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Abstract

The purpose of this study was to investigate the molecular

and therapeutic effects of siRNA-mediated c-MYC silencing in

cisplatin-resistant ovarian cancer. Statistical analysis of

patient's data extracted from The Cancer Genome Atlas (TCGA)

portal showed that the disease-free (DFS) and the overall (OS)

survival were decreased in ovarian cancer patients with high c-

MYC mRNA levels. Furthermore, analysis of a panel of ovarian

cancer cell lines showed that c-MYC protein levels were higher

in cisplatin-resistant cells when compared with their cisplatin-

sensitive counterparts. In vitro cell viability, growth, cell-cycle

progression, and apoptosis, as well as in vivo therapeutic effec-

tiveness in murine xenograft models, were also assessed fol-

lowing siRNA-mediated c-MYC silencing in cisplatin-resistant

ovarian cancer cells. Significant inhibition of cell growth and

viability, cell-cycle arrest, and activation of apoptosis were

observed upon siRNA-mediated c-MYC depletion. In addition,

single weekly doses of c-MYC–siRNA incorporated into 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] (DSPE-PEG-2000)-based nanoliposomes

resulted in significant reduction in tumor growth. These find-

ings identify c-MYC as a potential therapeutic target for ovarian

cancers expressing high levels of this oncoprotein. Mol Cancer

Ther; 14(10); 2260–9. �2015 AACR.

Introduction

The c-myc (v-myc avian myelocytomatosis viral oncogene

homolog) proto-oncogene belongs to a family of transcription

factors characterized by the basic helix–loop–helix leucine-zipper

(bHLHZ)motif, which allows binding to specific DNA sequences

as multimeric complexes (1, 2). c-MYC regulates the expression

of genes involved in a myriad of cellular processes, including

replication, growth, metabolism, differentiation, and apoptosis

(1–3). Transcriptional activation by c-MYC involves heterodimer

complex formation with its protein partner Max (MYC associated

factor X), as well as the recruitment of histone acetyltransferases

and other coactivators (1, 2, 4–7).

Oncogenic c-MYC arises through multiple molecular mechan-

isms, including gene amplification, gene translocation, enhanced

transcription for other upstream pathways, dysregulation of

mRNA-interacting molecules, and decreased rates of ubiquitin-

mediated proteolysis (8–10). Overexpression of c-MYC has been

reported in most, if not all, types of human malignancies

(8, 11, 12). In fact, integrated genome analysis of ovarian carci-

noma using The Cancer Genome Atlas (TCGA) project revealed

that the most common somatic focal amplification encodes eight

genes, including the c-myc gene, which is amplified in 30% to 60%

of human ovarian tumors (13, 14). In other tumor types,

c-MYC expression levels have been associatedwith drug resistance

(15–26).

Current adjuvant chemotherapy for ovarian cancer includes a

platinum-based drug such as cisplatin plus a taxane (i.e., pacli-

taxel; ref. 27). Unfortunately, despite initial response, most

patients develop chemoresistant disease, resulting in progressive

disease and death (28). Therefore, elucidation of the molecular

mechanisms underlying such resistance is imperative to identify

novel targets for ovarian cancer therapy. Given the pivotal role of

c-MYC in ovarian cancer, its therapeutic targeting in chemoresis-

tance is evident. Here, we examine the biologic and therapeutic

effects of targeting c-MYCby siRNAs in cisplatin-resistant cells and

in preclinical models of ovarian cancer.

Materials and Methods

Cells and culture conditions

The human ovarian epithelial cancer cells A2780CP20, SKO-

V3ip1, SKOV3.TR, HEYA8, and HEYA8.MDR were generous gifts

from Dr. Anil K. Sood (MD Anderson Cancer Center, Houston,

TX), and have been described elsewhere (29, 30). All cell lines

were obtained in 2010 and authenticated in 2013byPromega and

ATCC using Short Tandem Repeat (STR) analysis. A2780 and

A2780CIS cells were purchased in 2010 from the European
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Collection of Cell Cultures (ECACC), which provides authenti-

cated cell lines. All cell lines (A2780, A2780CP20, A2780CIS,

SKOV3ip1, SKOV3.TR, HEYA8, and HEYA8.MDR) were thawed

in 2013, expanded, and cryopreserved in several aliquots. Each

aliquot was thawed and cultured for no more than 10 to 12

passages. Cells were maintained in RPMI1640 medium supple-

mented with 10% FBS and 0.1% antibiotic/antimycotic solution

in a humidified incubator containing 95% air and 5% CO2 at

37�C. c-MYC–overexpressing clones and cell clones carrying the

empty vectors (EV) were cultured in the same media but contain-

ing G418 (500 mg/mL). All tumor cell lines were screened for

Mycoplasma using the LookOut Mycoplasma PCR detection kit

from Sigma-Aldrich as described by the manufacturer's instruc-

tions. In vitro assays were performed at 70% to 85% cell density.

