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Abstract

Chemotherapy is commonly used in the treatment of

ovarian cancer, yet most ovarian cancers harbor inherent

resistance or develop acquired resistance. Therefore, novel

therapeutic approaches to overcome chemoresistance are

required. In this study, we developed a hyaluronic

acid-labeled poly(d,l-lactide-co-glycolide) nanoparticle

(HA-PLGA-NP) encapsulating both paclitaxel (PTX) and

focal adhesion kinase (FAK) siRNA as a selective delivery

system against chemoresistant ovarian cancer. The mean

size and zeta potential of the HA-PLGA-NP were 220 nm

and -7.3 mV, respectively. Incorporation efficiencies for PTX

and FAK siRNA in the HA-PLGA-NPs were 77% and 85%,

respectively. HA-PLGA-NP showed higher binding efficiency

for CD44-positive tumor cells as compared with CD44-

negative cells. HA-PLGA (PTXþFAK siRNA)-NP caused

increased cytotoxicity and apoptosis in drug-resistant tumor

cells. Treatment of human epithelial ovarian cancer tumor

models HeyA8-MDR (P < 0.001) and SKOV3-TR (P < 0.001)

with HA-PLGA (PTXþFAK siRNA)-NP resulted in significant

inhibition of tumor growth. Moreover, in a drug-resistant,

patient-derived xenograft (PDX) model, HA-PLGA

(PTXþFAK siRNA)-NP significantly inhibited tumor

growth compared with PTX alone (P < 0.002). Taken

together, HA-PLGA-NP acts as an effective and selective

delivery system for both the chemotherapeutic and the

siRNA in order to overcome chemoresistance in ovarian

carcinoma.

Significance: These findings demonstrate the efficacy of

a novel, selective, two-in-one delivery system to overcome

chemoresistance in epithelial ovarian cancer. Cancer Res; 78(21);

6247–56. �2018 AACR.

Introduction

Ovarian cancer is the leading cause of death from gynecological

malignancies in women because of its high recurrence rate and

eventual resistance to cytotoxic chemotherapy (1, 2). Chemother-

apeutic drugs are commonly used for the treatment of ovarian

cancer; however, most cancers have developed inherent or

acquired resistance, highlighting the need for novel therapeutic

approaches to overcome chemoresistance and to improve treat-

ment outcomes.

Several nanoparticle (NP) platforms have been extensively

developed to overcome drug resistance (3–6). NP-based drug

delivery systems are highly attractive in cancer therapy due to

their specific capacities and biocompatibilities (3, 7, 8). In addi-

tion, NPs increase the concentration of therapeutic payloads at

disease sites, thereby minimizing concerns regarding unexpected

side effects.

Poly(d,l-lactide-co-glycolide) (PLGA) polymer is particularly

attractive for clinical and biological applications, given its low

toxicity, low immunogenicity, biocompatibility, and biodegrad-

ability. PLGA has been used extensively in NP carrier systems

encapsulating payloads (9, 10). In addition, hyaluronic acid (HA)

has been shown to function as a ligand against the CD44 receptor,

which is expressed on the surfaces of tumor cells. Moreover, HA

provides conformational stability and improves binding selectiv-

ity for CD 44 receptors (11, 12).
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Amongmany novel targets for chemoresistance, focal adhesion

kinase (FAK) is considered attractive for therapeutic development.

Increased FAK expression has been reported in a number of tumor

types, including breast (13), colon (14), and ovarian (15) cancers.

In addition, FAK inhibition sensitizes cancer cells to chemother-

apy (16, 17). FAK plays an important role in many malignant

features, including tumor invasion, migration, and survival, and

elevates the expression of drug efflux pumps (18), leading to FAK

induced chemoresistance. In recent years, siRNA-based

approaches using NP delivery systems have been used extensively

in cancer therapy to silence the expression of specific genes such as

FAK (7, 19, 20).

Here, we developed HA-labeled PLGA NPs (HA-PLGA-NPs)

incorporating both paclitaxel (PTX) and FAK siRNA as a two-in-

one delivery system to increase the efficiency of targeted delivery

against tumor-specific receptors and to enhance therapeutic effi-

cacy in chemoresistant ovarian cancer. In the present study, we

demonstrated the highly selective delivery of targeted NPs into

CD44 receptor-positive cells and the therapeutic efficacy of this

approach in chemoresistant epithelial ovarian cancer (EOC)

models and in a human ovarian patient-derived xenograft (PDX)

model (21, 22). This approach provides a new combination

for chemotherapy and gene silencing to overcome chemoresis-

tance in EOC.

