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ABSTRACT

Altered microRNA expression patterns are implicated in the
formation of many human diseases, including ovarian cancer. Our
laboratory previously created Dicer"/Pten™/Amhr2¢""+ mice,
which developed high-grade serous carcinomas originating from
mouse fallopian tubes, while neither Dicer""/Amhr2<*™* nor
Pten™/Amhr2’* mice developed tumors. To explore miRNAs
involved in the tumorigenesis in the double-knockout (DKO)
mice, tumor cell lines were established from mouse primary
tumors, and the most abundant miRNAs present in mouse normal
fallopian tubes, let-7b and miR-34c, were expressed in these cell
lines. We found that miR-34c had a more dramatic effect on
inhibiting tumor cell viability than let-7b. The action of miR-34c
induced tumor cell cycle arrest in G1 phase and apoptosis, and
was accompanied with the regulation of key genes involved in cell
proliferation and cell cycle G1/S transition. miR-34c suppressed
the expression of Ezh2 and Mybl2, which may transcriptionally
and functionally activate Cdkn7c. Furthermore, miR-34c levels
are extremely low in human serous adenocarcinomas compared
with human normal fallopian tubes. Expression of miR-34c in
human ovarian cancer cells phenocopied its effects in DKO
mouse tumor cells. However, miR-34b/c”~/Pten""/Amhr2¢v’+
mice failed to develop high-grade serous carcinomas, implicating
a combination of miRNAs in the tumorigenesis process. Thus,
while miR-34c is a putative tumor suppressor in high-grade serous
ovarian carcinoma with potential therapeutic advantages, screen-
ing of additional miRNAs for their effects alone and in
combination with miR-34c is highly warranted to uncover
miRNAs that synergize with miR-34c against cancer.
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INTRODUCTION

Ovarian cancer is the fifth leading cause of cancer death
among women in the United States, with an estimated 22 240
new cases and 14 030 deaths in 2013 [1]. The 5-yr survival rate
for women diagnosed with cancer localized to the ovary
exceeds 90%. However, nearly 70% of cases are diagnosed at
late stages, and the 5-yr survival rate for these patients is only
30%. Approximately 90% of ovarian cancers are epithelial in
origin, although the early developmental origins of ovarian
cancers remain poorly defined [2]. Although it has been
normally proposed that these tumors arise from the surface of
the ovary or from inclusion cysts, recent work has brought an
alternative hypothesis that a subgroup of these tumors arises
from fallopian tube [3, 4]. Histological classification of ovarian
cancer results in four major subtypes (i.e., serous [70%],
endometrioid [7%], clear cell [10%], and mucinous [3%]) [5].
Although these histotypes may arise from distinct cells of
origin and have mutations in different signaling pathways, all
ovarian cancers are still treated similarly in the clinical setting.
Moreover, cytotoxic chemotherapy is often unsuccessful, due
to common resistance to the current chemotherapeutic
regimens. The past decade has heralded a new era in the
understanding of gene regulation of ovarian cancer, particularly
after miRNAs were discovered. We now appreciate that the
aberrant expression of miRNAs promotes tumorigenesis,
metastasis, and other features of ovarian cancer [6].

miRNAs are aberrantly expressed in a variety of cancers.
First described by Calin et al., the loci of miR-15a and -16-1,
which are clustered at chromosome 13ql4, are frequently
deleted in B cell chronic lymphocytic leukemia, followed by an
expression reduction of these two miRNAs in cancer samples
as compared to normal tissues [7]. Probably the first genome-
wide study indicating the importance of miRNAs in ovarian
cancer was published in 2006 in which 40% of the miRNAs
exhibit altered DNA copy number [8]. Later, impaired miRNA
processing was also correlated to ovarian cancer, implicating
the potential role of altered miRNA expression in this disease.
Analyzed from 111 samples of invasive epithelial ovarian
cancer patients, Merritt et al. [9] identified a significant
correlation between low DICER and DROSHA expression and
advanced tumor stage and suboptimal surgical cytoreduction,
while cancer specimens with both high DICER and DROSHA
expression were associated with increased median survival
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FIG. 1. let-7 and miR-34c are the most abundant miRNAs in mouse normal fallopian tubes. lllumina deep sequencing uncovered miRNAs in mouse
normal fallopian tubes. Level of individual miRNA was expressed as percentage of total miRNAs reads.

