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Downregulation of ATG14 by EGR1-MIR152
sensitizes ovarian cancer cells to cisplatin-induced
apoptosis by inhibiting cyto-protective
autophagy

Jun He,'? Jing-Jie Yu,? Qing Xu,? Lin Wang,"* Jenny Z Zheng,? Ling-Zhi Liu,? and Bing-Hua Jiang'**

'State Key Lab of Reproductive Medicine and Department of Pathology; Cancer Center; Collaborative Innovation Center for Cancer Personalized Medicine; Nanjing Medical
University; Nanjing, China; 2Department of Pathology; Anatomy and Cell Biology; Thomas Jefferson University; Philadelphia, PA USA; *Mary Babb Randolph Cancer Center; West
Virginia University; Morgantown, WV USA; “Ninggao Personalized Medicine Technology Innovation Center; Nanjing, China
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Abbreviations: ANXAS, annexin A5; ATG14, autophagy-related 14; CSF1, colony stimulating factor 1 (macrophage); EGR1, early
growth response 1; ERCCI, excision repair cross-complementation group 1; FOXO, forkhead box O; GFP, green fluorescent protein;
MAPILC3/LC3, microtubule-associated protein 1 light chain 3; MTOR, mechanistic target of rapamycin; PI, propidium iodide;

RPS6KBI, ribosomal protein S6 kinase, 70kDa, polypeptide 1; SQSTMI, sequestosome 1.

Cisplatin is commonly used in ovarian cancer treatment by inducing apoptosis in cancer cells as a result of lethal
DNA damage. However, the intrinsic and acquired resistance to cisplatin in cancer cells remains a big challenge for
improving overall survival. The cyto-protective functions of autophagy in cancer cells have been suggested as a
potential mechanism for chemoresistance. Here, we reported MIR152 as a new autophagy-regulating miRNA that plays
a role in cisplatin-resistance. We showed that MIR152 expression was dramatically downregulated in the cisplatin-
resistant cell lines A2780/CP70, SKOV3/DDP compared with their respective parental cells, and in ovarian cancer tissues
associated with cisplatin-resistance. Overexpression of MIR152 sensitized cisplatin-resistant ovarian cancer cells by
reducing cisplatin-induced autophagy, enhancing cisplatin-induced apoptosis and inhibition of cell proliferation. A
mouse subcutaneous xenograft tumor model using A2780/CP70 cells with overexpressing MIR152 was established and
displayed decreased tumor growth in response to cisplatin. We also identified that ATG14 is a functional target of
MIR152 in regulating autophagy inhibition. Furthermore, we found that EGR1 (early growth response 1) regulated the
MIR152 gene at the transcriptional level. Ectopic expression of EGR1 enhanced efficacy of chemotherapy in A2780/CP70
cells. More importantly, these findings were relevant to clinical cases. Both EGR1 and MIR752 expression levels were
significantly lower in ovarian cancer tissues with high levels of ERCC1 (excision repair cross-complementation group 1),
a marker for cisplatin-resistance. Collectively, these data provide insights into novel mechanisms for acquired cisplatin-
resistance. Activation of EGR1 and MIR152 may be a useful therapeutic strategy to overcome cisplatin-resistance by

preventing cyto-protective autophagy in ovarian cancer.

Introduction

Epithelial ovarian cancers (EOC) remain the most lethal gyne-
cological malignancy due to the heterogeneous nature of the dis-
ease and late diagnosis. The standard therapy includes maximum
surgical debulking of tumor mass followed by platinum/taxane
chemotherapy in which initial response rates may reach 80%
high." However, the recurrence rate exceeds 75%, and the success
of subsequent chemotherapy is limited because of the progressive
development of drug resistance.” Moreover, recurrent ovarian
tumors are more aggressive and likely to metastasize to secondary
tissues in patients. It is of importance to understand new

mechanism(s) of chemoresistance and to develop new strategies
for ovarian cancer treatments.

The potential mechanisms underlying platinum-based che-
motherapy involve the nuclear excision repair (NER) system,
acquired genetic mutation, and oncogenic pathways activated
by cisplatin-induced DNA lesions.” Recent findings support
the theory that the cyto-protective functions of autophagy in
cancer cells may serve as a potential mechanism for therapeutic
resistance. Autophagy is a lysosome degradation response to
cellular stressors whereby cellular proteins, organelles, and
cytoplasm are engulfed, digested, and recycled to maintain cel-
lular homeostasis.* Except for its role in physiological process,
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the implication of autophagy in cancer is complicated and
context-dependent. Researchers generally agree that autophagy
protects cells from genotoxic stress that can lead to oncogenic
transformation by killing cells to prevent tumor initiation.
Once tumors are established, autophagy can be used as a sur-
vival strategy by cancer cells to overcome the stresses caused
by radiation, chemotherapy, or other treatments.” However,
how tumor cells utilize autophagy to prevent radiation- or che-
motherapy-mediated cell death remains elusive.