Materials and Methods

Materials

Paclitaxel (PTX,Mw853.906Da)waspurchased fromSamyang

Biopharmaceuticals Co. Poly(d,l-lactide-co-glycolide) acid

(PLGA,ResomerRG502H,monomer ratio50:50,Mw10–12kDa)

was purchased from Boehringer Ingelheim (Ingelheim, Ger-

many). Poly(vinyl alcohol) (PVA, 80% hydrolyzed, Mw 9–10

kDa) and FAK inhibitor (1,2,4,5-benzenetetraamine tetrahy-

drochloride, Mw 284.01 Da) were purchased from Sigma-Aldrich

Co. Hyaluronic acid (HA, Mw 5–150 kDa) was purchased from

Tokyo Chemical Ind. Ki67 and CD31 antibodies were purchased

from Abcam. FAK, AKT, and p-AKT antibodies were purchased

from Cell Signaling Technology. Terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) assay kit was pur-

chased from Trevigen (TACS 2 TdT DAB Kit). All other materials

were of analytical grade and were used without further

purification.

Preparation of HA-PLGA-NPs

WepreparedHA-PLGA-NPs incorporating both PTX and siRNA

by a water-in-oil-in-water (w/o/w) double emulsion solvent

evaporation method (10). Briefly, 125 mg of siRNA was dissolved

in 0.2 mL deionized water as a first water phase and treated with

2 mL chloroform containing 900 mg PTX and 40 mg PLGA using

a probe-type sonicator (Sonics, USA) at 4�C for 1 minutes

(20 pulses of 5 s with 3 s gaps). The primary emulsion was further

emulsified with a secondary water phase (500 mg HA dissolved in

10 mL of 2.0% w/v PVA) at 4�C for 10 min. Chloroform in the

emulsion was evaporated using a rotary evaporator at 30�Cunder

vacuum. After evaporation, unbound PVA or HA was removed

by centrifugation at 13,000 rpm for 20 minutes and further

washed 3 times to isolate HA-PLGA-NPs. The resultant

HA-PLGA-NPs were stored at 4�C until use.

The size and surface charge of PLGA-NP were measured by

dynamic light scattering using an electrophoretic light scattering

photometer (SZ-100, Horiba; refs. 10, 23). The morphology of

HA-PLGA-NP was observed with scanning electron microscopy

(SEM, Tescan Mira 3 LMU FEG, Brno, Czech Republic).

The encapsulation of PTX into the HA-PLGA-NPs was con-

firmed by H-NMR (500 MHz, HRMAS-FT-NMR, Bruker, Ger-

many; Supplementary Fig. S1) and the encapsulation efficiency

assessed by high performance liquid chromatography (HPLC;

1200 Series HPLC System, Agilent; ref. 24). The encapsulation

efficiency of FITC-labeled siRNA into HA-PLGA-NPs was deter-

mined by a UV-visible spectrophotometer at 488 nm (7). To

determine the labeling efficiency of HA onto the HA-PLGA-NPs,

we conjugated FITC onto HA using a chemical modification

(Supplementary Fig. S2A and S2B). The labeling efficiency

of FITC-labeled HA onto HA-PLGA-NPs was determined by a

UV-visible spectrophotometry at 488 nm.

Cell lines and siRNA

The derivation and source of human epithelial ovarian cancer

cell lines A2780, A2780-CP20 (cisplatin resistant), SKOV3,

SKOV3-TR (PTX resistant), HeyA8, and HeyA8-MDR (multidrug

resistance) havebeenpreviously described (A.K. Sood,MDAnder-

son Cancer Center, 2014; refs. 16, 19). Cells were maintained

in RPMI 1640 medium supplemented with 0.1% gentamycin

(Sigma-Aldrich) and 10% FBS (Biowest, Nuaille, France). The

cells were routinely tested for the absence of Mycoplasma and

virus infections for hepatitis and sendai from Korea Research

Institute of Bioscience and Biotechnology (Ref. No. M16543,

South Korea). The cells were free of Mycoplasma and inspected at

2016. All in vitro and in vivo experiments were conducted

when cells reached 70% and 80% confluency at passage 5.

Control siRNA (sense: TTCTCCGAACGTGTCACGT, anti-sense:

ACGTGACACGTTCGGAGAA), FAK siRNA (sense: GUAUUGGA-

CCUGCGAGGGA, anti-sense: UCCCUCGCAGGUCCAAUAC),

and survivin siRNA (sense: CAGACUUGGCCCAGUGUUU,

anti-sense: AAACACUGGGCCAAGUCUG) were purchased from

Sigma-Aldrich.

Intracellular uptake of HA-PLGA-NPs

We confirmed the in vitro selective intracellular delivery of

HA-PLGA-NPs that occurs through the targeting of CD44 recep-

tors on the cell surface using confocal microscopy (LSM710,

Carl Zeiss; ref. 25). Before confirming selective delivery, we first

selected CD44-positive cells by flow cytometry (BD FACSCalibur

flow cytometer, BD Biosciences) using FITC-CD44 antibody

(eBioscience). The fluorescent dye, tetramethylrhodamine

(TRITC, Sigma-Aldrich) was used as a model drug and was

encapsulated into PLGA-NPs and HA-PLGA-NPs in a second

emulsion procedure. The encapsulation efficiency of TRITC

was determined via UV-visible spectrophotometry at 562 nm

(Supplementary Fig. S3). Tumor cells were then incubated

with TRITC-encapsulated HA-PLGA-NPs for 30 minutes

at 37�C, washed in cold PBS, fixed with 4% (w/v) paraformalde-

hyde solution for 15 minutes at 25�C, and stained with 1 mmol/L

Sytox green (Life technologies) in PBS for 10minutes. Intracellular

delivery of the TRITC-encapsulated HA-PLGA-NPs was deter-

mined using fluorescence images obtained via confocal

microscopy.

