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BACKGROUND: Over 96% of high-grade ovarian carcinomas and 50% of all cancers are characterized by alterations in the p53 gene. 

Therapeutic strategies to restore and/or reactivate the p53 pathway have been challenging. By contrast, p63, which shares many of 

the downstream targets and functions of p53, is rarely mutated in cancer. METHODS: A novel strategy is presented for circumventing 

alterations in p53 by inducing the tumor-suppressor isoform TAp63 (transactivation domain of tumor protein p63) through its direct 

downstream target, microRNA-130b (miR-130b), which is epigenetically silenced and/or downregulated in chemoresistant ovarian 

cancer. RESULTS: Treatment with miR-130b resulted in: 1) decreased migration/invasion in HEYA8 cells (p53 wild-type) and disrup-

tion of multicellular spheroids in OVCAR8 cells (p53-mutant) in vitro, 2) sensitization of HEYA8 and OVCAR8 cells to cisplatin 

(CDDP) in vitro and in vivo, and 3) transcriptional activation of TAp63 and the B-cell lymphoma (Bcl)-inhibitor B-cell lymphoma 

2-like protein 11 (BIM). Overexpression of TAp63 was sufficient to decrease cell viability, suggesting that it is a critical downstream 

effector of miR-130b. In vivo, combined miR-130b plus CDDP exhibited greater therapeutic efficacy than miR-130b or CDDP alone. 

Mice that carried OVCAR8 xenograft tumors and were injected with miR-130b in 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine 

(DOPC) liposomes had a significant decrease in tumor burden at rates similar to those observed in CDDP-treated mice, and 20% of 

DOPC–miR-130b plus CDDP-treated mice were living tumor free. Systemic injections of scL–miR-130b plus CDDP in a clinically 

tested, tumor-targeted nanocomplex (scL) improved survival in 60% and complete remissions in 40% of mice that carried HEYA8 

xenografts. CONCLUSIONS: The miR-130b/TAp63 axis is proposed as a new druggable pathway that has the potential to uncover 

broad-spectrum therapeutic options for the majority of p53-altered cancers. Cancer 2019;0:1-14. © 2019 The Authors. Cancer  

published by Wiley Periodicals, Inc. on behalf of American Cancer Society. This is an open access article under the terms of the 

Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided 

the original work is properly cited and is not used for commercial purposes.  
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INTRODUCTION
Ovarian cancer (OVCA) is the most lethal gynecologic malignancy because there is a lack of effective screening tools and 
OVCA has the ability to acquire resistance to chemotherapy.1 Cisplatin (CDDP) is a first-line chemotherapeutic agent 
used to treat OVCA.2,3 The 5-year survival rate for patients with OVCA is 92% if it is diagnosed when the cancer is local-
ized, 72% when it has spread to lymph nodes, 27% when it has metastasized to distant sites, and 22% when it is unstaged 
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(Surveillance, Epidemiology, and End Results statistics). 
Over 75% of women present with advanced-stage disease, 
>60% experience disease recurrence from chemoresistant 
tumors, and from 70% to 90% die of their disease.1

The p53 pathway was impaired in 96% of 489 
high-grade serous ovarian cancers that were studied.4 
Reactivation of p53 has been difficult to implement 
therapeutically, because from 75% to 80% of p53 muta-
tions are missense mutations that can acquire dominant 
negative activity to inhibit wild-type p535-7 and induce 
chemoresistance.8,9 Therefore, we hypothesized that p63, 
which shares a high degree of conservation with p53 in 
the DNA binding and transactivation domains, would 
be a powerful target for cancer therapy.10-13 Activating 
p63 triggers cell-cycle arrest, apoptosis, and senescence, 
even in the absence of p53.14,15 It has been observed that 
p63 compensates for the loss of p53 in cancer cells under 
genotoxic stress, and it is rarely mutated in cancer.16

We selected microRNA 130b (miR-130b), a direct 
downstream target that is transcriptionally activated by 
the transactivation (TA) domain of tumor protein p63 
(TAp63), as a candidate tumor-suppressor microRNA 
that has the potential to overcome mutations in p53 by 
activating the TAp63 pathway. Furthermore, miR-130b 
is epigenetically silenced and/or downregulated in che-
moresistant OVCA and is negatively correlated with 
tumor stage, suggesting that it can sensitize tumors to 
chemotherapy.3,17-21