MiRNAs are small, noncoding RNA molecules, which func-
tion by modulating the expression levels of target genes through
sequence complementarity between miRNAs and their target
mRNAs, thus leads to either protein translation inhibition or
mRNA degradation.® Deregulations of miRNA expression pro-
files have been associated with cancer development and progres-
sion, and have been well documented as one of hallmarks of
cancer.” With regards to autophagy, the contribution of post-tran-
scriptional control of autophagy mediated by miRNAs in cancer
emerged just recently. It has been shown that miRNAs play roles
in regulating autophagy by modulating expression of key autoph-
agy-related proteins.® As most cancer treatments induce autoph-
agy in drug-resistant cancer cells, we hereby utilized 2 cisplatin-
resistant ovarian cancer cell lines A2780/CP70, SKOV3/DDP,
and their parental A2780 and SKOV?3 cells as well as human ovar-
ian cancer tissues to identify: 1) roles of miRNA(s) in cisplatin-
induced autophagy associated with the drug resistance; 2) func-
tional target genes of the miRNA(s) that conveys drug resistance;
3) the relevant signaling pathway for regulating the process; and 4)
the clinical implication of these findings.

Results

Cisplatin induces autophagic flux in cisplatin-resistant
ovarian cancer cells

Detection of MAP1LC3/LC3 (microtubule-associated protein
1 light chain 3), a mammalian ortholog of yeast Atg8, is a com-
mon way to monitor autophagy. During autophagy induction,
the nonlipidated form of LC3 (LC3-I) is conjugated with phos-
phatidylethanolamine (PE), then converted into the lipidated
form of LC3 (LC3-1II), which is associated with autophagosome
biogenesis.” As LC3-II is rapidly degraded by lysosomal turnover
during autophagy, we treated cells with cisplatin in the presence or
absence of the lysosome inhibitor chloroquine (CQ). The auto-
phagic flux can be reflected by the fold change in LC3-II levels
with or without chloroquine.'®'" We found that the fold change
in LC3-I1 levels in cisplatin-resistant A2780/CP70 cells after lyso-
some inhibition via chloroquine was remarkably upregulated in
response to cisplatin treatment, suggesting autophagy induction
(Fig. 1A). No significant change was observed in parental cis-
platin-sensitive A2780 cells. We performed the same experiments
in cisplatin-resistant SKOV3/DDP cells and their parental cis-
platin-sensitive SKOV3 cells. The results were consistent with
those from A2780/CP70 and A2780 cells. Next, we transiently
transfected A2780/CP70 cells with a GFP-LC3 plasmid to moni-
tor autophagosome formation through fluorescence microscopy,
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measured as an increase in puncta-positive cells. Consistent with
LC3-II accumulation, the percentage of LC3 puncta-positive cells
in GFP-positive cells significantly increased when treated with cis-
platin in A2780/CP70 cells. The number of GFP-LC3 puncta-
positive cells further increased in the presence of chloroquine
(Fig. 1B). In addition to LC3-II, the receptor SQSTMI1 has also
been used as a marker of autophagy induction. The SQSTM1 pro-
tein links LC3 and ubiquitinated substrates,'* which are degraded
during autophagic flux. As expected, SQSTMI levels were
decreased with cisplatin treatment in A2780/CP70 cells (Fig. 1C).
It is known that the MTOR complex is a negative regulator of
autophagy.'® No significant change was observed in MTOR acti-
vation, as reflected by the phosphorylation of RPS6KB1/
p70S6K1, indicating that cisplatin-induced autophagy in cis-
platin-resistant cells was MTOR-independent (Fig. 1C).

A MIRI52 mimic sensitizes ovarian cancer cells to cisplatin-
induced cell death

Recent studies suggest that miRNAs may regulate autophagic
activity by directly targeting autophagy-related proteins or path-
ways.® We screened a number of miRNAs, which are differen-
tially expressed in ovarian cancer tissues relative to normal tissues
based on literature reviews (data not shown). We found MIR152
expression levels were dramatically repressed in cisplatin-resistant
ovarian cancer cells with 6.5-fold lower expression in A2780/
CP70 cells compared to A2780 and 33-fold lower expression in
SKOV/DDP cells compared to SKOV3 (Fig. 2A). To investigate
whether the repression of MIR152 in A2780/CP70 and SKOV3/
DDP cells is functional in cisplatin-induced resistance, we trans-
fected the cells with a MIR152 mimic or a negative control MIR-
C followed by cisplatin treatment, then performed a MTT assay.
Transient MIR152 transfection efficiency was shown in Fig. S1.
MIRI52 overexpression significantly decreased the inhibitory
concentration (IC50) of cisplatin in both cell lines (Fig. 2B). We
further investigated the role of MIR152 in cisplatin-induced cell
death by a flow cytometry assay. Cisplatin-induced A2780/CP70
cell death was measured by ongoing apoptotic cells featured by
ANXA5/annexin V-positive staining and propidium iodide (PI)-
negative staining and necrotic cells, which were characterized by
ANXAS5 and PI double-positive staining. As shown in Fig. 2C,
overexpression of MIRI52 alone in A2780/CP70 cells induced
cell apoptosis compared with MIR-C cells, which further
enhanced the number of apoptotic and secondary necrotic cells
in response to cisplatin treatments. Inhibition of MI/RI152 in
A2780 cells by transfection with oligo inhibitor anti-152
decreased cell apoptosis when treated with cisplatin. These results
indicate that MIR152 is capable of sensitizing ovarian cancer cells
to cisplatin treatment.

