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Abstract

Cancer stem cells (CSC) play a central role in cancer metastasis and development of drug 

resistance. miRNA are important in regulating CSC properties and are considered potential 

therapeutic targets. Here we report that miR-328–3p (miR-328) is significantly upregulated in 

ovarian CSC. High expression of miR-328 maintained CSC properties by directly targeting DNA 

damage binding protein 2, which has been shown previously to inhibit ovarian CSC. Reduced 

activity of ERK signaling in ovarian CSC, mainly due to a low level of reactive oxygen species, 

contributed to the enhanced expression of miR-328 and maintenance of CSC. Inhibition of 

miR-328 in mouse orthotopic ovarian xenografts impeded tumor growth and prevented tumor 

metastasis. In summary, our findings provide a novel mechanism underlying maintenance of the 

CSC population in ovarian cancer and suggest that targeted inhibition of miR-328 could be 

exploited for the eradication of CSC and aversion of tumor metastasis in ovarian cancer.

Significance: These findings present inhibition of miR-328 as a novel strategy for efficient 

elimination of CSC to prevent tumor metastasis and recurrence in patients with epithelial ovarian 

cancer.

Introduction

Tumor relapse and the development of therapeutic resistance are major factors leading to the 

high mortality of advanced cancer patients, but the underlying mechanisms have not yet 

been fully understood. The persistence of cancer stem cells (CSC) is well recognized to be 

responsible for treatment failure, tumor metastasis, and recurrence, mainly due to their 

enhanced tumorigenicity and chemoresistance. CSCs have been identified in a variety of 

solid tumors including epithelial ovarian cancer (EOC; refs. 1–3). Thus, eradication of CSCs 

could be an effective way to improve outcome of patients with EOC, and this requires us to 

understand how the CSC subpopulation is maintained.

CSCs possess characteristics of normal stem cells, particularly the ability of self-renewal 

and differentiation. In addition, CSCs also possess unique properties, such as high activity of 

aldehyde dehydrogenase (ALDH; ref. 4), ability to grow in suspension as spheres in the 

absence of serum (5), and extremely high tumorigenic potential (6). These CSC properties 

and the survival of CSCs can be maintained by a variety of pivotal factors and signaling 

pathways (7), which can be regulated by various epigenetic mechanisms, for example, 

histone modifications, DNA methylation, chromatin remodeling, and noncoding RNAs 

including miRNAs (8, 9).

Discoveries of miRNAs have provided a new avenue in understanding the regulatory 

mechanism of gene expression and epigenetic program. miRNAs typically function by base 

pairing with the 3′ untranslated regions (3′UTR) of their target mRNAs. The binding of a 

miRNA and its target mRNAs can result in translational inhibition, and/or mRNA 

destabilization, eventually leading to a change in the cellular protein level (10). miRNAs are 

involved in almost all biological processes, including the maintenance and differentiation of 

stem cells (11). More importantly, miRNAs have been reported to be differentially expressed 

in CSCs compared with their corresponding bulk cancer cells, and are considered an 

important epigenetic mechanism for regulating the properties of CSCs (8, 12). Therefore, 
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identification of dysregulated miRNAs in ovarian CSCs will be crucial for elucidating the 

mechanism underlying the maintenance of CSC properties, and then benefit to develop novel 

therapeutic methods to target and eliminate CSCs.

The ERK signaling pathway is one of four MAPK signaling pathways. The ERK cascade 

functions in cellular proliferation, differentiation, and survival, and its inappropriate 

activation is a common occurrence in human cancers (13). It has also been reported that 

ERK signaling plays a pivotal role in pluripotency maintenance. Suppressed ERK signaling 

is critical to the maintenance of self-renewal property of embryonic stem cells (ESC; refs. 

14, 15), whereas enhanced ERK signaling promotes the differentiation of ESCs (16). 

However, it is unclear whether ERK signaling is also involved in the maintenance of the 

stem cell phenotype in CSCs.

In this study, we have revealed that miR-328–3p (termed miR-328) is highly expressed in 

ovarian CSCs, and plays a critical role in the maintenance of CSC properties as well as 

ovarian xenograft metastasis by directly downregulating DNA damage binding protein 2 

(DDB2). In addition, we also found that high expression of miR-328 is due to a reduced 

activity of ERK signaling in ovarian CSCs caused by a low intracellular level of reactive 

oxygen species (ROS) in these cells.

Materials and Methods

Cell culture

Human ovarian cancer cell line Kuramochi was obtained from Japanese Collection of 

Research Bioresources Cell Bank, OVCAR4 was obtained from National Cancer Institute 

Division of Cancer Treatment and Diagnosis Cell Line Repository; the SKOV3 and OV2008 

ovarian cancer cell lines were provided by Dr. Thomas C. Hamilton (Fox Chase Cancer 

Center), and Dr. Francois X. Claret (MD Anderson Cancer Center), respectively. All cell 

lines were authenticated by DNA (short tandem repeat) profiling and tested for mycoplasma 

contamination on January 22, 2019. These cells were maintained in RPMI1640 medium 

supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 units/mL penicillin. To 

enrich CSCs, ovarian cancer cells were cultured in serum-free KnockOut DMEM/F12 

medium supplemented with 20% KnockOut Serum Replacement, 20 ng/mL EGF, and 10 

ng/mL bFGF (ThermoFisher Scientific) in Ultra-Low Attachment dishes (Corning) for at 

least 12 days.

microRNA expression assay

CSCs were enriched from Kuramochi and SKOV3 cells by culturing them under CSC 

culture conditions as described above. RNA was isolated from these sphere cultured CSCs 

along with adherently cultured bulk cancer cells using Norgen Total RNA Purification Kit 

(Norgen Biotek) following manufacturer’s instructions. miRNA expression in these samples 

were analyzed in the OSUCCC Nucleic Acid Core Facility using the nCounter Human v3 

miRNA Expression Assay Kit (Nanostring Technologies Inc.), which contains 800 human 

miRNAs. NanoString raw data were analyzed as described in Supplementary Methods and 

Materials. Data are deposited in Gene Expression Omnibus (GEO; GPL24289).