(>11 yr vs. 2.66 yr for other subgroups). Using shRNA-
mediated knockdown of three factors required for miRNA
processing, including DICER, DROSHA, and DGCRS, another
group [10] globally repressed miRNA maturation in mice and
human cancer cell lines. Their data demonstrated that cancer
cells with decreased miRNA levels had a more pronounced
transformed phenotype, while, in animals, cells with miRNA
processing defects formed tumors with accelerated kinetics.
Taken together, these experiments broadly implicate miRNA
aberrations in ovarian cancer, probably through important roles
as tumor suppressors. However, other studies highlight roles
for specific miRNAs as oncogenes (i.e., overexpression
accelerates tumorigenesis [11, 12]), clearly indicating that
these miRNAs have dual functions in caner [13].

Given that miRNAs may play critical roles in ovarian
cancer, our laboratory conditionally deleted Dicer using a
conditional knockout (cKO) approach directed by a knockin of
the the Cre recombinase gene into the anti-Miillerian hormone
receptor type 2 (Amhr2) locus. Amhr2-Cre is expressed
embryonically in the mesenchyme of the developing Miillerian
ducts and postnatally in ovarian granulosa cells and the smooth
muscle and stromal cells of the oviducts and uterus [14-17].
Therefore, tissue-specific recombination of the Dicer floxed
allele resulted in the loss of DICER protein in somatic cells of
the ovary, oviduct, and uterus, which phenotypically led to
female mouse infertility and formation of bilateral tubal
diverticuli [18]. However, no tumors were observed in female
reproductive tract, although these diverticuli became larger and
larger during development. To generate an ovarian cancer
mouse model to study the functions of DICER, we later
conditionally deleted both Dicer and Pten in mice using the
same strategy as our Dicer single cKO mice. Phosphatase and
tensin homolog (PTEN) is a tumor suppressor that dephos-
phorylates phosphatidylinositol 3,4,5-trisphosphate, the prod-
uct of the lipid kinase phosphatidylinositide 3-kinases (PI3K),
therefore serving as a negative regulator of the PI3K signaling
pathway [19, 20]. PI3K signaling is a main regulator of cell
growth, metabolism, and survival, and overactivity of this
signaling has been found in many types of cancers. The Cancer

Genome Atlas researchers measured comprehensively genomic
and epigenomic abnormalities on clinically annotated high-
grade serous ovarian cancer samples and observed mutations of
the PI3K/RAS pathway in 45% of all the cases studied [21].
Consistent with this finding, our Dicer/Pten cKO mice
developed high-grade serous epithelial cancers that initiated
as primary tumors in the fallopian tube and spread to engulf the
ovary; these aggressive metastatic cancer cells subsequently
spread throughout the abdominal cavity, resulting in ascites
formation and death of 100% of the mice by 13 mo [4].
Disabling Pten alone failed to cause a tumor phenotype in the
ovary or fallopian tube [22], indicating a synergistic effect of
miRNA maturation defects and PI3K signaling overactivity in
the onset of ovarian cancer. Therefore, cancer cells isolated
from Dicer/Pten double-knockout (DKO) mouse tumors would
be a valuable platform to investigate miRNAs and PI3K
pathway components in this deadly disease.

Based on our model, we hypothesized that defects in
miRNA maturation in Dicer/Pten DKO mice play a critical role
in fallopian tube tumorigenesis. Since turning off DICER
globally affected miRNAs in mouse reproductive tract, it was
still uncertain which miRNA or miRNA combinations
functioned as tumor suppressors during the onset of tumor
formation in this animal model. Given that DKO tumors
originated from fallopian tubes, we hypothesized that loss of
most abundant miRNAs in the fallopian tube may be more
significant for tumor formation. By profiling miRNAs in
mouse fallopian tube by next-generation sequencing, we
identified 10 individual miRNAs that make up 92.8% of all
fallopian tube miRNAs. Among these 10 miRNAs, 83.3%
belonged to the let-7 family. miR-34c, comprising 4.1% of
miRNAs, was the most abundant miRNA other than let-7
family members in the mouse fallopian tube (Fig. 1). In
addition, the miR-34b and -c locus was frequently lost in high-
grade serous ovarian cancers in women [4]. Therefore, we
delivered mature miR-34c and let-7b back to DKO mouse
tumor cells by in vitro miRNA transfection and investigated
their effects on tumor cell viability. We demonstrated that miR-
34c had a greater potential effect on inhibiting tumor cell
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viability than /et-7b. The molecular mechanism of miR-34c
underlying this effect was further investigated and supported
our hypothesis that miR-34c is a putative tumor suppressor in
high-grade serous cancers. However, when we deleted miR-
34b/c and Pten in mouse reproductive tract, the mice did not
phenocopy Dicer/Pten DKO animals, indicating that loss of
miR-34b/c was not sufficient to substitute for Dicer in the
formation of high-grade serous ovarian cancer in a Pten null
background. Our experiments revealed that miR-34c is a
putative tumor suppressor in high-grade serous ovarian cancer.
However, the formation of this deadly disease is much more
complicated where abnormalities of multiple genes must
coordinate for its onset.