Chemicals, reagents, and antibodies

Cisplatin and terbutanolwere purchased fromSigma. Cisplatin

was reconstituted in 0.9% NaCl. Antibodies against c-MYC, full

caspase-3, cleaved caspase-3, full caspase-9, cleaved caspase-9,

PARP-1, cyclin D3, cyclin-dependent kinase (CDK) 4, and p27

were purchased from Cell Signaling Technology. b-Actin mono-

clonal antibody and mouse and rabbit horseradish peroxidase

(HRP)-conjugated secondary antibodies were purchased

from Sigma. DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),

DSPE-PEG-2000 (1,2-distearoyl-sn-glycero-3-phosphoethanola-

mine-N-[methoxy(polyethylene glycol)-2000]), and cholesterol

were purchased from Avanti Polar Lipids.

Protein extraction and Western blot analysis

Cells were detached using 0.25% Trypsin-EDTA at 37�C and

washed with PBS. Cell lysates were prepared using ice-cold

lysis buffer (1% Triton X, 150 mmol/L NaCl, 25 mmol/L Tris

HCl, 0.4mmol/LNaVO4, 0.4mmol/LNaF, andprotease inhibitor

cocktail from Sigma), incubated on ice for 30minutes, and vortex

mixed periodically. Lysates were centrifuged, supernatants were

collected, and total protein concentration was determined using

Bio-Rad DC Protein Assay reagents (Bio-Rad) following the

manufacturer's instructions. Equal amounts of each protein sam-

ple (typically 30 or 50 mg per lane) were separated by SDS-PAGE,

blotted onto nitrocellulosemembranes, blocked with 5% non-fat

dry milk, rinsed, and probed with the appropriate dilution of

the corresponding primary antibody. Following antibody

incubation, the membranes were rinsed, incubated with the

corresponding HRP-conjugated secondary antibody, and rinsed

again. The bound antibodies were detected using enhanced

chemiluminescence substrate followed by autoradiography.

Bands were imaged and quantified using a FluorChem system

(Alpha Innotech Corporation) and AlphaEaseFC software.

siRNAs and in vitro siRNA transfection

To silence human c-MYC (NM_002467), two siRNAs targeting

exon 2 (50-GCTTGTACCTGCAGGATCT-30) and exon 3 (50-

CGTCCAAGCAGAGGAGCAA-30), and a non-silencing negative

control siRNA (C-siRNA) were purchased from Sigma. Briefly,

A2780CP20, A2780CIS, andHEYA8 cells (2� 104 cells/mL or 3.5

� 104 cells/mL) were seeded into 10 cm Petri dishes. Twenty-four

hours later, siRNAs were mixed with HiPerFect transfection

reagent (Qiagen) at 1:2 (A2780CP20 and A2780CIS) or 1:3

(HEYA8) ratio (siRNA: transfection reagent) in serum and anti-

biotic-free Opti-MEM medium (Life Technologies). The transfec-

tion mix was incubated for 20 minutes at room temperature and

then added to the cells. Cells were incubated at 37�Cand collected

24 hours after transfection to assess the downregulation of c-MYC

by Western blot analysis.

Stable transfections

Ectopic c-MYC expression was performed in cisplatin-sensitive

A2780 cells. Briefly, A2780 (4.5� 104 cells/mL) cells were seeded

into 6-well plates. For eachwell, pcDNA3-cmyc (1.0mg) (Addgene

plasmid 16011, depositor: Wafik El-Deiry) or empty vector (1.0

mg; pcDNA3.1) (Invitrogen, Life Technologies) were mixed with

MegaTran 1.0 transfection reagent (1:1 v/v; OriGene) and Opti-

MEMmedium. Themixturewas incubated for 10minutes at room

temperature and added to the cells. Twenty-four hours later, the

medium was replaced with fresh RPMI1640 (10% FBS, 0.1%

antibiotic/antimycotic solution and 500 mg/mL G418 disulfate

salt solution). After 2 to 3 weeks, individual colonies were picked

and cultured separately as independent clones.

Cell growth and viability

Cell viability was measured using the Alamar blue dye (Invi-

trogen) following the manufacturer's instructions. Briefly,

A2780CP20 and A2780 cells (2 � 104 cells/mL or 3 � 104

cells/mL) were seeded into 96-well plates. Twenty-four hours

later, siRNAs were added to the cells. Seventy-two hours after

transfection, the mediumwas removed and 95 mL of Alamar blue

was added. Optical density (OD) values were obtained spectro-

photometrically in a plate reader (Bio-Rad) after a maximum of 4

hours of dye incubation. In all cases, percentages of cell viability

were obtained after blank OD subtraction, taking the untreated

cells values as a normalization control. For combination treat-

ments (siRNAsþ cisplatin), OD values were obtained at 96 hours

after transfection. For colony formation assays, A2780CP20,

A2780CIS, and HEYA8 cells (3 � 104 cells/mL or 4.5 � 104

cells/mL) were seeded into 6-well plates. Twenty-four hours later,

siRNAs were added to the cells. Eight hours after transfection,

1,000 (A2780CP20 and HEYA8) or 2,500 (A2780CIS) cells were

seeded into 10 cm Petri dishes containing RPMI1640 (10% FBS

and 0.1% antibiotic/antimycotic solution) and incubated at

37�C. Seven days (A2780CP20) or 10 days (A2780CIS and

HEYA8) later, colony-forming cells were stainedwith 0.5% crystal

violet solution. A2780CP20 and A2780CIS colonies of at least 50

cells were scored under a light microscope (Olympus CKX41) in

five random fields with a total magnification of 40�. Visible

HEYA8 colonies were counted manually.

