATGI12-ATGS5 complex during autophagy)* in response to UA
in MCE-7 cells. The cells were exposed to various concentrations
of UA for 24 h, protein levels of BECNI and ATGS5 were assessed
by western blotting. As shown in Figure 3A, UA caused a peak
increase of BECN1 (-25 wM) and ATGS5 (-15 uM). This special
dose-response pattern is generally consistent with that of auto-
phagy induction and onset of apoptosis at the higher UA expo-
sure levels (Fig. 2A). To determine the role of BECN1 and ATG5
in UA-induced autophagy, we used siRNA to knock down these
two ATG genes simultaneously and examined autophagy induc-
tion. As shown in Figure 3B, basal and UA-induced BECN1 and
ATGS5 were significantly suppressed by their specific siRNAs.
Under such conditions, UA-induced LC3-I to LC3-II conversion
was significantly attenuated with an increase of PARPI cleavage
and apoptosis (Fig. 3C). These data supported involvement of
ATGS and BECNI in UA-induced autophagy, and a prosurvival
role of autophagy against UA-mediated cell death.

ER stress was an effect rather than a cause of UA-induced
autophagy. Having found activation of both ER stress and auto-
phagy, we next questioned if ER stress was the cause of auto-
phagy induction in response to UA in MCE-7 cells or vice
versa. Since EIF2AK3 and ERNI are the known mediators in
ER stress-induced autophagy,’” we examined autophagy induc-
tion when either EIF2AK3 or ERNI was silenced. As shown in
Figure 4A, transfection of siRNA targeting E/F2AK3 caused
a significant downregulation of both basal and UA-induced
EIF2AK3, and inhibited EIF2S1 phosphorylation, but did not
affect UA-induced LC3-I to LC3-II conversion. Similar results
were also found when ERNI was silenced (Fig. 4B). The results
indicated that neither EIF2AK3 nor ERNI was likely to play
a critical role in UA-induced autophagy. When autophagy was
inhibited by 3-MA, the key ER stress markers EIF2S1 phos-
phorylation and HSPAS expression, measured by western blot-
ting, were dramatically diminished. Furthermore, similar results
were found when autophagy was inhibited by another inhibitor
WORT (Fig. 4D) or when BECNI and ATGS5 were silenced by a
siRNA approach (Fig. 4E). These results suggested ER stress as a
downstream event of autophagy in response to UA.

To further confirm the tandem sequence of UA-induced
autophagy, ER stress, and apoptosis, we next analyzed the time-
course changes of key parameters of these events induced by UA
in MCF-7 cells. As shown in Figure 4F, a significantly increased
LC3-1I level was detected as early as after 2 h of UA treatment,
whereas the increase of EIF2S1 phosphorylation was observed
at 6 h of the treatment. No cleavage of PARP1 was found dur-
ing this time frame. These time-course results indicate that UA
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induced autophagy preceding ER stress, which preceded apop-
tosis. Moreover, similar time-course responses of autophagy and
ER stress induced by UA were also found in MDA-MB-231
breast cancer cells (Fig. 4G, left). Consistent with the time-
course changes, inhibition of autophagy by its inhibitor 3-MA
led to a significant attenuation of UA-induced autophagy and
ER stress (Fig. 4G, middle), followed by an increase of apopto-
sis (Fig. 4G, right). The data clearly suggested that autophagy
was the inducer of UA-mediated ER stress and the cytoprotective
effect of autophagy against UA-induced apoptosis was attributed
to the activation of EIF2AK3.