We tested the in vivo impact of miR-130b using 
a nontargeted nanoliposome (1,2-dioleoyl-sn- glycero-
3-phosphatidylcholine [DOPC]) and a tumor-targeted 
nanocomplex (scL) as delivery vehicles. DOPC is in 
phase 1 clinical trials for testing ephrin type-A receptor 
2 precursor (EphA2) small interfering RNA (siRNA) in 
OVCA.22,23 Prototypes of scL have completed phase 1a 
and 1b clinical trials for testing p5324 or retinoblastoma 
94 (RB94)25 gene therapy in patients with advanced solid 
tumors. Antitumor effects were produced by scL-p53, 
and it was well tolerated at therapeutic doses in phase 2. 
scL is a cationic liposome, the surface of which is deco-
rated with an antitransferrin receptor antibody fragment 
as the targeting moiety,24,26-28 which, when injected sys-
temically, specifically and efficiently delivers the payload 
to primary and metastatic tumor cells throughout the 
body by binding to the transferrin receptor, the level of 
which is elevated in most tumor types.29

We observed that the treatment of mice carrying 
HEYA8 and OVCAR8 xenografts with the miR-130b 
plus CDDP combination significantly increased apopto-
sis and long-term survival in mice compared with CDDP 

treatment alone. Molecular studies have demonstrated 
that miR-130b, which is a direct downstream target of 
TAp63,30 can establish a feed-forward loop to transcrip-
tionally activate TAp63 and significantly induce TAp63 
to target the B-cell lymphoma 2 (BCL2)-inhibitor BCL2-
like protein 11 (BIM). We also demonstrated that, in 
HEYA8 mice, miR-130b can downregulate N-terminally 
truncated (ΔN) p63 (ΔNp63), the oncogenic isoform, 
which is a competitive inhibitor of TAp63 and p53. We 
also established that TAp63 is a critical downstream 
 effector of miR-130b–mediated tumor suppression. We 
propose that targeting the miR-130b/TAp63 axis is a 
clinically attractive therapeutic strategy not only for the 
treatment of OVCA but also for the treatment of many of 
the 80% of all cancers that carry mutations in p53.

MATERIALS AND METHODS

miRNA Transfection and Drug Treatments
Cells (6 × 104 per well) were seeded in 6-well plates for 
24 hours. Then, 20 nM of microRNA mimics and nega-
tive controls (NCs) (Ambion Inc) and 2 μL Lipofectamine 
2000 (Invitrogen) per transfection were transfected 
 according to the manufacturer’s instructions. Twenty-
four hours after transduction, media were  replaced with 
media containing 5 μg/mL CDDP (Sigma).

3-Dimensional Culture Assay
To form 3-dimensional (3D) structures, cells (with or 
without miRNA transfection) were incubated over-
night with magnetic gold-polymer–iron-oxide hydrogel 
(Nanoshuttle-PL; n3D Biosciences, Inc) to allow attach-
ment to the cells. The cells were magnetically levitated 
for 4 hours to form a 3D structure with the extracellular 
matrix; then, they were mechanically disrupted with a 
 pipette, transferred to a 96-well plate, and the culture was 
printed into a dot shape by placing a magnet drive under-
neath the plate for 15 minutes. The 3D culture area was 
automatically imaged over time by using the IncuCyte 
ZOOM live-cell imaging system (Essen BioScience Inc), 
plotted for each well, and statistical significance was 
 determined using a 1-way analysis of variance (R soft-
ware; R Foundation for Statistical Computing).

Western Blot Analysis
Total proteins were extracted from cellular pellets 
using a radioimmunoprecipitation assay buffer (Sigma 
Corporation) with protease inhibitors (Complete-Mini; 
Roche Diagnostics). Thirty micrograms of protein 
was used to perform Western blot analyses, as previ-
ously  described.17 Primary antibodies were added at the 
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concentrations suggested by each manufacturer (P53 
OP29 from CalBiochem; TAp63, ΔNp63, p21-12D1, 
BIM-C34C5, and cleaved caspase 3-D175 from Cell 
Signaling; and actin-F3165 from Sigma).

In Vivo Treatment With DOPC–miR-130b  
and CDDP
miR-130b and NC miRNAs (Life Technologies) were 
conjugated with DOPC as previously described.31 The 
animal experiments were performed in accordance 
with protocols approved by the Institutional Animal 
Care and Use Committee of The University of Texas 
MD Anderson Cancer Center. Female athymic nude 
mice were injected into the peritoneal cavity with 
1 × 106 OVCAR8 cells that stably expressed the lucif-
erase gene. Mice were divided into 4 groups (n = 5 per 
group) as follows: 1) DOPC-NC, 2) DOPC–miR-130b, 
3) DOPC-NC plus CDDP, and 4) DOPC–miR-130b 
plus CDDP. One week after injection, each miRNA was 
 administered twice weekly at a dose of 200 μg/kg body 
weight. Treatment was continued for 6 weeks with 11 
injections. Mouse weight and luciferase intensity were 
 recorded weekly using an in vivo bioluminescent imag-
ing system.