Cell viability assay

Following treatment of the tumor cells with HA-PLGA (PTX)-

NPs with or without FAK siRNA, cell viability was determined
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using an MTT assay (26). Untreated cells were seeded in 96-well

plates in triplicates, incubated for 24 hours at 37�C and 5% CO2.

After incubation, cells werewashed and treatedwith FAK siRNA to

silence the FAK. The cells were then allowed to incubate for 48

hours, after which, they were washed and incubated for 72 hours

with medium containing HA-PLGA (PTX)-NPs with or without

FAK siRNA. Cell viability was determined via MTT assay.

Apoptosis assay

The relative percentage of apoptotic cells was assessed using an

Annexin V-FITC apoptosis detection kit (BD Biosciences; ref. 22).

Briefly, tumor cells were treated with FAK siRNA for 48 hours and

replated onto 6-well plates.HA-PLGA (PTX)-NPswere then added

to the medium and the cells were further incubated for 72 hours.

After incubation, the cells were treated with Annexin-V-PE and/or

7-ADD for 15 minutes. The number of apoptotic cells was

evaluated using a BD FACSCalibur flow cytometer and

CELLQuest software (22).

In vivo selective delivery of HA-PLGA (PTXþsiRNA)-NPs in a

mouse model

Receptor-targeted delivery of theNPswas assessed as previously

described (7). CD44-positive, HeyA8-bearing mice were given a

single injection of either nontargeted PLGA (PTXþsiRNA)-NPs or

targeted HA-PLGA (PTXþsiRNA)-NPs, both labeled with FITC.

The mice were then sacrificed and tumor tissues were harvested.

The efficiency of the targeted delivery was determined from the

percentage of FITC-labeled NPs located in the tumor tissue, when

observed in five random fields.

Orthotopic in vivo model of ovarian cancer and tissue

processing

Female BALB/c nude mice (6–7 weeks old, 25 g) were pur-

chased fromOrient (Gapyeong, South Korea). All procedures and

maintenance conditionswere approved by the KonkukUniversity

Institutional Animal Care and Use Committee (Ref. No.:

KU17188). Mice were housed in a specific pathogen-free housing

facility at KonkukUniversity. To produce tumors, HeyA8-MDR or

SKOV3-TR cells (1� 106 cells per 0.2mLHBSS)were injected into

theperitoneal cavity of themice (n¼10mice per group). Themice

were monitored daily for adverse effects and sacrificed when

control group mice seemed moribund.

NP treatment began 1 week after the injection of tumor

cells into the mice. Each control group [PLGA (control siRNA)-

NPs], PTX alone, PLGA (PTX)-NPs, PLGA (siRNA)-NPs, PLGA

(PTXþsiRNA)-NPs, and HA-PLGA (PTXþsiRNA)-NPs was given

twice weekly via intravenous injection at a dose of 200 mg/kg

(siRNA) and 1.4 mg/kg (PTX) based on body weight. Treatment

continued until the control group mice became moribund

(typically 4 to 5weeks), atwhich point all themicewere sacrificed.

Mouse weight, tumor weight, number of nodules, and tumor

distribution were recorded immediately. The clinicians who

performed necropsies, tumor collections, and tissue processing

were blinded to the treatment group assignments. Tissue speci-

mens were fixed either with formalin or optimum cutting tem-

perature (OCT, Miles, Inc.) or were snap frozen.

Real time quantitative RT-PCR

Relative expression of FAK and survivin mRNA in mice after

treatment was determined by real-time quantitative RT-qPCR

with 50 ng of RNA that was isolated from treated tumor tissue

using an RNeasy Mini Kit (Qiagen). Relative expression values

were obtained using the 2�DDCT method and normalized to the

control value to obtain percent fold changes (7, 19).

IHC staining

IHCanalyseswere conductedon tumor tissues treatedwithHA-

PLGA (PTXþsiRNA)-NPs. Analysis of cell proliferation (Ki67),

microvessel density (MVD and CD31), and FAK expression (FAK

antibody) were performed as previously described (7, 16). All

analyses were recorded in 5 random fields for each slide. In

addition, TUNEL assaywas performed todetermine cell apoptosis

(19). Apoptotic cells were quantified by counting the number of

apoptotic cells in 5 random fields. All staining analyses were

quantified by 2 blinded investigators.