Upregulation of MCL1 contributed to the prosurvival
property of UA-induced, autophagy-dependent EIF2AK3
activation. To decipher mechanisms of the EIF2AK3-mediated
antiapoptotic effect, we assessed changes of MCLI, which has
been reported to be regulated by UPR.% MCF-7 cells were
treated with various concentrations of UA for 24 h and the pro-
tein level of MCL1 was analyzed by western blotting. As shown
in Figure 5A, at concentrations of 15 and 20 wM, UA induced
a significant increase of MCLI1, whereas at concentrations of
25 wM and above, UA decreased MCLI expression, with onset of
PARPI1 cleavage. We next determined the relationship between
MCLLI induction and EIF2AK3 activation. When EIF2AK3
was inhibited by RNA interference, MCL1 induction by UA
was nearly abolished (Fig. 5B) and PARPI cleavage was dra-
matically increased, suggesting that upregulation of MCLI is
a downstream event of EIF2AK3 activation. Given the critical
role of autophagy induction in UA-induced EIF2AK3 activation,
we then examined the effect of autophagy inhibition by either
RNA interference or a chemical inhibitor on MCLI induction by
UA. As shown in Figure 5C, inhibition of BECNI and ATG5 by
genetic approach led to abolishment of UA-induced upregulation
of MCLI. Similar results were also found when autophagy was
blocked by knockdown of ATG5 alone (Fig. 5D) or its inhibitor
3-MA (Fig. 5E). To critically determine biological significance
of MCL1 induction by UA, we tested the effect of MCLI silenc-
ing on UA-induced apoptosis. As shown in Figure 5F, apoptosis
induction by UA was dramatically increased when MCLI was
inhibited by RNA interference. Collectively, EIF2AK3-mediated
upregulation of MCL1 was responsible for the cytoprotective
effect of autophagy induced by UA against its apoptosis potency
in MCE-7 cells.

Activation of MAPK1/3 but not inhibition of MTOR path-
way was involved in UA-induced autophagy. The above data
ruled out ER stress as an inducer of UA-induced autophagy in
MCE-7 cells. In the following investigations on mechanisms
involved in autophagy induction by UA, we examined the role
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of the MTOR pathway, which is considered a classic regulator of
autophagy.”® After the cells were treated with various concentra-
tions of UA for 24 h, western blotting detected (Fig. 6A) that
UA caused a dose-dependent decrease of AKT phosphorylation
without affecting total level of AKT. In contrast, UA increased
EIF4EBP1 and RPS6KB1/2 phosphorylation dose-dependently.
To confirm these results, we compared with RAPA, a well-known
inhibitor of MTOR, as a positive control side-by-side with UA
on phosphorylation of EIF4EBP1 and RPS6KB1/2 in the same
experiment (Fig. 6B). As expected, 1uM RAPA significantly
suppressed phosphorylation of EIFAEBP1 and RPS6KB1/2, as
opposed to the induction of EIFAEBP1 and RPS6KB1/2 phos-
phorylation by UA. The results suggested that UA-induced auto-
phagy in MCEF-7 cells did not involve MTOR inhibition.

We next determined the role of MAPKs in UA-induced
autophagy in MCE-7 cells. As shown in Figure 7A, UA expo-
sure for 24 h induced a concentration-dependent increase of total
and phosphorylation levels of MAPKI1/3. Similar changes
of MAPKS8/9 and its substrate JUN phosphorylation were
also detected. However, no such changes were found with
MAPKI11/12/13/14. To assess the role of MAPKI/3 or
MAPKS8/9/10 activation in autophagy induction by UA,
we tested the effects of MAPK1/3 or MAPKS8/9/10 inhibi-
tors on UA-induced LC3-I to LC3-II conversion. Inhibition
of MAPK1/3 by PD98059 led to a significant attenuation of
UA-induced LC3-II formation (Fig. 7B), whereas no significant
change was found when MAPKS8/9/10 activation was inhibited
by SP600125 (Fig. 7C), ruling out MAPK8/9/10 involvement
in autophagy induction by UA. In line with the critical role of
MAPKI1/3 activation in UA-induced autophagy, inhibition of
MAPKI1/3 activation led to a significant decrease of UA-induced
EIF2S1 phosphorylation and MCLI upregulation, followed by a
dramatic increase of PARPI cleavage (Fig. 7B). Last, we evalu-
ated effect of MAPK1/3 inhibition on UA-induced apoptosis
detected through sub-G, analysis. As shown in Figure 7D, UA
caused a dramatically enhanced apoptosis in the presence of the
MAPK1/3 inhibitor PD98059 compared with that found in the
absence of the inhibitor (23.8% vs 2.1%), consistent with a criti-
cal role of MAPK1/3 activation in UA-induced cytoprotective
autophagy (Fig. 8).