Overexpression of MIRI52 inhibits cisplatin-induced
autophagy in A2780/CP70 cells

To investigate the functional role of M/RI52 in cisplatin-
induced autophagy, we established A2780/CP70 cells stably
expressing MIR152 or MIR-C by transfection of lentiviral vec-
tors carrying the MIR152 plasmid or the negative miR-control
plasmid followed by puromycin selection (Fig. S2). Exposure
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MIRI52 is a negative regulator in cis-
platin-induced autophagy in A2780/
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MIR152 increases sensitivity of cancer
cells to cisplatin treatment via autoph-

agy inhibition.

Figure 1. Cisplatin induces autophagic flux in cisplatin-resistant cells. (A) Cells were treated with cis-
platin at indicated doses for 12 h in the presence or absence of 10 wM chloroquine (CQ). Upper pan-
els: LC3 protein levels were determined by western blotting. Lower panels: the autophagic flux was
quantified by the fold change in LC3-Il levels in the presence or absence of CQ. The experiments were
performed in triplicate. * Indicates significant difference compared with control (P < 0.05). (B) A2780/
CP70 cells were transfected with a GFP-LC3 plasmid for 48 h, followed by cisplatin (25 wM) and/or
chloroquine (10 wM) treatments for 12 h. LC3 puncta was observed with fluorescence microscopy.
Representative images captured by a fluorescence microscope are shown. Scale bar = 80 pwm. Data
were quantified as the percentage of puncta-positive cells in total GFP positive cells. (C) Cells were
treated with cisplatin as described above. The protein levels of SQSTM1, MTOR, p-RPS6KB1, RPS6KB1
were determined by western blotting.

ATG14 is a direct target of MIRI52

To reveal the mechanism of autophagy inhibition by MIR152,
we searched autophagy-related genes using a bioinformatic data-
base using Targetscan, and found that ATG14 is predicted to
bind with 3’'UTR regions of A7G14 mRNA. We constructed the
3" UTR reporters of ATG14 containing the putative MIRI152
binding sites and corresponding mutant constructs downstream
of the luciferase reporters. Then we cotransfected 2937 cells and
A2780 cells with reporter constructs, the MIRI52 mimic or
MIR-C, and a B-gal plasmid, then performed the luciferase activ-
ity assay 48 h after transfection. As shown in Figure. 4B, cotrans-
fection of the MIRI52 mimic with the wild-type reporter
construct significantly decreased the luciferase activities in both
cells, whereas cotransfection with a reporter containing point
mutations at putative MIR152 binding sites did not affect the
luciferase activities, an indication of direct interaction between
MIR152 and ATGI4 mRNA. Western blots showed that the
basal levels of ATG14 in A2780/CP70 cells were higher than
those in A2780 cells, and overexpression of MIRI52 inhibited
ATG14 protein levels in both cells. On the contrary, repression
of MIRI52 in A2780 cells increased ATGI14 protein level

www.tandfonline.com

(Fig. 4C). In addition, ATG14 was induced with cisplatin treat-
ments in a dose-dependent manner (Fig. 4D).

Knockdown of ATGI14 inhibits basal autophagy and
promotes cisplatin-induced cell death in ovarian cancer cells

ATG14, a core component of the class III Pedlns 3-kinase
complex I, directs the complex to function in autophagy by tar-
geting it to the site of autophagosome formation.'* Studies sug-
gest that ATG14 regulates autophagy in several cell types, ' but
its role in ovarian cancer remains unknown. We knocked down
ATG14 in cisplatin-resistant cells using specific siRNAs. The
basal levels of autophagy indicated by lower LC3-II expression
levels were reduced in ATG14 knockdown cells (Fig. 5A). Then
we treated A2780/CP70 cells with cisplatin in ATG14 knock-
down cells and control cells to assess cell proliferation. Compared
to the control cells, ATG14 knockdown enhanced cisplatin-
inhibited cell proliferation as shown in Figure 5B. Next, we per-
formed a flow cytometry assay by ANXA5 and PI staining. To
test the hypothesis that cisplatin resistance is due to autophagy
protection, we treated cells with chloroquine to determine
whether autophagy inhibition will enhance cisplatin-induced
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with MIR152 without cisplatin treatment (P < 0.05).

Figure 2. The MIR152 mimic sensitizes ovarian cancer cells to cisplatin-mediated cell death. (A) MIR152 expression levels in A2780/CP70, A2780, SKOV3
and SKOV3/DDP cells were determined by Tagman RT-PCR. (B) Cells were transfected with the MIR752 mimic or miR-control MIR-C for 48 h and reseeded
into 96-well plates followed by cisplatin treatments at various concentrations for 72 h. Cell viability was measured by MTT assay. The IC50 of cisplatin in
these cells was presented as mean = SD. * Indicates significant difference compared with control (P < 0.05). (C) A2780/CP70 cells were transfected with
the MIR152 mimic or control MIR-C for 48 h, followed by cisplatin treatments (50 M, 12 h). A2780 cells were transfected with ANTI-152 or control ANTI-C
for 48 h, followed by cisplatin (25 wM, 12 h) treatments. Cell death was measured by ANXA5 and PI staining. The number of apoptotic and secondary
necrotic cells is shown as the sum of ANXA5-positive and ANXA5 and Pl double-positive cells and is presented as mean =+ SD from 3 independent
experiments. * Indicates significant difference compared with MIR-C without cisplatin treatment (P<0.05). # Indicates significant difference compared