Preparation of scL Nanocomplexes
The nanocomplexes were prepared in a manner similar to 
that previously described using siRNA.24 Briefly, the cati-
onic liposome was combined with the targeting antitrans-
ferrin receptor single-chain antibody fragment (TfRscFv) 
and then was mixed with the appropriate amount of 
miRNA to form the scL–miR-130b nanocomplex. 
Before use, the size of the complex was measured using 
the Malvern Zetasizer nano-ZS version 6.01 and software 
according to the manufacturer’s instructions (Malvern 
Instruments). For further details of the cell lines and as-
says, see the Supporting Materials and Methods.

In Vivo Imaging for the scL-miRNA Mouse  
Model
For in vivo tumor-targeting studies, mice bearing HEYA8 
tumors were injected once into the tail vein with 25 μg 
of scL-NC labeled with indocarbocyanine (cy5) dye. 
Image acquisition and analyses were performed using the 
Maestro in vivo fluorescence imaging system (Caliper 
Life Sciences) with the cy5 detection filter. Identical 
parameters were used to image the tumors and normal 
organs. SigmaPlot 11.0 (Systat Software, Inc) was used 
to graph the data and to compute statistical significance 
using the Student t  test.

Animal Model and Treatment With scL-miR
Athymic nude mice aged 4 to 6 weeks were obtained 
from Harlan Sprague Dawley Inc and housed as a group 
in the Division of Comparative Medicine at Georgetown 
University School of Medicine. All animal experiments 
were performed in accordance with, and under protocols 
approved by the Georgetown University Animal Care 
and Use Committee. Mice were injected intraperito-
neally with 2.0 × 106 HEYA8-luc cells or OVCAR8-luc 
cells in 200 μL phosphate-buffered saline. Seven days 
after tumor cell inoculation, mice received an intraperi-
toneal injection twice weekly for a total of 5 weeks with 
50 μg scL–miR-130b, with 60 to 75 μg CDDP, or with 
scL–miR-130b plus CDDP. At the appropriate time, or 
when the animals were becoming moribund, they were 
killed by inhalation of isoflurane according to institu-
tional guidelines.

RESULTS

miR-130b Inhibits Migration, Invasion,  
and Multicellular Spheroid Formation in 3D 
Culture Models of OVCA Cells
Scratch-wound assays revealed that treatment with miR-
130b modestly impaired migration in both HEYA8 and 
OVCAR8 cells. In HEYA8 cells, the relative wound den-
sity (RWD) at 14 hours was 23% lower (P  = 6.1E-13) 
(Fig. 1A); whereas, in OVCAR8 cells, the RWD was 20% 
lower at 24 hours compared with untreated (NT) cells 
(P  = 8.3E-13) or cells treated with NC (P  = 2.8E-10) 
(Fig. 1B). Overexpression of miR-130b also reduced 
the ability of the cells to invade a Matrigel matrix. 
HEYA8 cells had a 45% reduction in RWD at 60 hours 
(P  = 5.4E-13) (Fig. 1C). The effect was less pronounced 
in OVCAR8 cells, with a 17% reduction of RWD in cells 
treated with miR-130b compared with those treated with 
NC (P  = 9.1E-3) (Fig. 1D). The migration and invasion 
assays for the cell lines SKOV3, OVCAR3, OVCAR4, 
and OVCAR5 did not differ significantly between miR-
130b treatment and NC treatment. By using 3D cell 
culture models, which are considered better representa-
tives of tumors in vivo, using the magnetic levitation 
system,32 we observed that NT and NC-treated HEYA8 
and OVCAR8 cells formed tight, multicellular spheroids 
by 72 hours after levitation. By contrast, HEYA8 and 
OVCAR8 cells transiently transfected with miR-130b 
were unable to form compact spheroids and exhibited 
considerable cell death (Fig. 1E) (Supporting Fig. 1). The 
p53-null SKOV3 spheroids treated with miR-130b were 
only marginally disrupted, and the impact of miR-130b 
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Figure 1. Migration/invasion assays were performed on HEYA8 and OVCAR8 cells and on 3-dimensional (3D) spheroid formation 
in 6 ovarian cancer cell lines treated with microRNA 130b (miR-130b). Migration of (A) HEYA8 and (B) OVCAR8 cells and invasion 
of (C) HEYA8 and (D) OVCAR8 cells are illustrated. Error bars indicate standard deviations of 3 experiments. The time courses 
started 72 hours after transfection. (E) Green fluorescent 3D spheroid images of HEYA8, OVCAR8, SKOV3, OVCAR3, OVCAR4, 
and OVCAR5 cells 72 hours after transfection are shown. NC indicates treated with 20 nM scrambled negative control; NT, 
untreated; miR-130b: treated with 20 nM miR-130b mimics.
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on p53-mutant OVCAR3, OVCAR4, and OVCAR5 
spheroids ranged from moderate to significant (Fig. 1E, 
Supporting Fig. 1). Collectively, these results suggest that 
miR-130b is likely to impair metastatic progression in 
p53-mutant OVCA cell lines by disrupting spheroids, 
which are the primary agents of metastatic spread. The 
findings also suggest that the effects of miR-130b overex-
pression on migration, invasion, and spheroid formation 
phenotypes are sensitive to the genetic background of the 
cancer cell.