Srivastava et al. Page 3

Cancer Res. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Isolation of primary tumor cells from patient-derived xenograft and freshly removed 
human ovarian tumors

A patient-derived xenograft (PDX; PDX-2414) was established by Dr. Jinsong Liu (MD 

Anderson Cancer Center, Houston, TX) from a patient with high-grade serous ovarian 

cancer (HGSOC) in accordance with a protocol approved by the MD Anderson Cancer 

Center’s IRB, and was maintained in NOD/SCID mice. Freshly removed HGSOC tumors 

were obtained from Department of Pathology at the Ohio State University within 4 hours 

after surgery in accordance with a protocol approved by the Ohio State University’s IRB. 

Written informed consents were obtained from all patients. Tumor cells were isolated, and 

putative CSCs were enriched as described in our previous work (17).

Plasmid, miRNA, gene transfection, and establishment of Tet On- or cumate-inducible 
stable cell lines

miR-328 mirVana mimic (miR-328-M) and inhibitor (miR-328-I), as well as negative 

control-miRNA (NC miR) were purchased from ThermoFisher Scientific. Cumate-inducible 

QM512B-MIZP328–3p plasmid was purchased from System Biosciences. shMIMIC Tet 

On-inducible miR-328 lentivirus was purchased from Dharmacon. pBabe-MEKDD plasmid 

was a gift of Dr. Ri Cui. MEKDD fragment was subcloned into the pCDH-CuO-MCS-IRES-

GFP SparQ lentivector (SBI) to generate a cumate-inducible MEKDD expression vector. To 

construct wild-type psiCHECK-2-DDB2–3′-UTR, a 262-bp fragment of the 3′-UTR of the 

DDB2 gene (position 1478–1740) that contains the putative miR-328 binding site was 

cloned into the psiCHECK-2 reporter vector (Promega) downstream of the Renilla luciferase 

gene (WT-DDB2). To construct mutant plasmids, the putative miR-328 binding site in 

DDB2 3′UTR was mutated (Mut-DDB2) using QuickChange Site-Directed Mutagenesis Kit 

(Stratagene). The insert was sequenced to verify the mutation.

miRNA and plasmids were transfected into cells using Lipofectamine 2000 (ThermoFisher 

Scientific). To establish a cell line with stably transfected Tet On-inducible miR-328 mimics 

(2008-shMIMIC-miR-328), OV2008 cells were infected with shMIMIC Tet On-inducible 

miR-328 lentivirus, selected in the medium containing 2 μg/mL puromycin, and the RFP-

positive cells were sorted using fluorescence-activated cell sorting (FACS). To establish a 

cell line with stably transfected cumate-inducible anti-miR-328, OV2008 cells were 

transfected with cumate-inducible QM512B-MIZP328–3p plasmid, selected in the medium 

containing 2 μg/mL puromycin, and the RFP-positive cells were sorted using FACS. To 

establish a cell line with stably transfected cumate-inducible MEKDD expression, OV2008 

cells were transfected with pCDH-CuO-MCS-IRES-GFP-MEKDD SparQ vector and 

pCDH-EF1α-T2A-Neo SparQ CymR expression vector (SBI) simultaneously, selected in 

the medium containing 500 μg/mL neomycin, and the GFP-positive cells after cumate 

treatment were sorted using FACS. The successful stable transfection was confirmed using 

either immunoblotting or qRT-PCR.

RNA isolation and qPCR analysis

Total RNA was extracted using TRIzol reagent (ThermoFisher Scientific), and the first 

strand cDNA was generated by the Reverse Transcription System (Promega) in a 20 μL 

reaction containing 1 μg of total RNA. A 0.5 μL aliquot of cDNA was amplified by Fast 

Srivastava et al. Page 4

Cancer Res. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SYBR Green PCR Master Mix (Applied Biosystems) in each 20 μL reaction. PCR reactions 

were run on the ABI 7900 Fast Real-Time PCR system (Applied Biosystems). The primers 

used for the real-time RT-PCR are listed in Supplementary Table S1. For miR-328 detection, 

TaqMan mature miR assays for miR-328 (Thermo-Fisher Scientific) was used to quantify 

the expression levels of miR-328, and TaqMan Pri-miRNA assay for pri-miR-328 

(ThermoFisher Scientific) was used to quantify the expression level of pri-miR-328, 

according to the manufacture’s protocols. RNU6B was used as a control.

Immunoblotting analyses

Whole-cell lysates were prepared by boiling cell pellets for 10 minutes in SDS lysis buffer 

[2% (w/v) SDS, 10% (v/v) glycerol, 62 mmol/L Tris·HCl, pH 6.8, and a complete 

miniprotease inhibitor mixture (Roche Applied Science)]. After protein quantification, equal 

amounts of proteins were loaded, separated on a polyacrylamide gel, and transferred to a 

nitrocellulose membrane. Protein bands were immuno-detected with various antibodies 

(Supplementary Table S2).

ALDH analyses

ALDH+ cells were analyzed and sorted with the ALDEFLUOR Kit (STEMCELL 

Technologies) using flow cytometry. For each sample, one half of cells was treated with 50 

mmol/L diethylaminobenzaldehyde (DEAB) to define negative gates.

Sphere-forming assay

A total of 1,000 cells were mixed with semisolid media (MethoCult H4100; STEMCELL 

Technologies) containing serum-free KnockOut DMEM/F12 medium supplemented with 

20% KnockOut Serum Replacement, 20 ng/mL EGF, and 10 ng/mL bFGF, and seeded in 

six-well Ultra-Low Attachment plates (Corning). Sphere formation was assessed 12 days 

after cell seeding. To evaluate the frequency of sphere-forming cells (SFCf), cells were 

plated in Ultra-Low Attachment 96-well plates in a limiting dilution manner (1, 5, 10, 20 

cells/well) using FACS. Cells were cultured in the above-mentioned medium for 12 days. 