Therapeutic efficacy of HA-PLGA (PTXþsiRNA)-NPs in an

ovarian cancer PDX model

To establish a PDX model of ovarian cancer, surgical tumor

specimens of the patient were sliced into small pieces (less than

2–3 mm), implanted into the subrenal capsule of mice left

kidneys, and propagated by serial transplantation (21, 22). The

mice were then randomly allocated to the following treatment

groups (n ¼ 10 mice per group): (i) 1.4 mg/kg PTX, (ii) PLGA

(PTXþFAK siRNA)-NPs, and (iii) HA-PLGA (PTXþFAK siRNA)-

NPs (1.4 mg/kg PTXþ200 mg/kg FAK siRNA). Mice in both NP

treatment were groups received treatment twice weekly via intra-

venous injection. Treatment continued until the control group

mice became moribund (27).

Statistical analysis

Differences between groups in terms of continuous variables

were analyzed using the Student t test. ANOVA was performed to

compare differences betweenmultiple groups. A value of P < 0.05

was considered statistically significant.

Results

Characteristics of HA-PLGA (PTXþsiRNA)-NPs

We chose CD44 as a target receptor given its selective over-

expression in ovarian cancer cells. We used HA as a targeting

ligand that can bind specifically to the CD44 receptor (11). In

addition, we chose PLGA, which is particularly attractive for

clinical and biological applications, as the polymer matrix

(10). We then prepared HA-PLGA-NPs using a w/o/w double

emulsion method to encapsulate both PTX and FAK siRNA. We

first determined the physical properties of PLGA-NPs, PLGA

(PTX)-NPs, PLGA (siRNA)-NPs, PLGA (PTXþsiRNA)-NPs, and

HA-PLGA (PTXþsiRNA)-NPs (Fig. 1). The mean particle size and

zeta potential were approximately 220 � 5.69 nm and �7.3 �

0.73 mV, respectively (Fig. 1A and B). The encapsulation of PTX

in HA-PLGA (PTXþsiRNA)-NPs was confirmed by H-NMR (Sup-

plementary Fig. S1). As shown in Supplementary Fig. S1, the peaks

for the CH of the benzene group (i) in PTX and CH3 of the

methylene group (ii) in PLGAwere observed at 7–8 ppm and 1–2

ppm, respectively. In addition, HA labeling on the surface of HA-

PLGA (PTXþsiRNA)-NPs was determined by measuring UV

absorbance using FITC-conjugated HA (Supplementary Fig.

S2A and S2B). We next measured PTX encapsulation into

HA-PLGA (PTXþsiRNA)-NPs by HPLC. The loading efficiencies

of PTX and siRNA were 77.7% and 85.0%, respectively (Fig. 1C

and D). Representative histograms of the NP size distributions
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(200–220 nm) are shown in Fig. 1E, and their spherical morphol-

ogies were confirmed by SEM. Consequently, physicochemical

properties of PLGA-NPs are shown in Fig. 1F. Moreover, we

assessed the cytotoxic effect of PLGA-NPs without encapsulation

of PTX and siRNA against tumor cells (Fig. 1G). Cell viability was

95%evenwith increasing PLGA concentration, indicating that the

Figure 1.

Physical properties of HA-PLGA-NPs. A and B, Size (A) and surface charge (B). C and D, Loading efficiency of PTX (C) and FAK siRNA (D) into PLGA-NPs. Loading

efficiency of PTX into PLGA-NPswas determined by HPLC, whereas that of siRNAwas determined bymeasuring the fluorescence intensity of FITC-labeled siRNA at

488 nm. E, Size distribution andmorphology of PLGA-NPs. Morphologies of PLGA-NPswere observed by SEM. F, Physical properties of PLGA-NPs.G,Cell viability of

HA-PLGA-NPs without PTX and siRNA in tumor cells was assessed via MTT assay. H, Electrophoretic migration of HA-PLGA (siRNA)-NPs in 50% serum.

HA-PLGA (siRNA)-NPs were collected at different times after incubation at 37�C. Scale bar, 200 nm; error bars, SEM.
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PLGA-NPs failed to induce any cytotoxic effect in the tumor cells.

We next confirmed the stability of PLGA (siRNA)-NPs under

serum conditions. Although naked siRNA was degraded, siRNA

incorporated into HA-PLGA (siRNA)-NPs did not degrade when

placed in serum for more than 12 hours (Fig. 1H).

Selective delivery of HA-PLGA-NPs to CD44 receptor–

expressing tumor cells

Before evaluating the efficacy of delivery, we assessed CD44

expression in ovarian cancer cell lines by flow cytometry.

Although A2780 and A2780-CP20 cells were did not express

CD44, HeyA8, HeyA8-MDR, SKOV3, and SKOV3-TR cells

showed expressed CD44 on the cell surface (Fig. 2A; Supplemen-

tary Fig. S4). On the basis of these result, we selected specific

CD44-positive and CD44-negative cell lines for subsequent

experiments. In addition, we evaluated CD44 expression in nor-

mal and tumor patient tissues via IHC staining and fluorescence

microscopy (Supplementary Fig. S5).