apoptosis. The percentage of apoptotic and necrotic cells treated
with chloroquine was about 28% relative to 14% in control
cells. Then we assessed the action of ATG14 on cisplatin resis-
tance. ATGI14 was silenced by siRNA in A2780/CP70 cells
treated with cisplatin. Knockdown of ATG14 resulted in 31%
cisplatin-induced apoptosis compared with 18% in scrambled
siRNA control cells (Fig. 5C). To further confirm the finding,
we also tested the effect of ATG7 on cisplatin resistance. ATG7
is one of well-established autophagy related proteins, which is
critical in autophagosomal biogenesis. It was reported that
ATG?7 deficiency promoted cisplatin-induced apoptotic death
in human esophageal squamous cell carcinoma cells.'® As
expected, we observed an increased cisplatin-induced apoptosis
and necrosis in ATG7 knockdown cells. These results indicate
that ATG14 is capable of sensitizing cisplatin-resistant ovarian
cancer cells to chemotherapy.
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Downregulation of EGRI mediates cisplatin-resistance
through MIRI152, at the transcriptional level

The transcription factor EGR1 promotes cell apoptosis under
stress by regulating its downstream effectors including TP53/p53
(TRP53 in mice), TNF/TNF-a, RB1/Rb, and BAX."” Western
blotting results showed that both A2780/CP70 and SKOV3/
DDP cells exhibited very low levels of EGRI protein expression
compared with their parental control (Fig. 6A). Interestingly, we
found that the MIRI52 gene promoter harbored candidate
EGR1 DNA-binding consensus target sequences. To validate the
direct interaction between EGR1 and the MIR152 gene, we per-
formed an EMSA assay. Incubation of the biotin-labeled DNA
probe containing putative binding sites with nuclear protein frac-
tions resulted in gel shift, which was completely inhibited by an
excess of unlabeled DNA probe (Fig. 6B). To further confirm
that MIRI52 is a transcriptional target of EGR1, we silenced

Volume 11 Issue 2
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Figure 3. Overexpression of MIR152 inhibits cisplatin-induced autophagy in

(3 mg/kg, i.p.) initiated 3 d after the cell injection. Representative tumors are
(n = 8to 10)(D). *P < 0.05.

were treated with cisplatin (25 wM, 12 h) in the presence or absence of chloroquine (CQ). LC3 protein levels were determined by western blotting. Data
were quantified as described in Fig.1 A. (B) Upper left: A2780/CP70 cells stably expressing MIR152 or MIR-C were transfected with the GFP-LC3 plasmid
for 48 h, and followed by cisplatin treatment (25 wM) for 12 h. Upper right: SKOV3/DDP cells were transiently transfected with the GFP-LC3 plasmid and
MIR152/ MIR-C for 48 h and this was followed by cisplatin treatment (20 wM) for 12 h. Representative images captured with a fluorescence microscope
are shown. Scale bar = 80 wm. Lower: The percentage of GFP-LC3 puncta-positive cells was quantified as described in Fig.1B. (C, D) A2780/CP70-MIR-C
cells or A2780/CP70-MIR152 cells were injected in the flank of nude mice. Mice were treated 3 times a wk with control solvent (1% DMSO) or cisplatin

A2780/CP70 cells. (A) A2780/CP70 cells stably expressing MIR152 or MIR-C

shown (C). Tumor volumes were measured and expressed as mean + SEM

EGRI using specific EGRI siRNA in A2780 cells, or overex-
pressed EGR1 in A2780/CP70 cells. As a result, MIR152 expres-
sion levels were about 2.5-fold lower in EGR1 knockdown cells,
whereas 3.5-fold higher in EGRI-overexpressing cells (Fig. 6C,
D). EGR1 expression levels were also inversely correlated with
ATG14 expression levels as genetic inhibition of EGRI by siRNA
caused the increase of ATG14 protein level (Fig. 6E). To deter-
mine the role of EGRI in cisplatin-resistance, we overexpressed
EGR1 in A2780/CP70 cells, and then treated them with cis-
platin, followed by a MTT assay. EGR1 overexpression signifi-
cantly enhanced cisplatin-inhibited cell proliferation in cisplatin-
resistant cells (Fig. 6F). Taken together, EGR1 is an upstream
regulator of the MIR152-ATG14 pathway, and is functional in
cisplatin-resistance.

www.tandfonline.com
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Lower levels of EGR1 and MIRI52 in ovarian tumors are
associated with cisplatin-resistance

To explore the clinical relevance of the above findings, we
first searched the publicly available microarray database Onco-
mine to analyze EGR1 expression in ovarian cancer tissues and
normal ovarian tissues. Two individual microarray datasets
showed a statistical decrease of EGRI expression in ovarian can-
cers compared with normal ovarian tissues (Fig. 6A). The Welsh
ovarian microarray reports a 4-fold lower EGRI1 expression in
ovarian carcinoma, whereas the Yoshihara ovarian microarray
revealed a 12-fold reduction."®'? ERCCI is closely related with
DNA repair and platinum resistance and is widely accepted as a
biomarker for platinum resistance.”” High ERCCI1 expression
represents strong DNA repair capacity, and thus leads to drug

377



Downloaded by [Thomas Jefferson University], [Jun He] at 09:34 15 April 2015

A

ATG143UTR S5'
(2687-2693)

has-MIR152  3'

. . . UGGGUUUCAUUAUUUUGCACUGG. . .