Assessment of cell-cycle progression and apoptosis by flow

cytometry

To assess cell-cycle progression, A2780CP20 and HEYA8 cells

were transfected with siRNAs for 24 hours. Forty-eight hours after

transfection, cells were collected, washed in ice-cold PBS, fixed

with 70% cold ethanol, and stored at 4�C. Twenty-four hours

later, cells were washed with ice-cold PBS, resuspended in pro-

pidium iodide (PI)/RNase Staining Buffer (BD Biosciences),

incubated in the dark for 15 minutes at room temperature, and

then analyzed by flow cytometry in a Beckman Gallios flow

cytometer (Beckman Coulter Inc.). FCS Express software (Beck-

man Coulter) was used to determine the percentage of cells in

each phase of the cell cycle. Apoptosis was measured with the

fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection

Kit (BD Biosciences), which uses Annexin V and PI as the apo-

ptotic and necrotic markers, respectively. Briefly, A2780CP20 and
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HEYA8 cells were transfected with siRNAs for 24 hours. Seventy-

two hours after transfection, both floating and attached cells were

collected, washed in ice-cold PBS, and resuspended in 1� binding

buffer. Cells were then incubated in the dark for 15 minutes at

room temperature with Annexin V–FITC and/or propidium

iodide according to the manufacturer's instructions. Apoptotic

cells were analyzed in a Beckman Gallios flow cytometer. Gallios

1.2 software (Beckman Coulter) was used to determine the

percentage of apoptotic and necrotic cells.

siRNA incorporation into DOPC-PEG-nanoliposomes

siRNAs were mixed with DOPC (1:10 w/w), DSPE-PEG-2000

(5% mol/mol of total lipids) and cholesterol (50% w/w of

DOPC) in the presence of excess terbutanol (30–35). Themixture

was frozen in an acetone-dry ice bath and lyophilized. For in vivo

administration, the lyophilized powder was hydrated with Ca2þ

andMg2þ-free PBS at a concentration of 25mg/mL to achieve the

desired dose of 5 mg of siRNA in 200 mL/injection.

Tumor implantation and drug treatment

Female athymic nude mice (NCr-nu, 6 weeks old) were pur-

chased from Taconic. To assess the efficacy of c-MYC silencing

in vivo, mice were intraperitoneally injectedwith A2780CP20 cells

(1 � 106 cells/0.2 mL HBSS). Three weeks after tumor implan-

tation, mice received two single doses (intraperitoneally) of

C-siRNA-DOPC-PEG-nanoliposomes or c-MYC-siRNA-DOPC-

PEG-nanoliposomes (5 mg siRNA/injection). Two days after

siRNA injection, animals were sacrificed; the peritoneal tumors

were harvested and tissue samples were snap-frozen in liquid

nitrogen and stored at�80�C for protein analysis byWestern blot

analysis with a specific antibody against c-MYC. To evaluate the

therapeutic activity of c-MYC siRNAs alone or in combination

with cisplatin in vivo, A2780CP20 cells (1 � 106 cells/0.2 mL

HBSS)were injected intraperitoneally. Seven days later, micewere

randomly divided into the following treatment groups (n ¼ 10/

group): (i) C-siRNA, (ii) cisplatin alone, (iii) c-MYC-siRNA, (iv)

C-siRNA plus cisplatin, and (v) c-MYC-siRNA plus cisplatin.

DOPC-PEG-liposomal-siRNAs (5 mg siRNA/injection) and cis-

platin (160 mg/injection) were injected intraperitoneally once a

week for 4 weeks. At the end of the treatment, mice were sacrificed

and tumors collected. The number of tumor nodules and tumor

weight was recorded. The entire peritoneal cavity was examined

for tumor metastases.

Characterization of liposomal formulations

Cryo-electron microscopy. The lyophilized liposomal-siRNA pow-

der was resuspended in 500 mL Ca2þ and Mg2þ-free PBS by

ultrasonic agitation for 15minutes. A3mL suspensionwas applied

to fenestrated carbon films blotted to form a vicinal layer, then

vitrified in liquid ethane at �180�C. Frozen hydrated samples

were observed in a FEI Tecnai TF20 electronmicroscope (FEI)with

a Gatan 626 cryogenic specimen holder (Gatan Inc.), and images

recorded on a Falcon2 camera of the same instrument.

Particle size and zeta potential. Light scattering was used to

determine the particle size and surface charge (zeta potential) of

the liposomal formulations. Liposomes were reconstituted in

Ca2þ and Mg2þ-free PBS and sonicated for 15 to 20 minutes.