MATERIALS AND METHODS
miR-34b/c/Pten DKO Mice

Mice were maintained in the vivarium at Baylor College of Medicine
(BCM) according to the institutional guidelines for the care and use of
laboratory animals. miR-34b/c™~[Pten™* [Amhr2™* mice were generated by
mating female miR-34b/c”'~ mice with male Pren™/Amhr2°™* mice. After a
series of intercrosses, male miR-34b/c~"~[Pten™/Amhr2™/* mice and female
miR-34b/c™"~/Pten™™ mice were mated to efficiently generate female miR-34b/
¢ /Pten™/Amhr2®"* and miR-34b/c™""[Pten™" (control) mice.

Dicer/Pten DKO Mouse Tumor Cells and Human Serous
Ovarian Cancer Cell Lines

Dicer/Pten DKO mouse tumor cell lines were established by culturing
primary fallopian tube serous tumors that engulfed the ovaries in Dicer/Pten
DKO mice [4]. The cells were cultured in Dulbecco modified Eagle medium/
F12 (Gibco) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (Invitrogen). Human serous ovarian cancer cell lines OVCARS
and OVCARS were cultured in RPMI1640 medium supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin (Invitrogen).

Small RNA Sequencing

Total RNA was extracted from mouse normal fallopian tubes using the
mirVana miRNA Isolation Kit (Applied Biosystems). RNA quality and the
presence of small RNAs were determined on a 2100 Bioanalyzer (Agilent
Technologies). Small RNA library construction was performed using the DGE-
Small RNA Sample Prep Kit (Illumina). Purified cDNA was quantified with the
Quant-iT PicoGreen dsDNA Kit (Invitrogen) and diluted to 3 pM for
sequencing on the Illumina 1G Genome Analyzer (University of Houston).
The raw sequence data were passed through a series of quality-control filters to
discard reads without a 3’-adapter, reads with copy number less than 4, reads
that were less than 10 nucleotides, and reads with more than 10 consecutive
identical nucleotides. The remaining usable sequence reads were aligned to
mouse miRNA hairpin precursor sequences in miRBase, with up to three
mismatches tolerated in an alignment. If a read aligned equally well to multiple
precursors, its copy number was equally apportioned. For each mature miRNA
sequence, we counted the number of reads that were exact matches, allowing a
four-nucleotide extension into the precursor sequence on each side of the
mature miRNA. Each miRNA profile was scale normalized using the total
number of usable sequence reads, after which 40 units were added to each
miRNA expression value.

Immunofluorescence

The expression of keratin 8 and keratin 14 in cultured DKO mouse tumor
cells were studied by immunofluorescence. DKO mouse tumor cell lines were
seeded onto Lab-Tek chamber slides (Nunc) 24 hours prior to the staining.
Tumor cells were rinsed briefly in PBS and fixed in ice-cold methanol for 15
min at room temperature. Tumor cells were washed twice in ice-cold PBS and
then permeabilized with PBS containing 0.25% Triton X-100 for 10 min. After
gentle washing three times with PBS each for 5 min, tumor cells were
incubated in 1% bovine serum albumin (BSA) in PBS containing 0.1% Tween
(PBST) for 30 min to block unspecific binding of the antibodies. Tumor cells
were then stained with primary antibodies to keratin 8 (1:50; Abcam) or keratin
14 (1:1000; Covance) in PBST containing 1% BSA in a humidified chamber
overnight at 4°C. After primary antibody staining, tumor cells were washed
three times with PBS each for 10 min, then stained with Alexa Fluor 488

donkey anti-rabbit IgG (1:1000; Invitrogen) for 1 h at room temperature in the
dark. Finally, tumor cells were washed with PBS three times and then examined
under an inverted fluorescence microscope to detect the expression of keratin 8
and keratin 14.