Discussion

Previous studies have shown that UA is a promising chemopre-
ventive agent against various types of cancer including breast
cancer. A better understanding of the mechanisms underlying
anticancer activity of UA is critical for further development as a
clinically useful chemopreventive agent. To this end, our current
study demonstrated that autophagy-dependent ER stress response
by UA compromised its apoptotic effect. Therefore, inhibition of
autophagy or UPR (EIF2AK3) activation might improve the effi-
cacy of UA against human breast cancer. Our findings uncovered
a novel cellular mechanism that could be effectively targeted to
boost up the anticancer activity of UA.

It has been shown that many chemotherapeutic drugs or
chemopreventive agents induce both prosurvival signaling
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Figure 3. ATG5 and BECN1 were involved in UA-induced autophagy in
MCEF-7 cells. (A) Effects of UA treatment on BECN1 and ATG5 expression.
MCEF-7 cells were treated with various concentrations of UA for 24 h, and
then expression of BECN1 and ATG5 was analyzed by western blotting.
(B) Effects of BECNT and ATG5 knockdown on UA-induced LC3-I to LC3-II
conversion. The cells were transfected simultaneously with 50 nmol/L
of BECN1 and 50 nmol/L of ATG5 siRNAs using siPORT™ NeoFX™ Trans-
fection Agent. After 24 h transfection, the cells were treated with 20 uM
UA for 24 h. LC3 was analyzed by western blotting. (C) Effects of BECN1
and ATG5 knockdown on UA-induced apoptosis measured by sub-G,
analysis (n =3, **p < 0.01). (The blots shown are representative of three
independent experiments).
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Figure 4 (See opposite page). ER stress was an effect rather than a cause of UA-induced autophagy. (A and B) Effects of EIF2AK3 (A) or ERNT (B)
knockdown on UA-induced LC3-I to LC3-Il conversion. The cells were transfected with 50 nmol/L of EIF2AK3 siRNA or 50 nmol/L of ERN1 siRNA using
siPORT™ NeoFX™ Transfection Agent. At 24 h post-transfection, the cells were treated with 20 M for 24 h and then EIF2AK3, p-EIF2S1, ERN1 and LC3
were assessed by western blotting. (C and D) Effects of autophagy inhibition by 3-MA (C) or WORT (D) on UA-induced HSPA5 expression and EIF2S1
phosphorylation. The cells were treated with 20 M UA in the presence or absence of 3-MA or WORT for 24 h and were analyzed by western blotting.
(E) Effects of autophagy inhibition by BECN1/ATG5 knockdown on UA-induced HSPA5 expression and EIF2S1 phosphorylation. The cells were simulta-
neously transfected BECNT and ATG5 siRNAs using siPORT™ NeoFX™ Transfection Agent. After 24 h transfection, the cells were treated with 20 wM UA
for 24 h and were assessed by western blotting. (F) Time-course analysis of key parameters of ER stress, autophagy and apoptosis induced by UA in
MCF-7cells. The cells were treated with UA for the indicated time and then LC3, EIF2S1 phosphorylation and PARP1 cleavage were assessed by western
blotting. (G) UA induces autophagy-mediated ER stress in MDA-MB-231 cells. The cells were treated with UA for the indicated time and then LC3 and
EIF2S1 phosphorylation were assessed by western blotting (left); The cells were pretreated with 3-MA for 1 h and further treated with UA for 6 h and
western blotting was used to analyze LC3 and EIF2AK3-EIF2S1 phosphorylation (middle) and sub-G, analysis was used to assess apoptosis induction
by UA in the presence or absence of 3-MA for 24 h (right, n = 3, **p < 0.01). (The blots shown are representative of three independent experiments).
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Figure 6. UA-induced autophagy was not associated with inhibition
of the MTOR pathway. (A) Effects of UA treatment on phosphorylation
of AKT, EIFAEBP1 and RPS6KB1/2. The cells were treated with various
concentrations of UA for 24 h and were analyzed by western blotting.
(B) Effects of UA treatments or RAPA on phosphorylation of EIF4EBP1
and RPS6KB1/2 measured by western blotting. (The blots shown are
representative of three independent experiments).