After sonication, particle size and zeta potential were measured at

room temperature with Zeta Pals (Brookhaven Instruments) and

Mobius instruments (Wyatt Technology), respectively.

siRNA encapsulation efficiency and siRNA release. Liposomal-siR-

NAswere reconstituted in Ca2þ andMg2þ-free PBS, and sonicated

for 15 to 20 minutes. The mixture was added to an Amicon 50K

filter (EMD Millipore), and centrifuged at 7,500 rpm for 15

minutes. The eluted fractionwas collected tomeasure the amount

of free siRNA using a NanoDrop 2000 spectrophotometer

(Thermo Scientific). 0.1% Triton X-100 was then added to the

filter, centrifuged again at 7,500 rpm for 15 minutes, and mea-

sured spectrophotometrically. This fraction corresponded to the

encapsulated siRNA. All experiments included naked-siRNA and

empty liposomes (liposomes without siRNA) as controls. The

encapsulation efficiency (%E) was calculated using the following

equation:

%E ¼ ½ðtotal siRNA � free siRNAÞ=total siRNA� � 100

siRNA released from liposomes was calculated by dissolving

the liposomal-siRNA in 50% FBS for 0, 2, 8, 24, 48, and 72 hours

at 37�C. Liposomes were centrifuged at 7,500 rpm for 15minutes.

Then 0.1% Triton X-100 was added to an Amicon 50K filter and

centrifuged again at 7,500 rpm for 15 minutes. The amount of

RNA from the Triton X-100 fraction corresponds to the nonre-

leased siRNAportion. Percentage of release at each time point was

calculated using the following equation:

%siRNA released ¼ ½ðtotal siRNA at 0 hours

� siRNA Triton fractionÞ=total siRNA at 0 hours� � 100

Biologic half-life (serum stability) and shelf-life. For serumstability,

naked-siRNA and liposomal-siRNA were resuspended in 50%

FBS and incubated at 37�C. Aliquots were collected at 0, 3, 6,

12, and 24 hours, and frozen at each time point. Prior to

electrophoresis, 1% Triton X-100 was added to the aliquots

and vortexed-mixed for 2 minutes. 5� loading dye was added

and samples were loaded into a 3% agarose gel. Bands were

imaged using a FluorChem system (Alpha Innotech) and

AlphaEaseFC software. The shelf-life was determined by the

conservation of the particle size and surface charge of lipo-

somes at 4�C for 0, 2, and 4 weeks. Similarly, the size and

charge of the liposomal formulations were measured at 0, 30,

60, and 120 minutes at room temperature after liposomal

reconstitution with Ca2þ and Mg2þ-free PBS.

In vitro toxicity. In vitro toxicity was measured using the Alamar

blue dye (Invitrogen) following the manufacturer's instructions.

Briefly, A2780CP20 cells (2� 104 cells/mL) were seeded into 96-

well plates. Twenty-four hours later, liposomal formulations

(empty liposomes with different DOPC concentrations) were

added to the cells. Seventy-two hours after transfection, the

medium was removed and 95 mL of Alamar blue was added. OD

values were obtained spectrophotometrically in a plate reader

(Bio-Rad) after a maximum of 4 hours of dye incubation. In all

cases, percentages of cell viability were obtained after blank OD

subtraction, taking the untreated cells values as a normalization

control.

In vivo safety study (proinflammatory cytokines and blood chemis-

try). Female wild-type mice (Balb-c, 4 weeks old) were purchased

from Taconic. Serum samples were collected from heart blood

and further analyzed for proinflammatory cytokineproductionby

ELISA (Qiagen), and blood chemistry [lactate dehydrogenase

Reyes-Gonz�alez et al.
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(LDH) activity and urea] (Sigma-Aldrich) following the manu-

facturer's instructions. Briefly, the immune response was evalu-

ated after 5 and 24 hours of intraperitoneal injections (single

dose). LDH activity and urea levels were evaluated at 3 weeks (a

single injection per day, four consecutive days a week).

Statistical analysis

For in vitro and in vivo experiments, statistical analysis was

performed using Student t test for comparing two groups and by

ANOVA for multiple group comparisons. P values of <0.05 were

considered statistically significant. GraphPad Prism software was

used for graphing and statistical analysis. Ovarian cancer patient

data were downloaded and analyzed from the Cancer Genome

Atlas Project (TCGA; http://tcga-data.nci.nih.gov/) for "Ovarian

Serous Cystadenocarcinoma" (OV). Level 3 Illumina RNASeq

"gene.quantification" files were used to extract MYC expression

(RPKM: Reads Per Kilobase of exon model per Million mapped

reads) values. Statistical analyses were performed in R (version

3.0.1; http://www.r-project.org/), and the statistical significance

was defined as a P value of <0.05. The log-rank test was employed

to determine the relationship between c-MYC expression and

overall/disease-free survival. Kaplan–Meier method was used to

generate survival curves. The entire populationwas randomly split

into training (2/3) and validation (1/3) cohorts. In each cohort,

patients were divided into percentiles according to c-MYCmRNA

expression. Then using the training set, any cut-off between

percentiles of 25th and 75th were considered as statistically

significant. The statistical significance was corroborated with the

validation set.