The number of wells containing spheres was counted, and the SFCf was calculated using the 

ELDA software (http://bioinf.wehi.edu.au/software/elda/index.html; ref. 18).

Luciferase reporter assay

A total of 2 × 105 of OV2008 cells were seeded in 12-well plates. After 24 hours, cells were 

cotransfected with 200 ng of psiCHECK-2-DDB2–3′-UTR vectors and 20 μmol/L of 

miR-328 mimics. Cells were harvested 48 hours after transfection. Firefly and Renilla 

luciferase activities were measured by the Dual-Luciferase Reporter Assay Kit (Promega) on 

a Veritas Microplate Luminometer (Turner Biosystems). Renilla luciferase activity was 

normalized to Firefly luciferase activity to evaluate the effect of miR-328 on the expression 

of Renilla luciferase.

Microarray analysis

OV2008 cells were transfected with either miR-328 mimics or NC-miR for 2 days. Total 

RNA were extracted using Norgen Total RNA Purification Kit (Norgen Biotek), and 
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processed for Affymetrix transcriptsome assay using GeneChip Human transcriptome array 

2.0 (Affymetrix). Data were analyzed by using Affymetrix transcriptsome console software 

as we previously conducted (19), and deposited in GEO repository (GSE119297).

Xenograft tumor study

NOD/SCID and Athymic nude mice (6–8 weeks, female, 20–25 g body weight) were 

obtained from The Jackson Laboratory (Bar Harbor, ME). Animals’ care was in accordance 

with institutional guidelines, and all studies were performed with approval of the 

Institutional Animal Care and Use Committee at the Ohio State University. To determine the 

frequency of tumor-initiating cells (TICf) using the limiting dilution assay, three cell doses 

(1 × 106, 1 × 105, 1 × 104) of each sample were injected subcutaneously into the axillas of 

NOD/SCID mice. Mice were monitored for up to 4 weeks post-injection, and the tumor 

number per group within this period was used to calculate the TICf using aforementioned 

ELDA software (18).

To generate orthotopic ovarian cancer xenograft, OV2008-MIZP328–3p cells (1 × 105) were 

injected into the ovarian bursa of Athymic nude mice. Mice were divided into two groups, 

injected with either PBS or cumate (1.5 mg/mouse, SBI) once every other day for 14 days. 

Tumor mass was first monitored by MRI. Mice were then euthanized; tumor sizes were 

measured using a caliper; the peritoneal cavity was macroscopically inspected, and 

metastasis nodules were counted. Tumor xenografts and disseminated nodules were removed 

and pathologically examined using hematoxylin and eosin (H&E) staining to determine the 

histological type. Tumor cells were isolated and subjected to TICf analysis as described 

above.

Statistical analysis

Descriptive statistics, that is, means ± SD, are shown on the figures. Two sample t tests or 

ANOVA were performed for data analysis for experiments with two groups or more than 

two groups’ comparisons. Generalized linear model as described by Hu and Smyth (18) was 

used for the TICf analysis. Log-rank analysis was used to determine statistical significance 

of the Kaplan–Meier survival curve. For all statistical methods, P < 0.05 was considered 

statistically significant. All tests were two-sided.

Results

miR-328-3p is highly expressed in CSCs

We attempted to identify miRNAs that are differentially expressed in ovarian CSCs. Given 

that CSCs possess a capability to grow in suspension as spheres in the absence of serum, 

CSCs can be enriched in sphere culture under CSC culture conditions (5, 17, 20). Therefore, 

we grew two EOC cell lines Kuramochi and SKOV3 under sphere culture conditions to 

enrich CSCs (Fig. 1A). These sphere cultured cells have been shown to possess CSC 

properties (Supplementary Fig. S1; ref. 20). The miRNA expression profiles in these cancer 

stem-like cells (CSLC) were determined. We identified 12 upregulated and 5 downregulated 

miRNAs in CSLCs isolated from two cell lines, compared to their corresponding bulk 

cancer cells (Fig. 1B and C; Supplementary Table S3). Among these differentially expressed 
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miRNAs, miR-328–3p (termed miR-328) is the most upregulated, and the upregulation of 

miR-328 was confirmed in CSLCs isolated from four EOC cell lines, one PDX from a 

HGSOC patient, and seven primary HGSOC tumors using qRT-PCR (Fig. 1D and E). In 

addition, highly expressed miR-328 was also found in CSLCs derived from pancreatic 

cancer cells, glioblastoma cells, and lung cancer cells (Supplementary Fig. S2), indicating 

that highly expressed miR-328 could be critical to the maintenance of CSCs in general.

Highly expressed miR-328 is critical to maintenance of the ovarian CSC population

To investigate the role of miR-328 in maintenance of the CSC pool in EOC cells, we 

transfected EOC cell line OV2008 and OVCAR4 with miR-328-I and analyzed the CSC 

populations defined by high activity of ALDH (4, 20, 21), or enhanced sphere formation 

capability (5). Inhibition of miR-328 limited the ALDH+ cell subpopulation (Fig. 2A), and 

reduced the sphere formation capacity of EOC cells (Fig. 2B). Inhibition of miR-328 could 

also decrease the percentage of CD44+CD117+ cells in OV2008 cells (Supplementary Fig. 