cascades that can mediate drug resistance and apoptosis signal-
ing. Examples include MAPK1/3 activation by microtubule
stabilizing drugs,” MCLI1 upregulation by a small molecule
inhibitor of BCL2 family proteins ABT-737 or tumor necrosis
factor (ligand) superfamily member 10 (TNFSF10),% cytopro-
tective autophagy induction by sulforaphane, a naturally occur-
ring member of the isothiocyanate family of chemopreventive
agents' and AKT activation by penta-1,2,3,4,6-O-galloyl-B-D-
glucose (PGG), a naturally occurring polyphonolic gallotannin
compound.?® Activation of prosurvival signalings by these drugs
or agents compromises their anticancer activity. Targeting these
survival signaling pathways can dramatically improve the effi-
cacy of these drugs or agents, at least in vitro. Therefore iden-
tification of such prosurvival signaling has important clinical
ramifications.

In the current study, UA activated ER resident protein kinase
EIF2AK3-EIF2S1 pathway which, paradoxically, has both pro-
and antisurvival properties.” Knocking down EIF2AK3 by
siRNA resulted in a significant increase of UA-induced apoptosis
in MCF-7 breast cancer cells (Fig. 1C), suggesting EIF2AK3-
dependent signaling plays a prosurvival role that protects cells
from UA-mediated apoptosis. In terms of mechanisms under-
lying the EIF2AK3-mediated prosurvival effect, we found that
EIF2AK3 activation by UA treatment led to upregulation of
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MCLI1, whereas inhibition of MCLI by RNA interference dra-
matically increased UA-mediated lethality, suggesting MCLI
was a downstream target of EIF2AK3 activation to mediate an
antiapoptotic action. MCLLI is transcriptionally regulated by
transcription factor ATF4,% a transcription factor that is reg-
ulated by EIF2AK3-EIF2S1 pathway,' and our data revealed
that ATF4 was indeed induced in response to UA treatment
(Fig. 1C). We therefore postulated that EIF2AK3-mediated
upregulation of MCLI likely occurred through transcriptional
activation of ATF4. It is noteworthy that MCLI1 was found to
be downregulated in U266 human multiple myeloma cells*
and U937 human leukemia cells.** The possible explanation
for this controversial action is the dose-response pattern. At the
concentrations of 15 and 20 wM, UA caused a dose-dependent
increase of MCLLI expression, whereas at the concentrations of
25 wM and above, UA became a negative regulator of MCLI in
MCE-7 cells (Fig. 5A), coinciding with appearance of PARPI
cleavage. We speculated that MCL1 may be regulated by mul-
tiple mechanisms in UA-treated cells. At relatively low UA con-
centrations, EIF2AK3-mediated, upregulation action played a
predominant role, leading to MCL1 induction, whereas at
high UA autophagy-mediated EIF2AK3
activation was not sustainable and the inhibiting mechanism
(such as STAT3 or NFKBI inhibition by UA) became predomi-
nant, leading to an overall MCL1 reduction. This special dose-
response feature closely tracked with UA-mediated cytoprotective

concentrations,

autophagy response, further supporting a link between MCLI
induction and UA-induced autophagy-dependent EIF2AK3
activation.

As mentioned above, ER stress is known to cause autophagy,
but less is known of the reverse relationship. Indeed treatment
MCE-7 cells with UA induced autophagy specific marker LC3-I
to LC3-II conversion and its puncta distribution, suggest
ing autophagy was induced in response to UA in MCE-7 cells.
However, knockdown of either EIF2AK3 or ERNI, critical medi-
ators of ER stress, did not affect UA-induced LC3 conversion.
More interestingly, blockade of autophagy by either inhibitor or
genetic approach nearly abolished UA-induced HSPAS5 upregula-
tion and EIF2S1 phosphorylation. Our time-course results fur-
ther supported that autophagy induced by UA occurred eatlier
than ER stress events. Collectively, the data suggested that ER
stress was the effect rather than cause of UA-induced autophagy.
Our findings established an unconventional relationship between
autophagy induction and the ER stress response. An autophagy-
mediated EIF2AK3-MCLI1 signaling cascade might provide a
mechanistic explanation for the prosurvival role of autophagy in
some model systems. The biological significance and molecular
mechanisms of autophagy-dependent ER stress need to be fur-
ther investigated.