The Impact of miR-130b on the p53  
and p63 Pathways
Because miR-130b is a direct target of p63, a p53 family 
member, and a tumor suppressor in multiple cancers,33,34 
we analyzed the effects of miR-130b overexpression on 
selected genes from the p53 and p63 pathways. Transient 
transfection with miR-130b mimics resulted in miR-130b 
levels that were increased >800-fold in HEYA8 cells and 
>2500-fold in OVCAR8 cells 72 hours after transfec-
tion (Supporting Fig. 2A). After miR-130b transfection, 
p53, p21, mouse double minute 2 homolog (MDM2), 
p63, phosphatase and tensin homolog (PTEN), and 
retinoblastoma 1 (RB1) transcripts were upregulated in 
HEYA8 cells (Supporting Fig. 2B). In contrast, only p63 
transcripts were significantly induced, and MDM2 and 
PTEN levels were moderately increased in OVCAR8 
cells (Supporting Fig. 2B). When we used p53 siRNA, the 

up-regulation of MDM2 by miR-130b depended on the 
expression of p53 in HEYA8 cells (Supporting Fig. 2C) 
and was unaffected in OVCAR8 cells. The upregula-
tion of p63 was completely abrogated by p53 siRNA in 
OVCAR8 cells (Supporting Fig. 2D) and was unaffected 
in HEYA8 cells.

To investigate the effect of miR-130b on different 
isoforms of p63 and BIM, we used Western blot anal-
yses and observed that TAp63, which is not expressed 
in HEYA8 or OVCAR8 cells, was induced 3.89-fold in 
HEYA8 cells and 3.06-fold in OVCAR8 cells compared 
with NC (Fig. 2); whereas ΔNp63, which is expressed at 
high levels in both cell lines, was downregulated 0.5-fold 
in HEYA8 cells and upregulated 1.24-fold in OVCAR8 
cells. The BCL2-inhibitor BIM was induced 4.47-fold in 
HEYA8 cells and 9.44-fold in OVCAR8 cells (Fig. 2). 
In addition, miR-130b upregulated caspase-3, p21, p27, 
and cyclin-dependent kinase 6 (CDK6) and downregu-
lated CDK4 and PUMA (p53 upregulated modulator of 
apoptosis) in HEYA8 cells. In OVCAR8 cells, miR-130b 
upregulated mutant p53 and CDK6 and downregulated 
CDK4 and p21 (Supporting Fig. 2E).

p63 Is a Critical Downstream Effector  
of miR-130b
In head and neck cancers, p63 is regulated by miR-130b.35 
To determine whether it is a direct target of miR-130b in 
ovarian cancer cells, we cloned the 3′-untranslated region 

Figure 2. The effect of microRNA 130b (miR-130b) on the p63 transactivation (Tap63) and N-terminally truncated (ΔNp63) 
axis protein levels. Representative blots from duplicate Western blot analyses after transfection with miR-130b in HEYA8 and 
OVCAR8 cells are shown here, with quantification indicated under each blot. BIM indicates B-cell lymphoma 2-like protein 11; NC, 
negative control; NT, no treatment; p53mut, mutant p53; p53wt, wild-type p53.
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of p63, which contains a predicted miR-130b binding 
site according to TargetScan 6.0 software, and we per-
formed a luciferase reporter assay. We observed that the 
miR-130b–transfected cells decreased luciferase activ-
ity by 50% for HEYA8 cells and by 30% for OVCAR8 
cells (Supporting Fig. 3A). To determine whether the 
induction of TAp63 is necessary and sufficient for miR-
130b–driven tumor suppression, we transfected cells 
with an expression vector carrying TAp63 or ΔNp63. 
Cell proliferation measured through an MTS (3-[4,5- 
dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-
2-[4-sulfophenyl]-2H-tetrazolium) assay revealed that 
TAp63 overexpression led to a decrease in cell viability by 
80% in HEYA8 cells at 48 hours after transfection and 

by 60% in OVCAR8 cells at 72 hours after transfection 
(Fig. 3A). In contrast, overexpression of the other iso-
form, ΔNp63, had less impact on cell viability compared 
with TAp63 (Supporting Fig. 3B). To assess the clinical 
significance of our findings, we integrated miRNAseq 
and RNAseq data from The Cancer Genome Atlas 
Ovarian Cancer Project, in which p63 is altered (mostly 
amplified) in 25% of patients who have data available on 
clinical outcomes (Fig. 3B). We observed that patients 
who had tumors that expressed higher levels of miR-130b 
had better overall survival (P  = .034), those who had 
higher levels of TAp63 trended toward better survival 
(P  = .099), and those who had higher levels of ΔNp63 
trended toward worse survival (P  = .018) (Fig. 3C).