S3), which have been demonstrated to possess CSC properties (20). Additionally, we 

generated a stable cell line, in which, anti-miR-328 oligonucleotides are expressed under a 

cumate inducible promoter (2008-MIZP328–3p). The successfully induced expression of 

anti-miR328 oligos was evidenced by increased expression of its known target gene ABCG2 
(Fig. 2C; ref. 22). Similar to the transient transfection of miR-328-I, cumate treatment also 

reduced the sphere formation capacity of OV2008 cells (Fig. 2D). Furthermore, we also 

assessed the effect of miR-328 inhibition on the tumorigenicity of EOC cells reflected by the 

TICf, which was determined by xenotransplantation with the limited dilution assay. Cumate-

treated cells had lower TICf than untreated cells (Fig. 2E). All these data indicate that 

cumate-induced miR-328 inhibition can reduce the CSC population in EOC cells. In 

contrast, transfection of miR-328-M into EOC monolayer cells expanded the ALDH+ cell 

population, increased their sphere formation capability, and their tumorigenicity 

(Supplementary Fig. S4).

To specifically investigate the contribution of miR-328 to the maintenance of CSC 

properties, we enriched CSCs from the EOC cell line OV2008 and OVCAR4 using sphere 

culture, and transfected them with miR-328-I. miR-328 inhibition significantly reduced the 

expression levels of Sox2, Nanog, and Oct4, three stem cell-specific transcription factors 

(Fig. 2F). We then isolated CSLCs characterized by CD44+CD117+ from 2008-MIZP328–

3p cells and treated them with cumate. Cumate-induced miR-328 inhibition also 

significantly reduced the expression level of Sox2, Nanog, and Oct4 (Fig. 2G). It is 

noteworthy that cumate treatment itself did not affect the expression of stem cell-specific 

genes (Supplementary Fig. S5). Thus, the effects of cumate treatment on CSLCs are caused 

by cumate-induced miR-328 inhibition. Furthermore, we assessed the sphere formation 

capacity of these cells by determining the SFCf in these cells with a limited dilution assay. 

We found that cumate-treated CSLCs showed a lower SFCf than untreated cells (Fig. 2H). 

Taken together, all these data indicate that miR-328 is critical to maintaining the CSC 

properties in EOC cells.

Srivastava et al. Page 7

Cancer Res. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DDB2 is a direct target of miR-328 and mediates the function of miR-328 in the regulation 
of CSC properties

To identify the target genes of miR-328 through which miR-328 promotes the maintenance 

of CSC properties, we overexpressed miR-328 in the OV2008 EOC cell line, and profiled 

the downregulated genes. Fifty-one genes were found to be downregulated by miR-328 (>2 

folds, P < 0.01; Fig. 3A; Supplementary Table S4). Among them, we are specifically 

interested in DDB2, because our previous study has demonstrated that DDB2 is able to 

reduce the abundance of CSCs in the bulk EOC cells (20). Sequence alignment showed that 

the DDB2 gene possesses potential miR-328 binding sequence in its 3′UTR region (Fig. 

3B). We further confirmed the direct binding of miR-328 to the 3′UTR of DDB2 mRNA 

using the luciferase reporter assay (Fig. 3C and D), and validated the downregulation of 

DDB2 by miR-328 in a panel of EOC cell lines (Fig. 3E). To determine whether 

downregulated DDB2 is responsible for miR-328-mediated maintenance of the CSC 

population, we used cumate to induce the expression of anti-miR-328 oligos in CSCs 

derived from 2008-MIZP-328–3p cells. Meanwhile, these cells were transfected with DDB2 

siRNA to counteract anti-miR-328-induced enhanced expression of DDB2 (Fig. 3F). As 

expected, cumate-induced anti-miR-328 reduced the sphere formation capacity of these 

cells, whereas simultaneous downregulation of DDB2 can restore their sphere formation 

capacity (Fig. 3G). These data indicate that highly expressed miR-328 in CSCs facilitates 

the maintenance of CSC properties by directly downregulating DDB2.

Reduced phosphorylation of ERK contributes to the upregulation of miR-328 in ovarian 
CSCs

It is reported that miR-328 expression can be downregulated by the ERK pathway activation 

in leukemia cells (23), and suppressed ERK signaling is critical to maintenance of the self-

renewal property of ESCs (14, 15). Thus, we reasoned that CSCs must have a reduced ERK 

signaling activity, which help maintain a high level of miR-328. In support of this 

hypothesis, we found that ovarian CSLCs exhibited a markedly reduced phosphorylated 

ERK1/2 (p-ERK1/2) compared with their corresponding bulk cancer cells (Fig. 4A). CSLCs 

were cultured in serum-free media, and serum withdrawal can lead to decreased ERK 

activation (24). To exclude this possibility, we isolated CSLCs defined by CD44+CD117+ 

from the OV2008 cell line, and CSLCs defined by CD133+ cells from the A549 cell line, 

and determined the p-ERK1/2 in these cells immediately. We again found a decreased p-

ERK1/2 in the isolated CSLCs, which were cultured under the same condition as bulk 

cancer cells (Supplementary Fig. S6), indicating that CSCs indeed possess a relatively low 

activity of ERK signaling compared with their corresponding bulk cancer cells. To establish 

the relationship between the ERK activity and miR-328 expression in EOC cells, we treated 

a panel of EOC cell lines with the ERK inhibitor U0126 (Supplementary Fig. 7), and found 

that the miR-328 level was significantly increased (Fig. 4B). Vice versa, activation of the 

ERK pathway by overexpressing a constitutively activated MEK1 plasmid (MEKDD) in 

ovarian CSLCs dramatically reduced the expression of miR-328 (Fig. 4C and D). In 

addition, miR-328 levels in ovarian CSLCs can also be decreased by phorbol 12-myristate 

13-acetate (PMA), an ERK activator (Supplementary Fig. S8; ref. 25). These data indicate 

that miR-328 expression can be negatively regulated by the ERK pathway activation in EOC 

cells. Furthermore, we found that ovarian CSCs possess an enhanced expression level of pri-

Srivastava et al. Page 8

Cancer Res. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



miR-328 compared with the bulk cancer cells. Inhibition of the ERK signaling in ovarian 

bulk cancer cells by U0126 significantly increased the pri-miR-328 expression, whereas 

activation of the ERK signaling by overexpressing constitutively activated MEK1 in ovarian 

CSLCs decreased the pri-miR-328 expression (Supplementary Fig. S9), indicating that the 

ERK signaling negatively regulates miR-328 expression, at least partially at the transcription 

level.