Results

Expression of c-MYC in human ovarian cancer patients and

ovarian cancer cells

To determine potential clinical relevance in drug-resistant

ovarian cancer, c-MYC mRNA levels were correlated with clinical

data from ovarian cancer patients. Ovarian cancer patient data

were downloaded and analyzed from TCGA. Level 3 Illumina

RNASeq "gene.quantification" files were used to extract MYC

expression. The entire cohort was separated into two sets, the

training set (219 patients; Fig. 1A) and the validation set (110

patients; Fig. 1B). The log-rank test revealed that recurrence of

disease (expressed as percentage disease free) occurred signifi-

cantly (P ¼ 0.0277) faster for patients with higher c-MYC expres-

sion levels (Fig. 1A). These findings were corroborated with

further analysis with the validation set (P ¼ 0.0289; Fig. 1B). In

addition, OS (expressed as the percentage survival) was signifi-

cantly reduced for patients with higher c-MYC expression values

(P ¼ 0.0058; Fig. 1C). Statistical analysis with the validation set

cohort (Fig. 1D) corroborated these findings (P ¼ 0.0138).

To assess c-MYC protein levels, a panel of multiple ovarian

cancer cell lines was evaluated by Western blot analysis. Interest-

ingly, cisplatin-resistant cells (A2780CP20 and A2780CIS)

expressed higher levels of c-MYC protein when compared with

their sensitive counterparts (A2780; Fig. 1E). Densitometric anal-

ysis of the band intensities (Fig. 1F) confirmed these findings. The

taxane-resistant ovarian cancer cells SKOV3.TR and HEYA8.MDR

exhibited similar c-MYC levels when compared with their taxane-

sensitive counterparts SKOV3ip1 and HEYA8, respectively.

Together, these results suggest that c-MYC is a clinically relevant

target for cisplatin-resistant ovarian cancer patients.

Effects of c-MYC silencing on cell growth and viability

Next, we examined the biologic effects of c-MYC silencing in

cisplatin-resistant ovarian cancer cells. Western blot analysis

confirmed that the two siRNAs used against c-MYC reduced the

levels of the c-MYC protein in the A2780CP20 cisplatin-resistant

ovarian cancer cell line (Fig. 2A). Densitometric analysis of the

band intensities showed that both siRNAs decreased c-MYC

expression by more than 80% (����, P < 0.0001) compared with

C-siRNA (Fig. 2A). Similar results were observed when c-MYC-

siRNA was transfected into A2780CIS and HEYA8 ovarian cancer

cells (Supplementary Fig. S1A and S1C). Dose-dependent inhi-

bition of cell viability was observed after 72 hours of c-MYC-

targeted siRNA treatment (Fig. 2B). The inhibitory effects on

viability were observed even at doses as low as 12.5 nmol/L of

c-MYC–targeted siRNAs (Fig. 2B). Treatment with c-MYC-siRNA

also induced long-term effects in cell growth as evident in colony

formation assays (Fig. 2C). Transient transfection of c-MYC-

siRNA (2) in A2780CP20 cells significantly reduced (55% reduc-

tion; ���, P < 0.001) the number of colonies formed after 7 days in

culture, compared with the C-siRNA–transfected cells (Fig. 2C).

Similarly, transfection of c-MYC–siRNA (2) in A2780CIS and

HEYA8 cells significantly reduced (48% and 70% reduction;
����, P < 0.0001 and ���, P < 0.001, respectively) the number of

colonies formed after 10 days in culture (Supplementary Fig. S1B

and S1D). On the other hand, silencing c-MYC in A2780 cisplatin-

sensitive ovarian cancer cells, which express low c-MYC levels,

inducednegligible changes in cell viability (Fig. 2D). Combination

of a low-active c-MYC-siRNA (2) dose (50 nmol/L, Fig. 2B and 2E)

with a relatively low cisplatin dose (2 mmol/L) induced significant

(�, P < 0.05) additive-like inhibitory effects on the viability of

A2780CP20 cells (Fig. 2F) comparedwith c-MYC-siRNA (2) alone.

These data suggest that c-MYC levels are associated with the

sensitivity of ovarian cancer cells to cisplatin treatment.

Effects of c-MYC silencing on apoptosis and cell-cycle

progression

We next investigated whether the effects induced by c-MYC–

siRNAwere due to apoptosis, cell-cycle arrest, or both. Transfection

of A2780CP20 cells with c-MYC–siRNA (2) induced up to 15%

(��, P < 0.01) apoptosis compared with cells treated with C-siRNA

(Fig. 3A). Western blot analysis showed that siRNA-based c-MYC

silencing induced activation of the apoptotic-related molecules

caspase-3, caspase-9, and PARP-1 72 hours after transfection

(Fig. 3B). Furthermore, 25% of the A2780CP20 cells (����, P <

0.0001) were arrested in the G0–G1 phase, 48 hours after c-MYC—

siRNA (2) transfection (Fig. 3C). Western blot analysis confirmed

that key proteins required for transition from G0–G1 to S-phase

were also altered following c-MYC silencing in A2780CP20 cells

(Fig. 3D). Particularly, cyclin D3/cyclin-dependent kinase 4

(CDK4) levels were decreased, while the inhibitory protein of

cell-cycle progression, p27, increased in cells treated with c-

MYC-siRNA (2) compared with untreated (NT) or C-siRNA–trea-

ted cells (Fig. 3D). Densitometric analysis of the band intensities is

shown in Fig. 3E. Similar results for apoptosis and cell-cycle

progressionwereobservedwhenc-MYC–siRNA(2)was transfected

intoHEYA8ovarian cancer cells (Supplementary Fig. S1E andS1F).