GGUUCAAGACAGU--ACGUGACU

N LETETT

MIR-C_ MIR152

B 293T
2-
by
g 16
Q x
= I |
\_1121
(5]
3
P 08 1
=2
B o4
[}
x
0-

MIR-C _ MIR152

A2780

1.4 9 x

Ll

MIR-C  MIR152 MIR-C MIR152

=3 -
L = N

Relative Luc (% cont)
S

ATG143'UTR wt

ATG14 3'UTR mut

ATG143'UTR wt ATG14 3'UTR mut

C A2780/CP70 A2780

A2780 D

A2780/CP70

MIR-C MIR152 MIR-C MIR152

Anti-C  Anti-152

CisplainiM) o 25 50

ATG14 _!-—'- ———

e -—

ATG14 R amm— —

GAPDH [ S s

GAPDH -ﬂ

ATG14/GAPDH 1£0.15 0.2 £0.02 0.5 £0.04 0.09 £0.01
|——% |—

12012 32=03
[

Figure 4. MIR152 directly targets ATG14. (A) Sequence alignment of 3'UTR of ATG74 mRNA and human MIR152 with potential binding sites. (B) 293T cells
and A2780 cells were cotransfected with ATG14 3'UTR wild-type or mutant luciferase reporter, MIR152 mimic or negative control MIR-C and B-gal plasmid
for 48 h, then harvested for the luciferase activity assay. The luciferase activities were presented as relative luciferase activities normalized to those of the
cells cotransfected with wild-type 3'UTR reporter and miR-control. *Indicates significant difference compared with control (P < 0.05). All tests were per-
formed in triplicate and presented as mean =+ SD. (C) A2780/CP70 cells and A2780 cells were transiently transfected with 25 pM MIR152 mimic or MIR-C
for 72 h. A2780 cells were transiently transfected with 25 WM ANTI-152 or control ANTI-C for 72 h. ATG14 expression was determined by western blotting.
(D) A2780/CP70 cells were treated with cisplatin at indicated doses for 12 h. ATG14 protein levels were determined by western blotting.

resistance and vice versa. To explore the clinical implication of
the proposed pathway, we utilized human ovarian tumors with
ERCCI scores defined by RT-PCR as described in the previous
publication (Table 1).*' We analyzed EGRI mRNA levels and
MIRI152 expression levels using quantitative real-time PCR, and
found that both EGRI and MIRI152 expression levels were sig-
nificantly higher in low ERCC1 tumors compared with high
ERCCI tumors, suggesting that EGRI and MIR152 expression
levels are positively correlated with potential cisplatin-sensitive
tumors (Fig. 7B, C). ATG14 expression levels were inversely
correlated with MIRI52 expression levels in ovarian tumors
(Fig. 7D). These results suggest that the EGR1/MIR152 path-
way is associated with potential cisplatin-resistant ovarian cancer
samples, thus validating the clinical relevance of our in vitro

findings.
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Discussion

The cytotoxic-based platinum compound cisplatin has been
commonly used in ovarian cancer treatment for almost three deca-
des, as it induces apoptosis in cancer cells as a result of lethal DNA
damage.”” But the intrinsic and acquired resistance to cisplatin in
cancer cells remains a big challenge for overall survival. Multiple
mechanisms contribute to cisplatin resistance such as a defective
DNA repair system, enhanced drug clearance and detoxification,
epigenetic regulation, and abnormal signaling pathways.”*?% A
growing body of evidence indicates a role of autophagy as a pro-
survival and resistance mechanism against chemotherapy. With
regards to cisplatin, recent studies demonstrated that cisplatin can
induce autophagy in ovarian cancer cells through the ubiquitin-

binding protein SQSTM1 or HMGB1 (high mobility group box
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Figure 5. Knockdown of ATG14 inhibits basal autophagy and promotes cisplatin-induced inhibition of cell proliferation and cell death. (A) A2780/CP70
and SKOV3/DDP cells were transiently transfected with 50 nM siATG74 Smartpool or negative siRNA control for 72 h. ATG14 and LC3 expression levels
were determined by western blotting. (B) A2780/CP70 cells were transfected with siATG14 Smartpool or negative siRNA control for 48 h, and reseeded
into 96-well plates treated with 25 wM cisplatin for 72 h. MTT assay was performed at the indicated time points. * Indicates significant difference com-
pared with siRNA control at the same time point. (C) A2780/CP70 cells were treated with cisplatin (25 wM) with or without chloroquine (CQ, 10 wM) for
12 h, or transfected with siATG14, siATG7, or siRNA control for 48 h, followed by cisplatin treatments (25 wM, 12 h). Cell apoptosis was measured by
ANXA5 and PI staining. The number of apoptotic and secondary necrotic cells is shown as the sum of ANXA5-positive and ANXA5 and Pl double-positive
cells and is presented as mean =+ SD from 3 independent experiments. * Indicates significant difference compared with control or sicont (P < 0.05).