Figure 3. p63 is a critical downstream effector of microRNA 130b (miR-130b). (A) The relative proliferation of HEYA8 and 
OVCAR8 cells after overexpression of the transactivation (TA) domain of tumor protein p63 (TAp63). Error bars indicate the 
standard deviation of 3 biologic replicates. Asterisks indicate P  < .01. NT indicates no treatment; vector, pCDNA3.1 empty vector.  
(B) Oncoprints generated from the cBioPortal Cancer Genomics (available at: http://www.cbioportal.org/, Accessed March 3, 
2019) indicate that p63 is altered in 146 patients who had 603 samples (25%). (C) This is a Kaplan-Meier survival curve of miR-
130b, TAp63, and the N-terminally truncated (ΔN) isoform of p63 (ΔNp63) from The Cancer Genome Atlas. HR indicates hazard 
ratio.

http://www.cbioportal.org/
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In Vivo Sensitization of OVCAR8 Xenograft 
Tumors to CDDP by DOPC–miR-130b
Mice were inoculated intraperitoneally with OVCAR8 
cells carrying the stably transfected luciferase gene to 
 induce tumors (day 0). Seven days after inoculation, mice 
(5 per group) were treated intraperitoneally with 10 μg 
DOPC–miR-130b/NC, either alone or in combination 
with CDDP, twice weekly for a total of 11 treatments. 
The dose of CDDP was 60 μg per mouse per injection for 
the first 5 treatments and 40 μg per mouse per injection 

for the last 6 treatments. Mice were imaged every week 
using an in vivo bioluminescent imaging system to assess 
tumor response. Compared with NC mice, mice treated 
with CDDP or with DOPC–miR-130b had tumor regres-
sion. In addition, mice that received DOPC–miR-130b 
plus CDDP had the lowest signal intensity, indicating 
major tumor growth inhibition/reduction (Fig. 4A,B). 
The untreated animals died or were humanely killed 
 because of tumor burden by 95 days after tumor cell 
 inoculation. Treatment with either DOPC–miR-130b or 

Figure 4. In vivo chemosensitization of ovarian tumors by 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC)–microRNA 
130b (miR-130b) is illustrated in an orthotopic mouse model of ovarian cancer. Athymic nude mice bearing OVCAR8 xenograft 
tumors were treated with DOPC–miR-130b and/or cisplatin (CDDP) (miR-130b + CDDP) twice weekly for 5 weeks. Normal control 
(NC) mice treated with DOPC–miR were used as controls. (A) In these images (from week 3), green corresponds to the highest 
signal intensity (and, thus, to tumor burden), and blue corresponds to the lowest signal intensity. Bar charts illustrate (B) the 
quantification of luminescence signal intensities and (C) Kaplan-Meier curves for the chemosensitization study.
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CDDP extended survival, and all mice in these single-
agent treatment groups died from their disease by day 
111. Treatment with the DOPC–miR-130b plus CDDP 
considerably increased the lifespan (P  < .03). One hun-
dred percent of the combination-treated mice survived 
until day 88, and 20% survived for >200 days (Fig. 4C).

In Vitro Sensitization of HEYA8 and OVCAR8 
Cells to CDDP by scL–miR-130b
The DOPC delivery platform has been extensively char-
acterized and is now in early stage clinical trials. Because 
delivery is such a major component of noncoding RNA 
therapeutics, we tested an additional platform scL, which 
also has been tested clinically and achieved tumor target-
ing, to demonstrate the consistency of biologic effects. 
OVCA cells transfected with cy5-labeled scL–miR-130b/
NC had high levels of fluorescence after transfection, 
demonstrating efficient uptake. A dose-dependent cell 
death response was observed when cells were transfected 
with 100 nM of scL–miR-130b, with an even greater  
effect using 200 nM. In contrast, HEYA8 and OVCAR8 
cells transfected with scL-NC exhibited cell death only 
at 200 nM, likely because of nonspecific cytotoxicity 
(Fig. 5A). To test whether miR-130b could sensitize chem-
oresistant OVCA cells to CDDP, HEYA8 and OVCAR8 
cells were treated with increasing doses of CDDP, and 
the 50% inhibitory concentration (IC50) value (the 
drug dose resulting in 50% cell death) was determined 
by an 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) cell-survival assay. 
Both OVCA lines had marked increases in sensitization 
to CDDP when treated with scL–miR-130b, with IC50 
values of 3 and 0.8 μM for HEYA8 and OVCAR8 cells, 
respectively (Fig. 5B). In contrast, at the maximum dose 
of CDDP tested, controls (liposome only, CDDP only, 
and scL-NC) did not reach an IC50 in either cell line. 
Furthermore, nonspecific cytotoxicity from the liposome 
was ruled out because of a lack of significant cell death 
in the liposome-only treated controls. Collectively, these 
experiments demonstrate that, in vitro, miR-130b-scL 

is able to overcome the resistance of both p53-wild type 
and p53-mutant OVCA cell lines to CDDP.