Effect of c-MYC overexpression in the sensitivity of ovarian

cancer cells to cisplatin treatment

To confirm the role of c-MYC in the cisplatin resistance of

ovarian cancer cells, we performed stable c-MYC transfections in
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A2780 cisplatin-sensitive cells. Figure 4A shows that compared

with A2780-untransfected cells (A2780-NT) or with empty vec-

tor–transfected clones (A2780-EV), A2780-cmyc clones express

higher c-MYC protein levels. At concentrations as low as 1 mmol/L

of cisplatin, the c-MYC–overexpressing clones were significantly

less sensitive to cisplatin treatment compared with the A2780-

untransfected cells or with the EV clones (Fig. 4B). These data

suggest that c-MYC contributes to the cisplatin-resistant pheno-

type observed in ovarian cancer cells.

Characterization of liposomal–siRNA formulations

Particle size and zeta potential of liposomal-siRNA formula-

tions were evaluated by dynamic light scattering, which showed

that the liposomes used in this study were slightly negative, and

around 100 to 150 nm in diameter (Supplementary Tables S1–

S3). The percentage of cholesterol induced changes in the size

but not in the surface charge (zeta potential) of the liposomal

formulations (Supplementary Table S1). The efficiency of

siRNA encapsulation was slightly higher for liposomes with

50% cholesterol (w/w DOPC) as compared with liposomes

with 25% cholesterol (w/w DOPC; Supplementary Table S1).

The kinetics of siRNA release from liposomes with 25% cho-

lesterol was slower in the first hours compared with liposomes

with 50% cholesterol (Supplementary Fig. S2A). However, the

kinetics of siRNA release was constant over time for liposomes

with 50% cholesterol compared with liposomes with 25%

Figure 1.

Expression of c-MYC in ovarian cancer

cells and human tumors. Level 3

Illumina RNASeq "gene.

quantification" files were used to

extract MYC expression. Statistical

analysis of c-MYC mRNA expression

and clinical data from patients with

high-grade serous ovarian cancer

showed that the DFS (A and B), and

the overall survival (OS; C and D),

were significantly reduced

for patients with higher

c-MYC expression levels. E, Western

blot analysis of ovarian cancer cells

was performed as described in

Materials and Methods. b-Actin was

used as a loading control. F,

densitometric analysis of the

intensities of the bands shown in

E. Fold changes in protein levels were

calculated relative to A2780 cisplatin-

sensitive cells.
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Figure 2.

siRNA-based silencing of c-MYC. Two different siRNAs targeting exon 2 and exon 3 of the human c-MYC sequence (NM_002467) were used. A, A2780CP20

cells (2 � 10
5
) were transfected with 200 nmol/L c-MYC-siRNA. Total protein was isolated from siRNA-transfected cells for Western blot analysis as

described in Materials and Methods. Densitometric analysis of the intensities of the bands was calculated relative to the C-siRNA. Averages � SEM are shown

(���� , P < 0.0001). B, A2780CP20 cells (2 � 10
3
) were seeded into 96-well plates and 24 hours later cells were transfected with a serial dilution of C-siRNA or

c-MYC–targeted siRNAs. Cell viability was calculated 72 hours after transfection as described in Materials and Methods. Percentages were obtained after

blank OD subtraction, taking the untreated cells values as a normalization control. Averages � SEM are shown. C, A2780CP20 cells (6 � 10
4
) were seeded

into 6-well plates and 24 hours later 100 nmol/L c-MYC-siRNA (2) or 100 nmol/L C-siRNA was added to the cells. Eight hours after transfection, 1,000 cells were

seeded into 10-cm Petri dishes. Seven days later, cells were stained and colonies of at least 50 cells were scored under a light microscope. The percentage of

clonogenicity was calculated relative to C-siRNA. Averages � SEM are shown for three independent experiments (��� , P < 0.001). D, A2780 cells (3 � 10
3
) were

seeded into 96-well plates and 24 hours later cells were transfected with a serial dilution of C-siRNA or c-MYC-siRNA (2). Cell viability was calculated as

described in B. Averages � SEM are shown. E, A2780CP20 cells (2 � 10
5
) were transfected with 50 nmol/L c-MYC-siRNA (2). Total protein was isolated

from siRNA-transfected cells for Western blot analysis as described in Materials and Methods. Densitometric analysis of the intensities of the bands was calculated

relative to the C-siRNA. Averages � SEM are shown (���� , P < 0.0001). F, A2780CP20 cells (2 � 10
3
) were seeded into 96-well plates and 24 hours later

cells were transfectedwith 50 nmol/L C-siRNA or 50 nmol/L c-MYC-siRNA (2). The next day, themedia was replaced by cisplatin (CIS; 2 mmol/L final concentration)

containing RPMI1640 media. Cell viability was calculated 72 hours after CIS treatment (96 hours after transfection) as previously described. Averages � SEM are

shown (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).