1).2>2° Here, we describe a new mechanism in which downregula-
tion of ATG14 by EGR1-MIRI152 mediates cisplatin-induced
autophagy in cisplatin-resistant ovarian cancer cells.

MTOR is a negative regulator of the autophagy process ">/
and the combinational use of MTOR inhibitors with cisplatin is
able to sensitize cancer cells to chemotherapy.?**” We found that
cisplatin treatment by itself couldn’t significantly affect MTOR
expression and activation in A2780/CP70 cells, an indication of
an MTOR-independent modulation of autophagy. Epigenetic
regulation of autophagy involves DNA methylation and histone
acetylation.! Recently, miRNAs have been reported to act as
important epigenetic modulators of autophagy in cancer cells by
regulating key autophagy-related proteins.® In this study, we
report MIR152 as a new autophagy regulating miRNA, as a result
of targeting ATG14. Ectopic expression of MIRI52 in cancer
cells enhances cisplatin-induced apoptosis and inhibits cisplatin-
induced autophagy. We and others have shown that MIR152

acts as a tumor suppressor in breast cancer, ovarian cancer, and

www.tandfonline.com

other cancers by targeting IGF1R, IRS1, and CSF1 (colony stim-
ulating factor 1 [macrophage]) and so on.>3! Overexpression of
MIR52 can inhibit cancer cell proliferation, migration, and
induce cellular senescence.”®? In this study, we observed that
MIRI52 alone can induce cell apoptosis. We speculate that
MIR152, in addition to be involved in cisplatin-induced autoph-
agy, may directly regulate certain known or unidentified targets,
which can regulate apoptotic induction. Further investigation is
needed to understand the mechanism underlying MIR152-
induced apoptosis in the future. Given the multiple roles
involved in cancer cell inhibition and chemosensitivity, MIR152
should be a very promising therapeutic approach for overcoming
cisplatin resistance in ovarian cancer.

ATG14 functions in two aspects during autophagy initiation.
One is to form the class III PtdIns3K complex I as a key com-
ponent, which is essential for phagophore nucleation; the other
is to direct complex I to function in autophagy by targeting it
to the phagophore assembly site.'* ATG14 is required for both
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Figure 6. Downregulation of EGR1 mediates cisplatin-resistance through MIR152 at the transcriptional level. (A) EGR1 protein levels were determined by
western blotting in cells. (B) Upper: sequence alignment of the MIR152 gene promoter containing EGR1 consensus DNA-binding sites. Lower: The biotin
end-labeled MIR152 promoter DNA fragment was incubated with or without A2780 nuclear extraction and an excess (100-fold) unlabeled DNA fragment.
The EMSA assay was performed as described in Materials and Methods. (C) A2780 cells were transiently transfected with a siEGRT Smartpool or a nega-
tive siRNA control for 72 h. MIR152 expression was determined by Tagman RT-PCR. (D) A2780/CP70 cells were transiently transfected with an EGR1 plas-
mid for 72 h. MIR152 expression was determined by Tagman RT-PCR. Data are presented as mean =+ SD. * Indicates significant difference compared
with control (P < 0.05). (E) A2780 cells were transiently transfected with a siEGRT Smartpool or a negative siRNA control for 72 h. EGR1 and ATG14
expression levels were determined by western blotting. (F) A2780/CP70 cells were transfected with the EGR1 plasmid for 48 h, and reseeded into 96-
well plates followed by cisplatin treatments at various concentrations for 72 h. Cell viability was measured by MTT assay. *Indicates significant difference

basal and inducible autophagy. A recent study reveals a new
function in which an autophagy-dependent phosphorylation of
BECN1/Beclin 1 at serines 90 and 93 is controlled by the bind-
ing partner ATG14, and is required for full autophagic activ-
ity.>* Our results also showed that knockdown of ATG14
reduced basal autophagy in both cisplatin-resistant ovarian can-
cer cell lines. It is reported ATG14 can be transcriptional regu-
lated by FOXO (forkhead box O) transcription factors and has
a role in hepatic autophagy and lipid metabolism.*® However,
its role in cancer and potential regulatory mechanisms are not
known yet. Here we demonstrated ATG14 regulates cisplatin-
induced autophagy and subsequent drug resistance in ovarian
cancer cells, which is regulated by upstream molecules EGR1
and MIR152. Genetic inhibition of ATG14 by siRNA resulted
in increased cisplatin-mediated cell proliferation inhibition and
cell death in cisplatin-resistant cells.
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We further explored the upstream regulation of the MIR152-
ATG14 pathway underlying cisplatin resistance in ovarian can-
cer. The role of EGR1 protein in cancers can be cancer-type spe-
cific. It is considered as a tumor suppressor in lung cancer,
gliomas, and hepatocellular and esophageal carcinomas; whereas
also as a tumor enhancer in prostate cancer. 36-39 \We explored
the Oncomine database and found lower expression levels of
EGRI in human ovarian cancer tissues compared with normal
ovarian tissues according to results from independent tissue
microarrays, suggesting that EGR1 could be a tumor suppressor
in ovarian cancer. EGR1 is a strong transcription activator of its
target genes including 7NF, 7P53, RBI, and BAX that are
involved in the cell death pathway upon radiation or chemother-
apy.'” A study utilizing mouse embryonic fibroblasts with various
genomic status for the EGRI gene shows that cells with deletion
of both EGRI alleles are significantly resistant to radiation-
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Table 1. Patient characteristics.