To assess the impact on downstream targets, RNA 
was harvested from cells treated with 60 nM of either 
scL–miR-130b or scL–miR-130b plus CDDP (3 μM) 
at 48 and 72 hours after treatment. At 48 hours after 
treatment with scL–miR-130b and scL–miR-130b plus 
CDDP, the levels of miR-130b increased approximately 
3000-fold and 6000-fold, respectively, in HEYA8 cells 
(Fig. 5C) and approximately 800-fold in OVCAR8 
cells (Fig. 5D). In HEYA8 cells, scL–miR-130b treat-
ment resulted in increases >3-fold in BIM and approxi-
mately 1.5-fold to 2.5-fold increases in p53 and p21, and  
scL–miR-130b plus CDDP treatment resulted in 
 increases of approximately 2-fold to 3-fold in p53 and 
approximately 7.5-fold to 8-fold in p21 (Fig. 5C). In 
OVCAR8 cells, no significant increase was observed in 
BIM, p53, or p21 with scL–miR-130b treatment, whereas 
treatment with scL–miR-130b plus CDDP led to modest 
increases of 2.2-fold in BIM and approximately 2.5-fold 
in p21 72 hours after treatment (Fig. 5D).

In Vivo Sensitization and Long-Term Survival  
of HEYA8 Ovarian Xenograft Tumors  
to scL–miR-130b Plus CDDP
To assess whether scL injected systemically can bypass 
normal cells and preferentially deliver miRNAs to both 
primary and metastatic tumors in vivo, mice bearing 
HEYA8 subcutaneous xenograft tumors were injected 
intravenously into the tail vein with 25 μg of cy5-labeled 
scL-NC. Two individual tumors from the same animal 
and normal organs (liver, kidneys, lungs, and spleen) were 
harvested 40 hours postinjection and imaged. High levels 
of red fluorescence were evident in both tumors (Fig. 6A). 
More significantly, the fluorescence was evident not only 
on the dorsal and ventral surfaces of the tumor but also 
in the tumor cross-sections, demonstrating the successful 
delivery and penetrance of the scL nanocomplex to the 
interior of the tumor (Fig. 6A). In contrast, no fluores-
cence was evident in any of the normal organs examined 

Figure 5. In vitro chemosensitization of ovarian cancer cells was achieved by tumor-targeted nanocomplex (scL)-delivered 
microRNA 130b (miR-130b). (A) HEYA8 and OVCAR8 human ovarian cancer cells were seeded at a density of 4.0 × 103 cells per 
well in 96-well plates. Twenty-four hours later, the cells were transfected with indocarbocyanine (cy5)-labeled scL–miR-130b or 
scL-normal control (NC) microRNA at 200 nM miRNA per well. After a 5-hour incubation, 10% serum was added, and the cells 
were incubated for an additional 67 hours then imaged without fixing. p53Mut indicates mutant p53; p53Wt, wild-type p53. (B) 
HEYA8 and OVCAR8 cells were transfected with 35 nM scL–miR-130b or scL-NC. Five hours after transfection, increasing doses 
of cisplatin (CDDP) were added. Seventy-two hours later, the level of cell survival was assessed using a 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay, and the results were plotted. Expression levels of selected 
miR-130b–responsive genes in are illustrated in (C) HEYA8 and (D) OVCAR8 cells that were transfected with scL–miR-130b at 48 
and 72 hours after transfection. BIM indicates B-cell lymphoma 2-like protein 11; NT, not treated.
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Figure 6. In vivo tumor targeting was achieved by systemically administered, tumor-targeted nanocomplex (scL)-microRNA 
and the chemosensitization of ovarian tumors by scL–microRNA 130b (miR-130b) in an orthotopic mouse model of ovarian 
cancer. (A) Athymic nude mice bearing HEYA8 subcutaneous xenograft tumors were injected once into the tail vein with 25 μg 
indocarbocyanine (cy5)-labeled, tumor-targeted nanocomplex. Forty hours after injection, the dorsal and ventral sides and the 
central portion (cross-section) of 2 individual tumors (liver, lungs, kidneys, and spleen) were imaged using an in vivo fluorescence 
imaging system with a cy5 detection filter. (B) Athymic nude mice bearing HEYA8 subcutaneous xenograft tumors were treated 
with scL–miR-130b and/or cisplatin twice weekly for 5 weeks. Untreated animals were used as controls. The animals were imaged 
on day 42. Red corresponds to the highest signal intensity (maximum [max]) and, thus, tumor burden; and purple corresponds 
to the lowest signal intensity (minimum [min]). (C) Quantification of Xenogen signal intensities for the images were obtained 
42 days post-tumor cell inoculation. (D) The weights of the mice were monitored on a regular basis. (E) Kaplan-Meier curves 
were generated from the in vivo chemosensitization study. The black bar indicates the duration of treatment. IP indicates 
intraperitoneal; UT, untreated.
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except the kidneys. At this time point of 40 hours postin-
jection, the signal in the kidneys is likely caused by the 
excretion of either cy5-labeled miR-130b or, more likely, 
only the excretion of cy5 as a degradation product. The 
dark area in the center of the cross-sectional tumor  
images in Figure 6 is because of necrosis in the center of 
these relatively large (>600 mm3) tumors. These results 
demonstrate both the tumor-targeting specificity of the 
systemically administered scL delivery system as well as 
the efficient uptake of scL–miR-130b by ovarian tumors 
in vivo.