Inactivated ERK signaling facilitates the maintenance of CSC properties via upregulating 
miR-328

Given that suppressed ERK signaling is critical to maintaining ESCs (14, 15), and CSLCs 

possess reduced ERK signaling, we attempted to determine whether inactivated ERK 

signaling is required for the maintenance of CSC properties. We established a stable cell line 

in which MEKDD is expressed under a cumate inducible promoter (2008-SparQ-MEKDD), 

and enriched CSLCs from these cells using the sphere culture. Cumate treatment can 

successfully induce ERK1/2 phosphorylation (Fig. 4E) and reduce expression of stem cell 

specific genes, for example, Oct4, Sox2, and Nanog, in these CSLCs (Fig. 4F). In addition, 

cumate-induced ERK activation can also inhibit the sphere formation capacity and the 

tumorigenic potential of ovarian CSLCs (Supplementary Fig. S10). These data indicate that 

the reduced ERK activity plays a critical role in maintaining the stemness of CSCs.

In consideration of the fact that ERK inactivation increases miR-328 expression, and 

miR-328 promotes the maintenance of CSC properties, we hypothesized that inactivation of 

ERK signaling facilitates the maintenance of CSC traits by upregulating miR-328. To test 

this hypothesis, we isolated CSLCs from the 2008-SparQ-MEKDD cells, and activated the 

ERK signaling by treating them with cumate. Meanwhile, miR-328-M were transfected into 

these CSLCs to restore miR-328 that was depleted by ERK activation. Cumate treatment 

(ERK activation) can inhibit, whereas simultaneous transfection with miR-328-M restored 

CSLCs’ sphere formation capacity (Fig. 4G). Besides MEKDD-induced ERK activation, we 

also used an ERK activator PMA to confirm this finding. PMA treatment, which increased 

ERK1/2 phosphorylation and decreased miR-328 expression, reduced the tumorigenic 

potential of both OV2008-CSLCs and OVCAR4-CSLCs (Supplementary Fig. S11). 

However, overexpression of miR-328 restored the tumorigenic potential that was inhibited 

by PMA in these cells (Supplementary Fig. S11). Taken together, these data indicate that 

ovarian CSLCs are characterized by reduced ERK signaling activity, which facilitates the 

maintenance of the CSC properties by upregulating miR-328.

Low intracellular ROS level contributes to the reduced activity of ERK signaling and 
enhanced expression of miR-328 in ovarian CSLCs

The ERK signaling is preferentially activated in response to growth factors. However, the 

ERK pathway can also be activated by ROS (26, 27), probably by activating growth factor 

receptors in the absence of the growth factor receptor ligands. In addition, oxidative stress 

was also reported to inhibit miR-328 expression in gastric cancer cells (28). Given that CSCs 

in a variety of tumors including ovarian cancer contain lower levels of ROS (Supplementary 

Fig. S12; refs. 29, 30), we reasoned that the reduced activity of ERK signaling and enhanced 

expression of miR-328 in CSCs can be attributed to the low intracellular ROS level. In 
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support of this hypothesis, we found that depletion of ROS by treatment with a ROS 

scavenger N-acetyl-L-cysteine can inhibit the phosphorylation of ERK1/2, and increase the 

expression level of miR-328 in ovarian cancer cells (Fig. 5A and B). Vice versa, treatment of 

ovarian CSCs with hydrogen peroxide (H2O2) enhanced phosphorylation of ERK1/2, and 

decreased the expression level of miR328 (Fig. 5C and D). More interestingly, inhibition of 

ERK signaling by treatment with U0126 can restore the miR-328 expression level that was 

reduced by H2O2 in ovarian CSLCs (Fig. 5E and F). These results indicate that the low level 

of ROS in CSLCs plays a critical role in sustaining a constitutively inactivated ERK 

signaling, which further maintains a highly expressed miR-328.

Although CSCs have a reduced level of ROS, its mechanisms in the maintenance of CSC 

properties are still unclear. Treatment of ovarian CSLCs with H2O2 can significantly reduce 

the expression of stem cell specific gene Oct4 (Fig. 5G), as well as their sphere formation 

capability (Fig. 5H). Although simultaneous treatment with the ERK inhibitor U0126 can 

restore the Oct4 expression level and SFCf in these H2O2-treated CSLCs (Fig. 5G and H), 

indicating that low level of H2O2 facilitates to maintain CSC properties by sustaining an 

inactivated ERK signaling, which ensures a highly expressed miR-328.

Inhibition of miR-328 impedes ovarian cancer growth and metastasis

Given that CSCs are believed to be responsible for tumor relapse and metastasis (31–33), we 

attempted to determine whether miR-328 inhibition can retard tumor growth and prevent 

tumor metastasis. 2008-MIZP328–3p cells were injected into the ovarian bursa of nude mice 

to generate orthotopic xenografts. Mice were administered with cumate to activate inhibition 

of miR-328 in xenograft cells. A markedly smaller tumor size was found in cumate-treated 

mice compared to PBS-treated mice (Fig. 6A; Supplementary Fig. S13). In addition, all 

PBS-treated mice (six mice) had ≥2 disseminated tumor nodules in peritoneal cavity, while 

only one of eight mice in cumate-treated group showed tumor nodules (Fig. 6B). H&E 

staining verified that the xenograft tumors from both PBS and cumate-treated mice, as well 

as the tumor nodules found in peritoneal cavity, had morphologic features of EOC (Fig. 6C). 