Characteristic No. Patients® (%)
Age (years)
Range 40to 76
Stage
| 15 (43%)
Il 4 (11%)
1] 10 (29%)
\Y 6 (17%)
Histology
Serous 17 (49%)
Clear cell 2 (6%)
Mucinous 5 (14%)
Poorly differentiated 6 (17%)
Endometrioid 5 (14%)
ERCC1 score
ERCC1 high (>1, mean = 1.39) 14 (40%)
ERCC1 low (<1, mean = 0.41) 21 (60%)

induced apoptosis compared with cells with intact EGRI
alleles.* In this study, we identified the MIRI52 gene as a new
EGR1 downstream target. Loss of EGRI protein in drug resis-
tant cells A2780/CP70 and SKOV3/DDP contributes to the low
expression levels of MIR152 in both cells. Overexpression of the
EGR1 protein increased efficacy of chemotherapy in A2780/
CP70 cells at least partly through MIR152 and ATG14. ERCCI1
expression levels are inversely correlated with the response of can-
cers to platinum-based chemotherapy and have been widely rec-
ognized as a biomarker for potential chemoresistance in ovarian
cancer.” "2 EGRI1 and MIRI52 expression levels in ovarian
cancer tissues were inversely correlated with ERCCI expression,
which further confirmed their roles in chemoresistance. It is
noted that the direct relationship between EGR1 and MIRI52
expression, and chemosensitivity should be investigated when
more relevant clinical data become available in the future.
Anti-autophagy strategies have been initiated in clinical trials
that aim to overcome the development of resistance to radiation

a
(n = 35).
or chemotherapy treatments. Chloroquine, a commonly used
autophagy inhibitor, has been used as a sensitizer in cancer
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Figure 7. Lower levels of EGR1 and MIR152 in ovarian tumors are associated with cisplatin-resistance. (A) EGR1 expression levels in normal ovarian tissues
vs. ovarian cancer tissues in 2 individual microarrays were shown using the Oncomine gene expression tool. (B) EGRT mRNA levels were determined by
SYBR-Green RT-PCR in 14 high ERCC1 ovarian tumors (ERCC1 score > 1) and 21 low ERCC1 ovarian tumors (ERCC score < 1). Bars are indicated as median
of the group. (C) MIR152 expression levels were determined by Tagman RT-PCR in 14 high ERCC1 ovarian cancer tissues and 21 low ERCC1 ovarian cancer
tissues. Bars are indicated as the median of the group. *Indicates significant difference (P < 0.05). (D) ATG14 mRNA levels were determined by SYBR-
Green RT-PCR in 30 ovarian tumors. Correlation analysis between MIR152 and ATG14 levels in human ovarian cancer tissues was performed.
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therapies.””> However, a controversy exists in terms of chloro-
quine efficacy.** One explanation is that normal cells also use
autophagy to maintain homeostasis, and inhibition of autophagy
by chloroquine would also sensitize healthy organs such as kid-
neys to chemotherapy resulting in severe side effects.*> Given
that basal levels of EGR1 and MIR152 are relatively high in nor-
mal cells, activation of the EGR1-MIRI52 pathway may not
affect signaling of normal cells, but will greatly increase the thera-
peutic response in cancer cells. Collectively, our data provide
insights into novel mechanisms for acquired cisplatin-resistance.
Activation of EGR1 and MIRI52 may be a useful strategy to
overcome ovarian cancer cell resistance by preventing cyto-pro-
tective autophagy.

Materials and Methods

Cell culture, establishment of stable cells, reagents, and
antibodies

Ovarian cancer cells A2780 and cisplatin-resistant A2780/
CP70 cells were cultured in RPMI-1640 medium (Invitrogen,
MT10040CV) supplemented with 10% fetal bovine serum.
SKOV3/DDP cells were purchased from Shanghai Kenqiang
Equipment Co., Ltd (ZY1088). Stable cell lines of A2780/CP70
overexpressing MIR152 or MIR-C were generated by the infec-
tion of lentivirus carrying MIRI52 or a negative control precur-
sor (Open Biosystems, HMR5147) followed by puromycin (Life
Technologies, A113803) selection. Cisplatin and chloroquine
were purchased from Sigma Aldrich (2730645, C6628). Anti-
bodies against EGR1, LC-3, ATG14, and SQSTMI1 were
obtained from Cell Signaling Technology (4153S, 4108, 5504,
5114S).

Clinical material

Frozen GOG (Gynecologic Oncology Group) ovarian cancer
samples were obtained from the Cooperative Human Tissue Net-
work (CHTN), Pediatric Division of Children’s Hospital,
Columbus, OH, USA. All samples were collected in a HIPAA-
compliant way. The tumor specimens were collected at primary
surgery, freshly frozen in liquid nitrogen, and stored at -80°C
until RNA extraction. The procedures are in accordance with

Helsinki Declaration of 1975.

miRNA transfection and RNA interference

The negative control miRNA and M/R152 mimics were from
Applied Biosystem (AM17100). Cells were cultured in 6-well
plates to reach 60% confluency, and transfected with 25 nM
MIR152 mimic or miR-control using Lipofectamine RNAIMAX
reagent (Invitrogen, 13778-150) according to the manufacturer’s
instruction. Total proteins and RNAs were prepared from the
cells 60 to 72 h after the transfection, and were used for subse-
quent analysis. Nontargeting siRNAs pool control (sicont),
siRNA Smartpools against EGRI and ATGI14 were purchased
from Dharmacon (D-001810, L-006526, L-020438). Cells were
cultured in 6-well plates to reach 60% confluency and transfected
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with 50 nM specific siRNAs or control siRNA using X-treme-
GENE reagent (Roche, 04476093) according to the instructions.