Targeting c-MYC in Ovarian Cancer

www.aacrjournals.org Mol Cancer Ther; 14(10) October 2015 2265

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

4
/1

0
/2

2
6
0
/2

3
2
9
4
3
0
/2

2
6
0
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



cholesterol. For these reasons, liposomes with 50% cholesterol

were used for further studies. A cryo-electron microscopy (cryo-

EM) micrograph confirmed the particle size (100–150 nm) and

showed that the majority of the liposomes are small unilamel-

lar vesicles (Fig. 4C). The size and charge of the reconstituted

liposomal-siRNA formulations were stable over 2 hours at

room temperature (Supplementary Table S2) and 4 weeks at

4�C (Supplementary Table S3). The ability of the liposomes to

protect the stability of the siRNA from serum nucleases was

evaluated in vitro. Results showed that siRNA degradation

occurred faster for naked-siRNA compared with liposomal-

siRNA (Supplementary Fig. S2B). Furthermore, the lipo-

somal-siRNA formulation was not toxic in vitro even at DOPC

concentrations as high as 50 mmol/L (Supplementary Fig. S2C).

In vivo studies showed that a single injection of empty lipo-

somes or liposomal-siRNA formulations did not induce early

(5 hours) or late (24 hours) immune response (Supplementary

Fig. S3A and S3B). Repeated doses of liposomal-siRNA formu-

lations (a single injection per day for 4 days, during 3 weeks)

were not toxic for mice as indicated by the LDH activity or urea

levels (Supplementary Fig. S3C and S3D), which were similar

to the control group (saline solution, only). No weight loss was

noted during the treatment period (Supplementary Fig. S3E).

Therapeutic effect of DOPC-PEG-liposomal siRNAs

DOPC-PEG-cholesterol–based nanoliposomes were used for in

vivo siRNA delivery. First, we assessed whether the c-MYC silencing

was effective in vivo. Nude mice bearing A2780CP20 tumors were

injected intraperitoneally with 2 single doses of 5 mg of DOPC-

PEG-liposomal-C-siRNAor 5mg ofDOPC-PEG-liposomal-c-MYC-

siRNA. Two days after injection, mice were sacrificed and tumors

were dissected. Western blot analysis confirmed that DOPC-PEG-

liposomal-c-MYC-siRNA reduced the levels of c-MYC protein at 2

days after injection (Fig. 4D) compared with control groups. Next,

the antitumor effects of c-MYC-siRNA as compared with C-siRNA

were tested in A2780CP20 tumor-bearingmice. Tumorweight and
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Figure 3.

Apoptosis and cell-cycle progression

following c-MYC silencing.

Assessment of cell-cycle progression

and apoptosis was performed by flow

cytometry after siRNA-based c-MYC

silencing in cisplatin-resistant cells.

A, A2780CP20 cells (6 � 10
4
) were

seeded into 6-well plates and 24 hours

later 200 nmol/L of C-siRNA or 200

nmol/L of c-MYC-siRNA (2) was

added to the cells. Seventy-two hours

after transfection, apoptosis was

measured with the FITC apoptosis

detection kit as described in Materials

and Methods. Averages � SEM are

shown for two independent

experiments (�� , P < 0.01). B,

A2780CP20 cells (2 � 10
5
) were

seeded into 10-cm Petri dishes and

transfected as described inA.Western

blot analysis was performed 72 hours

after transfection for detection of

apoptotic-related proteins as

described in Materials and Methods.

C, A2780CP20 cells (6 � 10
4
) were

transfected as described in A. Forty-

eight hours after siRNA transfection,

A2780CP20 cells were fixed and

cell-cycle progression was assessed

usingPI and the FCSExpress software.

Averages � SEM are shown for three

independent experiments (�� ,P<0.01;
���� , P < 0.0001). D, A2780CP20 cells

(2 � 10
5
) were transfected as

described in B. Western blot analysis

was performed 48 hours after

transfection for detection of

cell-cycle–related proteins. E,

densitometric analysis of the band

intensities shown in D are expressed

relative to C-siRNA–treated cells.

Averages � SEM are shown for three

independent experiments (� , P < 0.05;
�� , P < 0.01).
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number of noduleswere assessed infive treatment groups (10mice

each): (i) C-siRNA, (ii) cisplatin alone, (iii) c-MYC-siRNA, (iv) C-

siRNA plus cisplatin, and (v) c-MYC-siRNA plus cisplatin. All

DOPC-PEG-liposomal siRNAs (5 mg siRNA/injection) and cisplat-

in (160 mg/injection) treatments were injected intraperitoneally

once per week for 4 weeks. No weight loss was noted during the

treatment period (Supplementary Fig. S3F). Cisplatin treatment by

itself did not induce a significant effect on tumor growth (Fig. 4E).

On the other hand, decreased tumor weight was observed in the c-

MYC-siRNA group (�, P < 0.05) comparedwith the C-siRNA group

(Fig. 4E). In addition, c-MYC-siRNA induced a decrease in the

numberof tumornodules (�,P<0.05) comparedwith theC-siRNA

group (Fig. 4F).

Discussion

In this study, we showed that high levels of c-MYC are asso-

ciated with faster recurrence and poor overall survival of patients

with high-grade serous ovarian cancer, and with cisplatin resis-

tance in ovarian cancer cells. Another key finding was that siRNA-

based silencing of c-MYC inhibits cell growth in vitro and reduces

tumor growth in xenograft models of cisplatin-resistant ovarian

Figure 4.