We next confirmed the selective delivery efficiency of TRITC

encapsulated HA-PLGA-NPs into drug-resistant ovarian tumor

cells (A2780-CP20, HeyA8-MDR, and SKOV3-TR) via fluores-

cence microscopy (Fig. 2B). As expected, lower binding was

observed in A2780-CP20 cells because of its CD44-negative

expression. However, HA-PLGA-NPs increased binding efficiency

inCD44-positiveHey8-MDRandSKOV3-TR cells. In addition,we

confirmed the binding ofHA-PLGA-NPs to drug-sensitive ovarian

tumor cell lines (A2780, HeyA8, and SKOV3). HA-PLGA-NPs

showed higher binding efficiency in CD44-positive HeyA8 and

SKOV3 cells compared with that in CD44-negative A2780 cells

(Supplementary Fig. S6).

Assessment of cell viability and apoptosis

After treatment with HA-PLGA (PTX)-NPs with or without

FAK siRNA, we assessed in vitro cell viability for drug-resistant

HeyA8-MDR and SKOV3-TR cells. Treatment with the combina-

tion of HA-PLGA (PTX)-NPs and FAK siRNA induced significant

cell death compared with HA-PLGA (PTX)-NPs without FAK

siRNA (Fig. 3A and B). We next assessed apoptosis of cells

mediated by HA-PLGA (PTX)-NPs with FAK siRNA. In compar-

ison with treatment with HA-PLGA (PTX)-NPs without FAK

siRNA, administration of the combination of HA-PLGA (PTX)-

NPs and FAK siRNA induced a significant increase in the apoptosis

of HeyA8-MDR and SKOV3-TR cells (Fig. 3C and D). AKT acti-

vation contributes to metastasis and resistance to chemotherapy

(28). Therefore, we evaluated AKT activation after FAK silencing

(Supplementary Fig. S7) and saw that FAK silencing decreased

pAKT expression. Therefore, FAK silencing in taxane-resistant

tumor may contribute to drug sensitization by decreasing pAKT

expression. In addition, we confirmed the cell viability

and apoptosis of drug-sensitive HeyA8 and SKOV3 cell lines

(Supplementary Fig. S8). Treatment with HA-PLGA (PTX)-NPs

with FAK siRNA showed similar cell viability and apoptosis

comparedwithHA-PLGA (PTX)-NPswithout FAK siRNA, because

of drug sensitive cell lines.

In vivo targeted delivery of HA-PLGA-NPs to tumor tissues

Before performing proof-of-concept for in vivo efficacy studies,

we tested the extent of in vivo delivery following a single intrave-

nous injection of FITC-labeled HA-PLGA-NPs into HeyA8-bear-

ing mice. After harvesting, we stained the tumors for CD44 to

evaluate colocalization of HA-PLGA-NPs. HA-PLGA-NPs (green)

were consistently colocalized (yellow) with CD44 receptors (red)

in tumor tissues (Fig. 4). These findings indicate that HA-PLGA-

NPs were selectively delivered into CD44-positive cells.

Therapeutic efficacy of HA-PLGA (PTX þ siRNA)-NPs in an

orthotopic EOC model

To determine the potential therapeutic efficacy against drug-

resistant tumors, we focused on the protein FAK, because it plays a

significant role in drug resistance (29). Thus, we used the drug

Figure 2.

Selective intracellular delivery of

PLGA-NPs or HA-PLGA-NPs against

ovarian tumor cells. A, CD44

expression of A2780-CP20,

HeyA8-MDR, and SKOV3-TR cells by

flow cytometry using FITC-labeled

CD44 antibody. B, CD44-mediated

intracellular delivery of HA-PLGA-NPs

in ovarian tumor cells. Cells were fixed

in 4% paraformaldehyde and their

nuclei (blue) stained with Sytox green

for 10 minutes. The intracellular

delivery was analyzed by confocal

microscopy (scale bar, 20 mm).

Quantitative differences were

analyzed by fluorescence intensity

of TRITC (red)/Sytox green (blue).

Error bars, SEM. � , P <0.07; �� , P <0.01.
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resistant, FAK-positive, HeyA8-MDR and SKOV3-TR tumor mod-

els for our study (Supplementary Fig. S9). Seven days following

the injection of tumor cells into the peritoneal cavity, mice were

randomly allocated to the following groups (n¼ 10mice/group):