We further determined the TICf in xenograft cells. Cumate-induced miR-328 inhibition can 

dramatically reduce the TICf in xenografts (Fig. 6D and E). As a control, cumate itself did 

not affect tumor growth and peritoneal dissemination in mice bearing xenografts derived 

from OV2008 cells that do not possess cumate-inducible anti-miR-328 vectors 

(Supplementary Fig. S14). Taken together, these data indicate that inhibition of miR-328 is 

able to impede ovarian cancer growth and prevent metastasis by reducing the abundance of 

tumorigenic CSCs.

Overexpression of miR-328 is associated with worse outcome of patients with ovarian 
cancer

Given the oncogenic function of miR-328 in ovarian cancer, we sought to determine whether 

there is a relationship between the level of miR-328 expression and the prognosis in human 

patients with ovarian cancer. Korsunsky and colleagues have profiled miRNA expression in 

19 EOC and 13 benign ovarian masses using TaqMan OpenArray (34). We reanalyzed these 

data (GSE81873) and found that the miR-328 level is higher in EOC than benign tissues 

(Supplementary Fig. S15). Kaplan–Meier survival curve showed that high miR-328 
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expression correlates with poor overall survival among patients with ovarian cancer 

(Supplementary Fig. S15). These analysis suggest that miR-328 could play an oncogenic 

role in the progression of ovarian cancer.

Discussion

miR-328 has been regarded as a cancer-related microRNA. Accumulating studies have 

suggested that it may play different roles as either an oncogene or a tumor suppressor 

depending on cancer type, indicating that the function of miR-328 could be tissue- and 

tumor-specific. In addition, low miR-328 expression has been linked to colorectal CSCs, 

because low miR-328 expression tends to correlate with the high side population (SP) 

fraction, which is believed to be a source of CSCs, indicating that the downregulated 

miR-328 expression may be favorable for the maintenance of CSCs in colorectal cancer 

(35). In contrast, data presented here showed that miR-328 is highly expressed in ovarian 

CSLCs, and plays critical roles in the maintenance of ovarian CSC properties, suggesting 

that overexpressed miR-328 could be favorable for CSC maintenance in ovarian cancer. 

Given that each miRNA could have multiple gene targets, and the regulation of these target 

gene expression by miRNA can be influenced by multiple factors including target-site 

accessibility (36), miR-328 could regulate CSC properties in different tumors by targeting 

different genes and pathways. Here, we showed that DDB2 is the key target gene of 

miR-328 in mediating miR-328-promoted maintenance of CSC properties in ovarian cancer.

DDB2 was first recognized as a DNA repair protein (37). Recently, new functions of DDB2 

beyond its role in DNA repair have been identified, for example, enhancing cellular 

apoptosis (38–40); suppressing colon tumor metastasis through blocking epithelial–

mesenchymal transition (EMT; ref. 41); and limiting the motility and invasiveness of 

invasive human breast tumor cells by regulating NF-κB activity (42), as well as mediating 

premature senescence (43). A correlation between low DDB2 mRNA expression and poor 

outcome of patients with ovarian cancer and breast cancer has been established (20, 42). In 

addition, DDB2 has been shown to suppress the tumorigenicity of EOC cells (20) and 

colorectal cancer cells (41). DDB2 is also able to inhibit metastasis of colon cancer (41) and 

limit the invasiveness of breast cancer (42). Our previous study has demonstrated that DDB2 

is able to reduce the abundance of CSCs in the bulk EOC cells, providing a novel 

mechanism to explain the DDB2-mediated suppression of tumorigenicity, and also 

suggesting that low expression of DDB2 is essential to maintaining CSCs (20, 44). We 

further demonstrated in the present study that downregulation of DDB2 is able to restore the 

self-renewal capacity that is reduced by miR-328 inhibition in ovarian CSCs. Given that 

DDB2 can directly inhibit the Wnt pathway (45), which plays an important role in 

upregulating the transcription of stem cell specific factors, for example, Oct4, Sox2, and 

Nanog (46), DDB2 must play a critical role in mediating miR-328-promoted maintenance of 

CSC properties via modulating the Wnt activity.

It has been reported that suppressed ERK signaling is critical to maintenance of the self-

renewal property of ESCs (14, 15). Here, we further provide evidence showing that 

suppressed ERK signaling also contributes to maintenance of the self-renewal capacity of 

CSCs. Compared with the bulk cancer cells, CSCs possess a low activity of ERK signaling; 
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Forced activation of the ERK signaling compromises CSC properties and reduces the CSC 

abundance; while inhibition of the ERK activity expands the CSC population. Given that 

numerous tumors have activated ERK signaling (47), ERK signaling inhibitors have been 

developed for treatment of various cancers (48). However, the biggest challenge of ERK 

signaling inhibitors is that most patients relapse in less than a year (48). Our findings that the 

inactivated ERK signaling is important to the maintenance of CSC properties, suggest that 

ERK inhibitors-induced expansion of CSCs could be responsible for tumor relapse. Thus, it 

is warranted to develop new strategies to eliminate CSCs during ERK inhibitor treatment.

ERK signaling can regulate the cellular miR-328 level through multiple mechanisms. ERK 

is able to phosphorylate RNA-binding protein hnRNP-E2, promote its binding to the 5′UTR 

of CEBPA mRNA and inhibit C/EBPα expression (49). Given that C/EBPα can bind to 

miR-328 5′-flanking region directly to promote the transcription of miR-328, ERK-induced 

inhibition of C/EBPα expression can downregulate the transcription of pri-miR-328 (23, 

50), which has also been found in this study.