In terms of mechanisms of UA-induced autophagy in MCF-7
cells, our data clearly ruled out the classical MTOR pathway, which
was contradictory to a recent report that UA-induced autophagy
is associated with inhibition of the MTOR signaling pathway in
PC-3 prostate cancer cells.* The possible interpretations for this
difference include cell type and UA concentrations. UA induced
an obvious autophagic response in PC-3 cells at concentrations of
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Figure 7. Activation of MAPK1/3 contributed to UA-induced autophagy. (A) Effects of UA treatment on MAPKs. The cells were treated with various
concentrations of UA for 24 h. The total and phosphorylation of MAPK1/3, MAPK8/9/10, MAPK11/12/13/14, the expression of BCL2 and DDIT3 were
analyzed by western blotting. (B) Effects of MAPK1/3 inhibitor on UA-induced changes of key parameters of autophagy, ER stress and apoptosis. The
cells were treated with 20 WM UA in the presence or absence of PD98059 for 24 h, phosphorylation of MAPK1/3, LC3-I to LC3-Il conversion, EIF251
phosphorylation, MCL1 and PARP1 cleavage were analyzed by western blotting. (C) Effects of MAPK8/9/10 inhibitor on UA-induced LC3-I to LC3-II
conversion. The cells were treated with 20 M UA in the presence or absence of SP600125 for 24 h, LC3 was analyzed by western blotting. (D) Effects
of MAPK1/3 inhibition by its inhibitor on UA-induced apoptosis. The cells were treated with 20 uM UA in the presence or absence of PD98059 for 24 h,
then apoptosis was assessed by sub-G, analysis (n = 3, **p < 0.01). (The blots shown are representative of three independent experiments).

30 wM and above, which was well correlated with inhibition of
phosphorylation of RPS6KB1/2 and EIF4EBPI. In our current
study, a significant autophagy induction in MCEF-7 cells was
detected at concentrations of 25 WM and below. Further studies on
these differential responses are clearly needed. Our data supported
arole of MAPK1/3, but not MAPK8/9/10 and MAPK11/12/13/14
as a critical mediator of UA-induced cytoprotective autophagy
in MCE-7 cells, which is consistent with the prosurvival role of
MAPK1/3 activation in UA-induced cell death in MCF-7 cells.

www.landesbioscience.com

In summary, treating MCF-7 human breast cancer cells with
asublethal dose of UA induced an autophagy-mediated ER stress,
which compromised UA-induced apoptosis through EIF2AK3-
mediated upregulation of MCLI. Activation of MAPK1/3 but
not inhibition of MTOR was responsible for autophagy induc-
tion by UA in MCF-7 cells. Our findings revealed a novel signal-
ing cascade involved in compromising the UA-induced apoptotic
effect and also provided a useful model to study autophagy-medi-
ated ER stress.

Autophagy 205

Do not distribute.

I0Science.

©2013 Landes B



MAPK1/3
PD98059 ———
v
ATGS5/BECNI1
Knockdown 4'
3-MA —| Y
WORT
2
v
s
EIF2AK3
Knockdown A 4
<>
MCLI
Knockdown
A J

Apoptosis

Figure 8. Signaling pathways underlying UA-induced cytoprotective
autophagy in human MCF-7 breast cancer cells. UA at relatively low
concentrations induced autophagy which in turn led to activation of
UPR including EIF2AK3 pathway. Activation of EIF2AK3 suppressed
UA-mediated apoptosis through upregulation of MCL1. UA-induced
cytoprotective autophagy was attributed to MAPK1/3 activation but
not associated with MTOR inhibition.