(i) control [PLGA (control siRNA)-NPs], (ii) PTX alone, (iii) PLGA

(PTX)-NPs, (iv) PLGA (FAK siRNA)-NPs, (v) PLGA (PTXþFAK

siRNA)-NPs, and 6) HA-PLGA (PTXþFAK siRNA)-NPs. FAK

siRNA (200 mg/kg) and/or PTX (1.4 mg/kg) were injected intra-

venously into the mice twice a week. In the HeyA8-MDR model,

treatment with HA-PLGA (PTXþFAK siRNA)-NPs resulted in a

significant inhibition of tumor growth compared with treatment

with PLGA (PTXþFAK siRNA)-NPs (64% reduction, P < 0.04) or

the control (88% reduction, P < 0.001, Fig. 5A). HA-PLGA

(PTXþFAK siRNA)-NPs also induced a significant decrease in the

number of nodules compared with the control (80% reduction,

P < 0.01, Fig. 5A). After treatment, the decrease in FAK mRNA

levels was confirmed by qRT-PCR (Fig. 5A). HA-PLGA (PTXþFAK

siRNA)-NPs induced a significant reduction in the expression

of FAK mRNA compared with PLGA (PTXþFAK siRNA)-NPs

(48% reduction, P < 0.03) and to the control (83% reduction,

P < 0.001). Additionally, mice treated with HA-PLGA (PTXþFAK

siRNA)-NPs had a 60% chance of survival for at least 50 days

compared with the control and other treatment groups where all

the mice died within 45 days (Fig. 5A). Moreover, we confirmed

the presence of multiple tumor nodules in the tumor-bearing

mice after they were sacrificed (Fig. 5B). We further confirmed the

off target effect of control siRNA and FAK siRNA with different

sequences (Supplementary Fig. S10A and S10B).

In the SKOV3-TR model, HA-PLGA (PTXþFAK siRNA)-NPs

treatment induced a significant inhibition in tumor growth com-

pared with PLGA (PTXþFAK siRNA)-NPs treatment (49% reduc-

tion, P < 0.01) or control (73% reduction, P < 0.001, Fig. 5C).

HA-PLGA (PTXþFAK siRNA)-NP treatment also resulted in a

significant inhibition in the number of nodules compared with

the control (73% reduction, P < 0.01, Fig. 5C). After treatment,

the decrease in FAK mRNA levels was confirmed by qRT-PCR

(Fig. 5C). The multiple tumor nodules were shown in Fig. 5D.

There were no differences in total body weight, feeding habits, or

behavior between the groups, indicating the absence of overt

toxicities related to the therapy.

To determine potential mechanisms underlying the efficacy of

HA-PLGA (PTXþFAK siRNA)-NPs in tumor tissues, we examined

the tumors for antibodies for against FAK (FAK antibody),

Figure 3.

Cell viability and apoptosis assays

of drug-resistant tumor cells after

treatment with HA-PLGA-NPs.

Cell viability after treatment with

HA-PLGA-NPs with or without FAK

silencing was determined by MTT

assay. A and B, HeyA8-MDR (A) and

SKOV3-TR (B). C and D, Apoptosis

assay of HeyA8-MDR (C) and SKOV3-

TR (D) cells treated with HA-PLGA-

NPs with or without FAK silencing for

72 hours. Bar graph represents the

mean of three independent tests.

Error bars, SD. � , P < 0.05. Statistical

tests were two-sided and P values

were evaluated using Student t test.

Figure 4.

In vivo delivery of FITC-labeled HA-PLGA-NPs. Tumor tissues were

harvested after single injection of either PLGA-NPs or HA-PLGA-NPs into

HeyA8-bearing mice. Colocalization of FITC-labeled HA-PLGA-NPs (green)

and CD44 receptor (red) in tumor tissues were detected by fluorescence

microscopy (scale bar, 25 mm). Error bars, SEM. � , P < 0.05.
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Figure 5.

Therapeutic efficacy of HA-PLGA-NPs in a mouse orthotopic ovarian

cancer model. Treatment with HA-PLGA-NPs was started 1 week after

intraperitoneal injection of HeyA8-MDR (A) and SKOV3-TR (C) tumor

cells. HA-PLGA (PTXþFAK siRNA)-NPswere injected intravenously twice

weekly at doses of 200 mg/kg FAK siRNA and 1.4 mg/kg PTX based on

bodyweight. The fold change in levels of FAKmRNA represents themean

of the triplicates evaluated by qRT-PCR. Photographs of multiple tumor

nodules in the HeyA8-MDR (B) and SKOV3-TR (D) tumor model. E,

Immunohistochemistry analyses for markers of FAK expression (FAK

antibody), cell proliferation (Ki67), microvessel density (MVD and CD31),

and TUNEL were performed on HeyA8-MDR tumor tissues following

treatment with HA-PLGA-NPs (scale bar, 50 mm). F, Treatment with

HA-PLGA (PTX þ survivin siRNA)-NPs was started 1 week after the

intraperitoneal injection of HeyA8-MDR tumor cells in mice.

HA-PLGA-NPs were injected intravenously twice weekly at doses of

200 mg/kg survivin siRNA and 1.4 mg/kg PTX. G, Immunohistochemistry

analyses for markers of survivin expression (survivin antibody), cell

proliferation (Ki67), microvessel density (MVD, CD31), and TUNEL

were performed on HeyA8-MDR tumor tissues following treatment with

HA-PLGA (PTXþsurvivin siRNA)-NPs (scale bar, 50 mm). Results

represent the mean � SD. Statistical tests were two-sided and P values

were evaluated using ANOVA analysis. � , P < 0.05.