ROS act as secondary messengers responsible for signal transduction to control gene 

expression. Normal stem cells and CSCs in a variety of tumors including ovarian cancer 

contain lower levels of ROS (29, 30). An important consequence of having a low ROS level 

in CSCs is the maintenance of stem cell properties (51, 52). However, it is still unclear how 

low ROS contributes to the maintenance of CSCs. Our findings in this study demonstrated 

that low ROS is critical to maintaining a high cellular level of miR-328 by sustaining a 

reduced ERK signaling. The cellular ERK signaling is not only activated in response to 

growth factors, such as EGF and PDGF, but also activated by cellular ROS (26, 27), 

probably by activating growth factor receptors without the growth factor ligands. It has been 

shown that ROS is able to activate the receptors of EGF and PDGF, which can further 

stimulate Ras and the subsequent activation of the ERK pathway (53, 54). Our data showed 

that scavenging ROS by antioxidants can reduce cellular ERK activation, further indicate 

that ROS plays an important role in sustaining an activated ERK signaling in cells. 

Therefore, given that ROS is critical to the activation of cellular ERK signaling, low ROS in 

CSCs could reduce the stimulation of the ERK pathway, and increase the cellular miR-328 

level, which further promotes the maintenance of CSC characteristics by downregulating 

DDB2 (Fig. 6F).

In summary, we demonstrated that the ROS–ERK–miR-328–DDB2 axis plays a critical role 

in driving EOC progression by facilitating the maintenance of CSCs in tumors. Thus, 

inhibition of miR-328, or interruption of the ROS–ERK–miR-328–DDB2 axis can be 

exploited for the development of efficient strategies for eliminating CSCs to prevent ovarian 

tumor metastasis and recurrence, eventually leading to an improvement of the survival of 

patients with EOC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ovarian CSCs possess highly expressed miR-328. A–C, NanoString nCounter analysis 

revealed 12 upregulated and 5 downregulated miRNAs in spheroid cells compared with their 

corresponding bulk cancer cells. EOC cell lines Kuramochi and SKOV3 were cultured in 

Ultra-Low Attachment dishes with CSC culture medium as described in Materials and 

Methods for 12 days to enrich CSCs (A). The spheres formed under these culture conditions 

(CSLCs), as well as monolayer cells cultured under the regular culture conditions (bulk 

cells), were harvested; RNA was isolated and subjected to miRNA screening using 

NanoString nCounter. B, Venn diagram shows the number of altered miRNA in CSLCs 

derived from Kuramochi and SKOV3 cell lines. C, Heat map of altered miRNA in CSLCs 

derived from both cell lines was generated. D, Enhanced expression of miR-328 was 

confirmed in CSLCs isolated from four EOC cell lines and one PDX. Spheroid (CSLCs) and 

adherent (Bulk) cells were harvested from various EOC cell lines and one ovarian tumor 

PDX; miR-328 was quantified using qRT-PCR. n = 3; Bar, SD; *, P < 0.05; **, P < 0.001. E, 
Enhanced expression of miR-328 was confirmed in spheroid cells isolated from primary 

HGSOC samples. Tumor cells were isolated from seven freshly removed primary HGSOC 
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samples, cultured under sphere culture conditions (Spheroid) and adherent culture conditions 

(Bulk). The miR-328 level was quantified using qRT-PCR. n = 3; bar, SD. Analysis by the 

linear mixed model indicates that miR-328 expression increased significantly in spheroid 

cells compared with bulk cancer cells (P < 0.0001).
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Figure 2. 
miR-328 is critical to maintaining the CSC population in EOC cells. A, Inhibition of 

miR-328 (miR-328-I) decreased the abundance of ALDH+ cells in various EOC cell lines. 

OV2008 and OVCAR4 cells were transiently transfected with either NC miR or miR-328-I 

for 48 hours. The proportion of ALDH+ cells was analyzed with ALDEFLUOR assay using 

FACS. N = 3; bar, SD. B, Inhibition of miR-328 reduced the sphere formation capability of 

EOC cell lines. OV2008 and OVCAR4 cells were transiently transfected with either NC miR 

or miR-328-I for 48 hours. Semisolid colony formation assay was used to determine their 

sphere formation capacity. N = 3; bar, SD. C–E, Inhibition of miR-328 reduced the 
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tumorigenic potential of the EOC cells. OV2008 cells possessing cumate-inducible anti-

miR-328 expression vectors (2008-MIZP328–3p) were treated with or without cumate for 3 

days. The expression level of ABCG2 (a direct target of miR-328) was determined to assess 

the inhibition of miR-328 (C). Semisolid colony formation assay was used to determine their 

sphere formation capacity (D). Xenotransplantation limiting dilution assay was used to 

estimate the TICf (E). N = 3; bar, SD. F–H, Inhibition of miR-328 in ovarian CSLCs 

reduces the CSC properties. CSLCs were isolated from OV2008 and OVCAR4 cells, 

transfected with either NC miR or miR-328-I for 48 hours, and the expression of stem cell–

specific genes was determined using qRT-PCR (F). CSLCs were isolated from 2008-

MIZP328–3p cells, treated with or without cumate for 3 days. The expression of stem cell–

specific genes was determined (G). Cells were plated in a limiting dilution manner in 96-

well Ultra-Low Attachment plates with CSC culture medium, and the number of wells 

containing spheres was calculated after 12 days to calculate the SFCf (H). N = 3; bar, SD; *, 

P < 0.05; **, P < 0.01.
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Figure 3. 
DDB2 is a direct target of miR-328 and mediates the function of miR-328 in the regulation 

of CSC properties. A, Gene expression heatmap from microarray analysis of miR-328–

overexpressing ovarian cancer cells. OV2008 cells were transfected with miR-328 mimics or 

NC miR for 2 days. Total RNA was isolated, and the differentially expressed genes were 

screened using GeneChip Human Transcriptome Array 2.0. B, Predicted binding of miR-328 

to the 3′-UTR of DDB2. C and D, Dual luciferase reporter assay shows the interaction of 

miR-328 and its targeting sequence in the DDB2 3′-UTR. OV2008 cells were transfected 

with psiCHECK-2 containing the wild-type (WT) or mutated (Mut) target site of the DDB2 
3′-UTR (C) plus miR-328-M or NC miR for 48 hours. The luciferase activity was 

determined and normalized to the Firefly activity and presented as relative activity to the 
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corresponding NC miR (D). N = 3; bar, SD; **, P < 0.01. E, miR-328 downregulates the 