Mice were injected intraperitoneally with HEYA8 
cells carrying the stably transfected luciferase gene to 
 induce tumors (day 0). Seven days after inoculation, 
groups of mice (4-5 mice per group) were injected intra-
peritoneally with scL–miR-130b (50 μg miR-130b per 
mouse per injection), either alone or in combination with 
CDDP, twice weekly for a total of 10 treatments. Control 
groups of mice were untreated or received CDDP only. 
The dose of CDDP was 60 μg per mouse per injection for 
the first 7 treatments and 75 μg per mouse per injection 
for the last 3 treatments. Four weeks after HEYA8 cell 
inoculation, the untreated mice had developed signifi-
cant tumor burden and ascites. The animals were  imaged 
using the Xenogen in vivo imaging system to assess 
tumor response. A high level of luciferase expression was 
observed in the untreated mice, indicating a consider-
able amount of tumor burden in the abdomen (Fig. 6B). 
Although treatment with CDDP resulted in some tumor 
growth inhibition, tumor burden was still apparent, sug-
gesting the development of CDDP resistance. A similar 
tumor response was observed in scL–miR-130b–treated 
mice, indicating that the antitumor efficacy of miR-130b 
alone is similar to that of CDDP (Fig. 6B). In contrast, 
mice that received scL–miR-130b plus CDDP treatment 
were nearly free of tumor (Fig. 6B). On day 42 (the last 
day of treatment), a lower tumor burden was evident in 
all treatment groups (P  < .01) compared with untreated 
controls, and mice that were treated with scL–miR-130b 
plus CDDP displayed the lowest signal intensity, indicat-
ing major tumor growth inhibition/reduction and com-
plete tumor elimination (Fig. 6C). The mice maintained 
a healthy weight before, during, and long after treatment 
had ended, indicating a lack of major toxicities associated 
with the scL–miR-130b treatment regimen (Fig. 6D).

In our long-term survival studies, untreated animals 
died or were humanely killed because of tumor burden 
by day 42 after tumor cell inoculation. Although the sin-
gle-agent treatment groups had extended survival, all of 
the mice died of their disease by day 80 (Fig. 6E). In 

contrast, treatment with combined scL–miR-130b plus 
CDDP considerably increased the lifespan, with 100% 
of the combination-treated mice surviving until day 83 
and 40% surviving beyond day 440 (Fig. 6E). Necropsy 
results after their eventual death revealed no indication 
of tumor recurrence. The significant antitumor effi-
cacy and long-term survival, combined with the lack of 
toxicity from scL–miR-130b plus CDDP treatments, 
demonstrate that scL–miR-130b not only targets and 
 efficiently delivers miR-130b to tumors in an orthotopic 
mouse model of human OVCA, but also can enhance the 
 response of ovarian tumors to CDDP, a first-line thera-
peutic agent.

Reverse-Phase Protein Array Analysis  
of miR-130b–Treated OVCA
Reverse-phase protein arrays conducted to assess the 
global impact of miR-130b demonstrated that miR-130b 
treatments downregulated proto-oncogene tyrosine pro-
tein kinase Src (SRC), postmeiotic segregation increased, 
Saccharomyces cerevisiae  2 (PMS2), and v-myc avian mye-
locytomatosis viral oncogene homolog (MYC) in HEYA8 
cells and downregulated SRC, PMS2, and poly(adenine 
diphosphate-ribose) polymerase 1 (PARP1) in OVCAR8 
cells (Fig. 7A, Supporting Table 1). Olaparib (AZD2281), 
the first PARP inhibitor to be tested in OVCA, demon-
strated clinical benefit in recurrent ovarian tumors carry-
ing mutations in BRAC1/BRCA2. We propose that, by 
downregulating PARP1 and PMS2, drugs targeting the 
miR-130b/TAp63 axis can act as synthetic lethal agents 
to sensitize patients with OVCA who carry  mutations 
in BRCA1/BRCA2 and DNA-repair pathway genes, 
including ataxia-telangiectasia mutated (ATM), serine/ 
threonine protein kinase ATR (ATR), and checkpoint 
kinase 1 (CHEK1), to clinically approved PARP inhibi-
tors. Our model for how the miR-130b/TAp63 tumor-
suppressor axis could be developed to sensitize ovarian 
tumors and other p53-mutant tumors to CDDP and 
other clinically approved drugs is shown illustrated in 
Figure 7B.