Overcoming Chemoresistance by HA-PLGA-NP in Ovarian Cancer

www.aacrjournals.org Cancer Res; 78(21) November 1, 2018 6253

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/2

1
/6

2
4
7
/2

7
7
0
0
5
1
/6

2
4
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

7
 A

u
g
u
s
t 2

0
2
2



cell proliferation (Ki67), MVD (CD31), and apoptosis

(TUNEL; Fig. 5E). In the HeyA8-MDR model, HA-PLGA

(PTXþFAK siRNA)-NP treatment significantly silenced FAK

expression (P < 0.001), inhibited cell proliferation (P < 0.01),

and MVD (P < 0.001), and increased apoptosis (P < 0.001)

compared with PLGA (PTXþFAK siRNA)-NP treatment.

We further confirmed therapeutic efficacy of FAK inhibitor

(1,2,4,5-Benzenetetraamine tetrahydrochloride, Y15)-encapsu-

lated HA-PLGA-NPs (Supplementary Fig. S10C). Tumor growth

was significantly inhibited after treatment with HA-PLGA

(PTXþFAK siRNA)-NPs and HA-PLGA (PTXþFAK inhibitor)-NPs

compared with PLGA (control siRNA)-NPs (P < 0.001). Notably,

siRNA-incorporated HA-PLGA-NPs showed higher therapeutic

efficacy than FAK inhibitor incorporated HA-PLGA-NPs

(42% reduction, P < 0.05).

To establish that the effects of HA-PLGA-NPs are not restrict-

ed to one target, we performed in vivo experiments with siRNA

against additional targets. We targeted survivin because of its

prominent role in cancer drug resistance (30). The expression

of survivin in tumors is strongly associated with the inhibition

of apoptosis and resistance to chemotherapy (31). Mice were

randomly allocated to one of following groups (n ¼ 10 mice/

group): (i) control [PLGA (control siRNA)-NPs)], (ii) PTX

alone, (iii) PLGA (PTX)-NPs, (iv) PLGA (survivin siRNA)-NPs,

(v) PLGA (PTXþsurvivin siRNA)-NPs, and (vi) HA-PLGA

(PTXþsurvivin siRNA)-NPs. Tumor growth was significantly

inhibited following treatment with HA-PLGA (PTXþsurvivin

siRNA)-NPs compared with treatment with PLGA

(PTXþsurvivin siRNA)-NPs (58% reduction, P < 0.02) or the

control (82% reduction, P < 0.001, Fig. 5F). In addition,

the number of nodules were significantly reduced following

HA-PLGA (PTXþsurvivin siRNA)-NPs treatment compared

with the control (67% reduction, P < 0.02); however,

no significant difference was observed between treatment

with HA-PLGA (PTXþsurvivin siRNA)-NPs and PLGA

(PTXþsurvivin siRNA)-NPs (P < 0.32, Fig. 5F). After treatment,

survivin mRNA levels were found to be significantly lower in

the HA-PLGA (PTXþsurvivin siRNA)-NPs group compared

with the other groups. Treatment with HA-PLGA (PTXþsurvi-

vin siRNA)-NPs significantly silenced survivin expression

(P < 0.001 vs. control), inhibited cell proliferation (P < 0.001

vs. control), and increased cellular apoptosis (P < 0.001 vs.

control; Fig. 5G).

Therapeutic efficacy of HA-PLGA (PTXþFAK siRNA)-NPs in an

ovarian cancer PDX model

PDX models are attractive preclinical animal models used in

drug development. We developed a PDX model through the

subrenal implantation of human ovarian cancer tissues (21).

In this study, we used a PDX model of a FIGO stage IIIC serous

papillary adenocarcinoma grade III. The patient was a 58-year-

old woman who received primary debulking surgery, followed

by adjuvant chemotherapy with PTX-carboplatin for 6 cycles.

Recurrence of the cancer was detected at the 5-month post-

therapy follow-up. Clinically, relapse within 6 months after

the last platinum-based therapy is defined as platinum-

resistant recurrence. We treated the epithelial ovarian cancer

PDX model for 4 weeks starting 2 months after the subrenal

implantation (passage 5). Tumor growth was significantly

inhibited following treatment with HA-PLGA (PTXþFAK

siRNA)-NPs compared with PTX alone (58%, P < 0.001 vs.

PTX alone) or nontargeted PLGA-NPs (38% P < 0.005 vs.

PLGA-NPs, Fig. 6A and B).

Discussion

In this study, we developed a receptor-selective two-in-one

drug delivery carrier system (HA-PLGA-NP) that contains both

PTX and FAK siRNA in a double emulsion. This carrier system

targets drug-resistant epithelial ovarian cancer (EOC) cells and

induces the potent silencing of target genes to improve chemo-

therapeutic efficacy. In addition, HA-PLGA-NP significantly

inhibited tumor growth without significant side effects compared

with PTX alone in a PDX model. The two-in-one drug delivery

system proposed here simultaneously transports hydrophobic

chemotherapeutics and hydrophilic siRNAs to appropriate cell

compartments. HA-PLGA-NPs overcome the low aqueous solu-

bility of chemotherapeutics and protect siRNAs from instability

and rapid degradation caused by free circulation in the blood.