DDB2 protein level. miR-328-M was transfected into various EOC cell lines for 48 hours, 

and miR-328-I was transfected into OV2008-CSLCs for 48 hours; immunoblotting analyses 

were conducted to show the protein level of DDB2 in these cells. F and G, DDB2 

downregulation antagonizes anti-miR-328-reduced sphere formation capability of ovarian 

CSLCs. The 2008-MIZP328–3p cells were treated with cumate to induce miR-328 

inhibition. Meanwhile, cells were also transfected with two different siDDB2 for 48 hours, 

and DDB2 expression was determined (F). Cells were plated in Ultra-Low Attachment 96-

well plates in a limiting dilution manner, and the number of wells containing spheres was 

counted after 12 days to generate the SFCf (G). **, P < 0.01 compared with control; ##, P < 

0.01 compared with cumate.
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Figure 4. 
Reduced ERK signaling activity contributes to the upregulation of miR-328 expression and 

maintenance of CSC properties in ovarian CSLCs. A, Expression of p-ERK1/2 in CSLCs 

isolated from various ovarian cancer cell lines. Spheroid (CSLCs) and adherent (Bulk) cells 

were harvested from various EOC cell lines. p-ERK1/2 was determined using 

immunoblotting; ERK1/2 and GAPDH were also determined to serve as loading controls. B, 
Inhibition of the ERK signaling enhanced miR-328 expression. EOC cell lines were treated 

with the ERK inhibitor U0126 for 24 hours, RNA was isolated, and the miR-328 level was 

determined using qRT-PCR. N = 3; bar, SD; *, P < 0.05; **, P < 0.01. C and D, Activation 

of the ERK signaling reduced the expression of miR-328. OV2008 and Kuramochi CSLCs 

were transiently transfected with either empty vector or MEKDD expressing vector for 48 

Srivastava et al. Page 22

Cancer Res. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hours; immunoblotting was used to determine the expression of p-ERK1/2 (C), and qRT-

PCR was used to determine the level of miR-328 (D). N = 3; bar, SD; **, P < 0.01. E, 
Cumate induced ERK1/2 phosphorylation in 2008-SparQ-MEKDD CSLCs. F, Activation of 

the ERK signaling by treating cells with cumate reduced the expression level of stem cell–

specific genes in 2008-SparQ-MEKDD CSLCs. N = 3; bar, SD; **, P < 0.01. G, 
Overexpression of miR-328 antagonized the decrease of SFCf induced by ERK activation. 

The 2008-SparQ-MEKDD CSLCs were treated with or without cumate. Meanwhile, cells 

were transfected with miR-328-M. After 3 days, the SFCf was determined using the sphere 

formation assay in a limiting dilution manner.
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Figure 5. 
Low ROS level contributes to the reduced ERK activity and enhanced miR-328 expression 

in ovarian CSLCs. A and B, Depleting ROS inhibits the ERK1/2 phosphorylation and 

increases miR-328 expression in ovarian cancer cell lines. Various EOC cell lines were 

treated with the ROS inhibitor N-acetyl-L-cysteine (NAC, 10 mmol/L) for 12 hours, p-

ERK1/2 was detected using Western blotting (A), and miR-328 expression was determined 

using qRT-PCR (B). N = 3; bar, SD; *, P < 0.05; **, P < 0.01. C and D, Oxidative stress 

enhances ERK phosphorylation and reduces miR-328 expression in ovarian CSLCs. CSLCs 

enriched from various EOC cell lines were treated with H2O2 for 24 hours. p-ERK1/2 was 
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detected using Western blotting (C), and miR-328 expression was determined using qRT-

PCR (D). N = 3; bar, SD; **, P < 0.01. E–H, ERK signaling inhibition antagonizes H2O2-

induced reduction of miR-328 expression and CSC properties. OV2008-CSLCs and 

OVCAR4-CSLCs were treated with H2O2 and/or the ERK inhibitor U0126 for 24 hours, and 

the p-ERK1/2 level was determined using immunoblotting (E). F, The miR-328 level was 

determined using qRT-PCR. N = 3; bar, SD; *, P < 0.05; **, P < 0.01. G, Expression of the 

stem cell–specific gene Oct4 was determined using qRT-PCR. N = 3; bar, SD; **, P < 0.01. 

The SFCf in these cells were determined using the sphere formation assay with limiting 

dilution (H).
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Figure 6. 
Inhibition of miR-328 impedes tumor growth and metastasis in the orthotopic ovarian 

xenograft model. A, Representative images of orthotopic ovarian xenografts generated by 

injecting 2008-MIZP328–3p cells into the ovary of nude mice. Volumes of xenografts in 

mice treated or untreated with cumate were measured. **, P < 0.01. B, Macroscopic 

appearances and counts of ovarian metastasis nodules in peritoneal cavity. C, Representative 

H&E-stained images of the xenograft tumors and metastasis nodules. Bar, 100 μm. D and E, 
Xenotransplantation limiting dilution assay was used to estimate TICs in these xenografts. 

Tumor cells were isolated from xenografts and injected into NOD/SCID mice 

subcutaneously in a limiting dilution manner. Images of tumors after 2 weeks of injection 

were presented, and the number of xenografts was counted to generate TICf using the online 

algorithm described in Materials and Methods (D). Weight of tumors generated with 1 × 106 
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xenograft cells isolated from control and cumate-treated mice bearing orthotopic xenografts 

(E). F, Model of the mechanism by which miR-328 regulates the maintenance of CSC 

properties and tumor metastasis.
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