Reporter constructs and luciferase activity assay

The 3’UTR-ATGI14 luciferase reporter constructs containing
the wild-type and mutant binding sites of MIR152 were ampli-
fied using PCR method. The PCR products were cloned into the
pMiR-Report luciferase vector (Ambion, AM5795), immediately
downstream of the luciferase gene. The mutant 3’'UTR con-
structs were made by introducing 4 mismatch mutations into the
putative seed regions of A7G14. All the constructs containing
3UTR inserts were sequenced and verified. Cells cotransfected
with reporter constructs, the miRNA mimic and the -gal plas-
mid were harvested 48 h after transfection and lysed with
reporter lysis buffer (Promega, E397A). The luciferase activities
in the cellular extracts were determined using the luciferase assay
system (Promega, E1501). The B-gal activities were measured
with assay buffer at absorbance 405 nm. The relative luciferase
activities were calculated by the ratio of luc/B-gal activity, and
normalized to that of the control.

RNA extraction and real-time quantitative PCR

Total RNAs were extracted using TRIzol (Invitrogen, 15596—
018). The cDNA synthesis was performed using oligo(dT);g pri-
mers and M-MLV reverse transcriptase (Promega, 29473101).
SYBR-Green RT-PCR was performed to detect EGRI, ATG14
and GAPDH mRNA levels using Power SYBR Green PCR Mas-
ter Mix Kit (Applied Biosystems, 4309155). Quantitative real-
time PCR primers for EGRI and ATGI14 were purchased from
(Origene, HP205725, HP211256). Tagman RT-PCR was per-
formed to detect miRNA expression levels using the Tagman
miRNA reverse transcription kit (Applied Biosystem, 4366597)
and the Tagman universal PCR master mix (Applied Biosystem,
4440038).

Flow cytometry analysis

Cells were transfected with the miRNA mimics or specific siR-
NAs followed by cisplatin treatment as indicated. ANXA5 and PI
double-staining was performed using the Alexa Fluor 488
Annexin V Dead Cell Apoptosis Kit (Life technology, V13241)
according to the manusfacturer’s instruction. The cells were ana-
lyzed by flow cytometry (BD Bioscience, FACSCalibur, Singa-
pore), measuring the fluorescence emission at 530 nm and
585 nm using 488 nm excitation. Data were analyzed using
FlowJo software.

GFP-LC3 analysis

Cells were transiently transfected with a GFP-LC3 plasmid
(Cell Biolabs, LTV-801) for 48 h. Then cells were treated with
cisplatin for 12 h, fixed in ice-cold methanol for 10 min,
mounted with coverslips using Prolong Gold antifade reagent
(Invitrogen, P36935), and stored at -20 °C until the use. Images
were captured using a fluorescence microscope (Olympus, Ix71,
Center Valley, PA, US). A total of 50 GFP-positive cells were
counted and cells with more than 5 puncta were considered as
GFP-LC3 puncta-positive cells.
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EMSA assay

A2780 cellular nuclear extracts was prepared using a nuclear
extraction kit (Cayman, 10009277). MIR152 DNA fragments
(probe) in the promoter region containing EGR1 DNA-binding
consensus sequences were amplified by PCR and followed by gel
purification. Then the probe was labeled using a Biotin 3’end
DNA labeling kit (Thermo Scientific, 89818). Binding reactions
were performed using a Lightshift EMSA Optimization and
Control kit (Thermo Scientific, 20148X) according to the
instruction of the manufacturer. Blots were detected using
Chemiluminescent Nucleic Acid Detection Module (Thermo
Scientific, 89880) and visualized with an ImageQuant LAS 4000
imaging system (GE Healthcare, Tokyo, Japan). Primers for the
MIRI152 probe are shown as follows:

Forward: 5'- GGGCCCCGAGGAAAGGGAG - 3/;

Reverse: 5'- CCGCCTCGCACTGACAGCG - 3.

Tumor xenograft assay

Female CrTac: NCr-FoxnI"™ mice (6-wk-old) were pur-
chased from Taconic (Hudson, NY, USA), and maintained in
pathogen-free conditions. A total 2 x 10° A2780/CP70-MIR-
C cells or A2780/CP70-MIR152 cells (A2780/CP70 cells sta-
bly overexpressing MIR-C or MIRI52) in 80 pl were injected
subcutaneously into the flank of nude mice (n = 10/group).
Cisplatin was administered intraperitoneally at 3 mg/kg
3 times a wk 3 d after the cell injection into the mice. DMSO
was given as a solvent in control mice. Tumor volumes were
measured with calipers (volume = a x b* x 0.52, where a is
the widest width and b is the perpendicular length) once every
3 d. Mice were euthanized 45 d post-injection. Animals used
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