DISCUSSION
The treatment of OVCA remains an unmet clinical 
need despite decades of work. Because >96% of tumors 
in this study contained mutations in p53, we searched 
for tumor-suppressor miRNAs that could circumvent 
mutations in p53.4 Here, we present work that reveals 
activating TAp63 as a novel therapeutic option for over-
coming chemoresistance not in only OVCA but also in 
many of the 80% of all cancers that carry mutations in 
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p53, in which TAp63 is an established tumor suppres-
sor.34,35 We propose that, in the acute phase of treat-
ment, miR-130b induces its own transcriptional activator 
(TAp63) to activate a self-reinforcing, feed-forward loop 

that can enhance wild-type p53 and circumvent mutant 
p53. Furthermore, miR-130b functions to represses the 
 oncogenic isoform ΔNp63, which is the only p63 isoform 
expressed in wild-type p53 to attenuate the dominant 

Figure 7. The proteomic footprint of microRNA 130b (miR-130b) is illustrated in HEYA8 and OVCAR8 xenografts, a model for 
critical effectors downstream of miR-130b, and a framework for the therapeutic development of miR-130b for treating ovarian 
and other cancers. (A) Heat maps of proteins that are downregulated (blue) and upregulated (red) by >1.25-fold upon treatment 
of HEYA8 and OVCAR8 cells with miR-130b or negative control (NC) are depicted after reverse phase protein array analysis. 
(B) Genes that were upregulated (red), downregulated (blue), and did not change in response to miR-130b (gray) treatment 
are depicted along with genes that have been established as connected (but were not measured) in the current study (purple). 
Therapeutic agents and/or strategies are indicated that are currently used or are being clinically tested in phase 1 or 2 trials 
for treating ovarian cancer (OVCA) (green) that target 1 or several direct or indirect downstream targets of miR-130b. ABT-
737 indicates a small-molecule B-cell lymphoma (Bcl-2) and Bcl-xL drug; BCL2, B-cell lymphoma; BIM, B-cell lymphoma 2-like 
protein 11;p53mut, mutant p53; p53wt, wild-type p53; PARP, poly-adenosine diphosphatase polymerase; PMS2, postmeiotic 
segregation increased, Saccharomyces cerevisiae , 2; PRIMA-1, proline-rich membrane anchor 1; scL-p53, scL-p53 tumor-targeted 
nanocomplex; SRC, proto-oncogene tyrosine protein kinase Src; TAp53, transactivation domain of tumor protein p53; TAp63, 
transactivation domain of tumor protein p63; TAp73, transactivation domain of tumor protein p73; ΔNp63, N-terminally truncated 
(ΔN) isoform of the p63 protein.
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negative impact of ΔNp63 to enable the p53/TAp63/
TAp73 tumor-suppressor complex. These, together with 
miR-130b–mediated upregulation of the BCL2-inhibitor 
BIM and downregulation of the MYC and SRC onco-
genes, lead to increased apoptosis, impaired cell survival, 
inhibition of migration/invasion, and sensitization to 
CDDP. It has been reported that mutant p53 promotes 
epithelial-mesenchymal transition by antagonizing the 
miR-130b–mediated downregulation of ZEB1 (zinc fin-
ger E-box binding homeobox 1); therefore, reactivation 
of the miR-130b/TAp63 axis also could attenuate meta-
static progression.19,33,36

The miR-130b/TAp63 feed-forward loop that we 
present here is clinically attractive because TAp63 is 
 induced by many chemotherapeutic agents and is 1 mech-
anism of chemoresistance.37,38 Furthermore, TAp63 is 
specifically and highly expressed in oocytes, in which it 
guards the oocytes during the quiescent period before fer-
tilization.39,40 Therefore, in addition to minimizing side 
effects from chemotherapy, another very  important attri-
bute of TAp63 is its potential for preserving fertility after 
chemotherapy. Finally, targeted delivery achieved through 
the TfRscFv-targeting moiety on the scL nanocomplex is 
expected to significantly increase treatment efficacy while 
minimizing side effects on normal tissues, as demon-
strated in phase 1 and 2 clinical trials for scL-p53.25,27
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