In vitro effects of c-MYC

overexpression and in vivo

therapeutic efficacy of liposomal

c-MYC-siRNA. A2780 cells (9 � 10
4
)

were stably transfectedwith an empty

vector (EV) or with a c-MYC–

containing vector as described in

Materials and Methods. A, Western

blot analysis was performed as

previously described. Compared with

untrasfected cells or with empty

vector clones, the c-MYC–

overexpressing clones showed higher

c-MYC protein levels. B, stable

transfected A2780 cells were exposed

to CIS (1 mmol/L final concentration)

containing RPMI1640 media. Cell

viabilitywas calculated as described in

Materials and Methods. Averages �

SEM are shown relative to A2780-EV1

(��� , P < 0.001; ���� , P < 0.0001) or to

A2780-EV2 (
###

, P < 0.001;
####

, P <

0.0001). Lyophilized liposomal-

siRNAs were reconstituted in Ca
2þ

and Mg
2þ
-free PBS. C, cryo-EM shows

that the majority of the particles are

small unilamellar vesicles in the 100 to

150 nm range. The hole in the image is

a fenestration in the carbon support,

which measures 1.2 mm in diameter.

Nude mice were injected

intraperitoneally with A2780CP20

cells and randomly allocated in the

groups described in Materials and

Methods. D, Western blot analysis

shows that c-MYC-siRNA-DOPC-PEG

treatment reduced c-MYC protein

levels in vivo. Therapy began 1 week

after tumor cell inoculation. E, mean

tumor weight and number of nodules

was recorded after 4 weeks (F).

Averages � SEM are shown

(� , P < 0.05; ���� , P < 0.0001).
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cancer. c-MYC, anoncoprotein highly abundant in several types of

cancer, is considered an undruggable molecule by virtue of its flat

protein surface (36, 37). Thus, the evidence we present here

suggests that siRNA-based c-MYC targeting is a therapeuticmodal-

ity for ovarian cancer patients expressing high c-MYC levels,

including those that are resistant to cisplatin treatment.

The c-MYC transcription factor, which regulates 15% of all

human genes, plays an important role in a myriad of biologic

processes, including cell growth and proliferation, cell-cycle pro-

gression, apoptosis, angiogenesis, senescence, and genomic insta-

bility (1–3, 38, 39). In addition, c-MYC regulates the expression of

not only a particular group of genes but acts in concert with RNA

polymerase and transcription factors as a universal amplifier of

gene expression in embryonic stem cells (40) and tumor cells

(41). In fact, c-myc amplification has been reported in multiple

malignancies, including ovarian cancer (14). In other tumor

types, c-MYC expression levels have been associated with drug

resistance (15–26). For instance, Sakamuro and colleagues have

shown that c-MYC oncoprotein increases cisplatin resistance by

decreasing production of the c-MYC inhibitor bridging integrator

1 (BIN1; ref. 16). Our findings related to the role of ectopic

expression of c-MYC indecreasing the sensitivity of ovarian cancer

cells to cisplatin treatment are in agreement with these reports.

The therapeutic effects of siRNA-based c-MYC silencing in

cisplatin-resistant ovarian cancer cells have not been fully

addressed. Current adjuvant chemotherapy for ovarian cancer

includes cisplatin and paclitaxel; unfortunately, the majority of

the patients develop chemoresistance that leads to therapeutic

failure (27, 28). Thus, our study provides further evidence that

c-MYC is a plausible target for ovarian cancer patients with high

c-MYC expression levels. Moreover, the findings that the c-MYC–

targeted siRNA did not affect the viability of cells with low c-MYC

protein levels, suggests that c-MYC could be considered as a

potential biomarker and an indicative of chemotherapy response.

Nevertheless, the results that siRNA-mediated c-MYC silencing

inducedmore pronounced effects in c-MYC downregulation than

in cell growth and viability confirm previous findings (42) that

molecular pathways other than c-MYCupregulation contribute to

the cisplatin resistance of ovarian cancer cells. These results

suggest that therapies targeting different cell survival pathways

should be more beneficial than targeting a single pathway in

advanced and drug-resistant ovarian cancer.

We have shown that c-MYC siRNA–based silencing induces

short- and long-term effects in cell growth and viability. These

effects were associated with both apoptosis induction and cell-

cycle arrest. Future studies shoulddetermine the c-MYC–regulated

antiapoptotic genes associated with the cisplatin resistance in

ovarian cancer cells. In agreement with previous studies (14, 43),

one of the major cell-cycle–inhibitory proteins, p27, was

increased following c-MYC depletion. Similarly, decreased levels

of CDK4 and cyclin D3 following c-MYC silencing probably

occurred by the ability of c-MYC to transcriptionally regulate the

expression of these proteins (44).

In conclusion, we present evidence here that DOPC-PEG-lipo-

somal c-MYC–targeted siRNA alone or in combination with

chemotherapy is efficacious in preclinical models. Further phar-

macodynamic, pharmacokinetic, and tissue distribution studies

will be required prior to clinical translation.
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