Materials and Methods

Chemicals and reagents. Ursolic acid (UA) (U6753), 3-meth-
yladenine (3-MA) (M9281), rapamycin (R0395) and bafilomy-
cin A (B1793) were purchased from Sigma-Aldrich. Antibodies
specific for MCL1 (CST, 4572), HSPA5 (CST, 3183), EIF2AK3
(CST, 3192), ERN1 (CST, 3294), MAPK1/3 (CST, 4695),
MAPKS8/9/10 (CST, 9258), MAPK11/12/14 (CST, 8690),
AKT (CST, 9272), phospho-EIF2S1 (CST, 3597), phospho-
MAPKI1/3 (CST, 4094), phospho-MAPKS8/9/10 (CST, 4668),
phospho-JUN (CST, 5464), phospho-MAPK11/12/13/14 (CST,
4511), phospho-AKT (CST, 9271), phospho-RPS6KB1/2 (CST,
9205), BECN1 (CST, 3738), ATG5 (CST, 8540), BCL2 (CST,
2870), DDIT3 (CST, 2895) and cleaved poly (ADP-ribose)
polymerase(PARP1; p89) (CST, 9548) were purchased from
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Cell Signaling Technology. Antibodies for phospho-EIF2AK3
(s¢-32577) and ATF4 (sc-22800) were purchased from Santa
Cruz Biotecnology. Antibody for phospho-ERN1 (ab124945)
was purchased from Abcam. Antibodies for EIF2S1 (Bioworld,
BS3651) and phospho-EIF4EBP1 (BS4746) were purchased
from Bioworld. Antibody for XBP1s (647502) was purchased
from Biolegend. Antibodies for LC3 (MBL, PM036) and CASP7
(MO053-3) were purchased from MBL International Corporation.
Wortmannin (681676), MAPK1/3 inhibitor PD98059 (513000)
and MAPKS8/9/10 inhibitor SP600125 (420119) were purchased
from Calbiochem.

Cell culture and treatments. MCF-7 and MDA-MB-231 cell
lines were obtained from the American Type Culture Collection.
The cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo, SH30022.01B) supplemented with 10%
fetal bovine serum without antibiotics. At 24 to 48 h after plating
when cells were at 50—60% confluence, the medium was changed
before starting the treatment with UA and/or other agents.

Crystal violet staining. For the evaluation of overall inhibi-
tory effect of UA on cell growth, the cells were treated with vari-
ous concentrations of UA for 24 h. After treatment, the culture
medium was removed and the cells were fixed in 1% glutaral-
dehyde solution in PBS for 15 min. The fixed cells were stained
with 0.02% aqueous solution of crystal violet for 30 min. After
washing with PBS, the stained cells were solubilized with 70%
ethanol. The absorbance at 570 nm with the reference filter
405 nm was evaluated using a microplate reader (Thermo).

Apoptosis evaluation. Apoptosis was assessed by three meth-
ods. The first was sub-G analysis by flow cytometry. The second
one was Annexin V staining of externalized phosphatidylserine.
The third method was immunoblot analysis of PARP1 cleavage.

Autophagy detection. Autophagy induction was determined
by three 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."’ The third
was transmission electron microscope analysis of autophagic
vacuoles.

Western blotting. The cell lysate was prepared in ice-cold
radioimmuno-precipitation assay buffer. Cell lysates 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 horseradish peroxidase-conjugated second-
ary antibodies (MBL, 330 and 458). The signal was visualized
by enhanced chemiluminescence (Fisher/Pierce, 32106) and
recorded on an X-ray film (Estman Kodak Company, XBT-1).

RNA interference. siRNAs targeting EIF2AK3 (sc-36213),
ERNI(sc-40705), HSPA5 (sc-29338), BECNI (sc-29797)
and MCLI (sc-35877) were purchased from Santa Cruz
Biotechnologies. siRNAs targeting A7G5 and nontargeting
siRNA were synthesized by Integrated DNA Technologies. The
cells were transfected with 50 nmol/L of specific or nontarget-
ing siRNA using siPORT™ NeoFX™ Transfection Agent
(Ambion, AM4510) for 24 h and then were used for subsequent

experiments.
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