Moreover, our delivery system lead to enhanced concentrations

of therapeutic payloads at tumor sites, minimizing concerns

regarding off-target effects, and increasing the therapeutic index.

Figure 6.

Therapeutic efficacy of HA-PLGA

(PTXþFAK siRNA)-NPs in a

chemoresistant PDX tumor

model after subrenal implantation into

mice. PTX alone, PLGA (PTXþFAK

siRNA)-NPs, and HA-PLGA

(PTXþFAK siRNA)-NPs were injected

intravenously twice weekly at doses

of 200 mg/kg FAK siRNA and 1.4 mg/

kg PTX. PTX alone was diluted in PBS

and injected intravenously twice

weekly. A, Tumor weight (� , P < 0.01).

Results represent the mean � SD.

B, Representative images of a PDX

tumor after treatment.
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This approach has broad applications for the selective targeting

and efficient treatment of chemoresistant tumor cells.

Chemotherapy resistance confounds effective treatments for

ovarian and other cancers. Among chemotherapeutic agents, PTX

is commonly used for the treatment of ovarian cancer; however, it

these cancer cells often have inherent or acquired resistance to

PTX (16). Although a number of important targets in chemore-

sistance tumor cells have been identified, most of these are

difficult to target with small-molecule inhibitors or monoclonal

antibodies. This limitation prompted us to use RNA interference

as ameans to targeting FAKor survivin.We recently demonstrated

that chitosan (CH)-NPs are effective systemic delivery carriers of

siRNA into orthotopic tumors (7, 19, 32). Although CH-NPs

mediated the effective delivery of siRNA, they failed to encapsu-

late chemotherapeutics such as PTX. Therefore, we created a novel

NP system that allowed for the encapsulation and targeted deliv-

ery of both siRNA and PTX to tumor cells.

A nanoparticle (NP) system can carry a large payload of drugs

compared with antibody conjugates (3, 6). Furthermore, NP

payloads are frequently located within the particles, and their

type and number of these payloads may not affect the pharma-

cokinetics and biodistribution of the NPs themselves. PLGA-NPs

provide an attractive polymeric matrix for payload delivery and

are desirable for biological applications due to their low toxicity

and high biocompatibility (9), which are key parameters for

medical and pharmaceutical applications. These properties make

the use of PLGA-NPs for systemic in vivo siRNA and PTX delivery

highly attractive.

Targeted delivery systems have been designed to increase or

facilitate their uptake into target tissues and to protect payloads

while inhibiting nonspecific delivery (7). Recent work on targeted

NPs has shown that the primary role of the targeting ligands is to

enhance the selective cellular uptake of these NPs into tumor cells

and to minimize their accumulation in normal tissues (7). The

addition of targeting ligands that provide specific interactions

between the NP and the target cell surface can play a vital role in

the ultimate delivery ofNPs. These targeting ligands enableNPs to

bind to cell surface receptors and penetrate cells via receptor-

mediated endocytosis. In our study, we labeled the surface of

PLGA-NPs with HA, which can target CD44 receptors that are

overexpressed on tumor cell membranes. HA, a linear polysac-

charide of alternating d-glucuronic acid and N-acetyl-d-glucos-

amine units, plays important roles in cell adhesion, growth, and

migration (11). HA internalization is mediated via matrix recep-

tors, including theCD44 receptor (33). Thus,HA conjugated to an

NP system can serve as a useful ligand to target CD44 receptors.

In summary, we developed an HA-PLGA-NP system encapsu-

lating both FAK siRNA and PTX to overcome chemoresistance. In

addition, we attached HA onto the surface of the PLGA-NPs to

target CD44 receptors on tumor cells. This approach provides a

therapeutic benefit by helping to overcome the chemoresistance

frequently observed in cancer therapy. In future studies, PLGA-

NPs that include combinations of PTX with bioavailable FAK

kinase inhibitors should be studied and compared with the use of

FAK siRNA, since finding the best combination to overcome

chemoresistance is of prime importance. Although our result

provides a novel mechanism for FAK knockdown using a

siRNA-encapsulated nanoparticle-based system to overcome che-

moresistance in ovarian cancer, some potential limitations and

other signaling pathways should be considered. Whether the

mechanism presented here is present in other possible pathways

is not known and will require additional work. In this study, we

focused on the development of a nanoparticle-based platform to

effectively deliver chemotherapeutics and siRNA as a two-in-one

system to overcome chemoresistance. Consequently, we suggest

that there is great, unexplored, potential in nano-platform tech-

nology. Moreover, whether this two-in-one technique can be

applicable in a drug-resistant tumor model in a clinical setting

will need to be tested and studies will be required to evaluate the

application of thismechanism toother tumor types.Nevertheless,

our study provides a novel understanding of an NP-based

approach as a nanotechnology platform to overcome chemore-

sistance. Our NP system represents an important strategy for the

treatment of chemoresistant EOC and other cancers.
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