Semiquantitative PCR

Genomic DNA was isolated from Dicer/Pten DKO mouse tumor cell lines
using DNeasy Blood & Tissue kit (Qiagen). Deletion of Dicer and Pten in
Dicer/Pten DKO mouse tumor cell lines were validated using genomic DNA
PCR with primers as follows: Dicer_Primer_1: 5-GGTTACATGGCTA
GACTCAAAGC-3’, Dicer_Primer 2: 5-AGGTGCCTTTCGTTTAGGAAC
-3’, Dicer_Primer_3: 5'-AAAGCAGAACTCTAATGCCCC-3’; Pten_
Primer_1: 5'-ACTCAAGGCAGGGATGAGC-3’, Pten_Primer 2: 5'-AATC
TAGGGCCTCTTGTGCC-3’, Pten_Primer_3: 5-GCTTGATATC
GAATTCCTGCAGC-3'. Genomic DNA of kidney and tumor from Dicer/
Pten DKO mouse were used as controls.

miRNA Mimic Transfection on Dicer/Pten DKO Mouse
Tumor Cells

miRNA mimic transient transfection was performed using Lipofectamine
RNAIMAX (Invitrogen) following the manufacturer’s instructions. To achieve
a maximum transfection efficiency and lower toxicity, the transfection
conditions were optimized in preliminary experiments by transfecting DKO
mouse tumor cells with Dye547-labeled miRNA mimic negative control
(Dharmacon). To evaluate the effect of miR-34c or let-7b on DKO tumor cells,
tumor cells were reverse transfected with 30 nM mmu-miR-34c¢ or mmu-let-7b
miRIDINA mimics (Dharmacon) in 96- or 6-well culture plates. Briefly,
miRNA duplex and RNAIMAX diluted in Opti-MEM I medium (Invitrogen)
were gently mixed and incubated in the well of culture plates for 15 min. The
appropriate number of DKO tumor cells in complete growth medium without
antibiotics were plated onto the well to give 30%—50% confluence 24 h after
plating. The cells were mixed gently by rocking the plate back and forth, and
then let sit in the culture hood for 5 min. Transfected cells were then incubated
at 37°C in a CO, incubator for 48 h before various assays. In all transfection
experiments, a miR/DIAN miRNA mimic negative control #1 (Dharmacon) was
applied in parallel at the same concentration as miR-34¢ or let-7b, serving as a
control.

Cell Viability and Apoptosis Assay

The viability of DKO tumor cells transfected with miR-34c or let-7b mimics
was determined by ATP level quantitation-based Promega CellTiter-Glo
Luminescent Cell Viability Assay. Cellular apoptosis was determined by
Promega Caspase-Glo 3/7 assay. At 48 h after transfection, cells were moved
out of the incubator and equilibrated to room temperature for approximately 30
min. Cell viability and apoptosis were then measured following the
manufacturer’s instructions. An Omega microplate luminescence reader was
used to record luminescence. Data were plotted as mean = SEM of three
determinations. Statistical differences were tested using one-way ANOVA
followed by Tukey multiple comparison test for viability and two-tailed paired
t-test for apoptosis (Prism; GraphPad). P < 0.05 was considered statistically
significant.

Gene Expression Profiling

Total RNA was extracted from DKO tumor cell lines transfected with miR-
34c¢ (n=3) and control miRNA (n = 3) using the RNeasy mini RNA isolation
kit (Qiagen). RNA quality was determined on a 2100 Bioanalyzer. Gene
expression profiles were generated on Mouse WG-6 version 2.0 Beadchips
(Illumina) at University of Texas Health Science Center Microarray Core
Laboratory. The array platform consists of 45 281 transcript probes representing
30854 unique genes. Expression data were quantile normalized. Array datasets
have been deposited into the Gene Expression Omnibus (GSE57493).
Differentially expressed genes were identified using #-test and fold change on
log-transformed data. Predicted targets were identified using TargetScanMouse
(release 5.0) [23] and miRanda (August 2010) [24].

Quantitative PCR

Quantitative PCR (QPCR) validation of microarray gene expression
profiling was performed on samples independent of those in the microarray
experiment. Total RNA (1 pg) was reverse transcribed using Superscript III
reverse transcriptase and random hexamers (Invitrogen). Complementary DNA
was diluted 50-fold and 2.5 pl was used for each 10-pl QPCR reaction. Custom
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primers were designed using Integrated DNA Technologies SciTools (http://
www.idtdna.com/scitools/Applications/RealTimePCR/) and primer sequences
are listed in Supplemental Table S1 (Supplemental Data are available online at
www.biolreprod.org). QPCR was performed on ABI Prism 7500 Fast Real-
Time PCR system and B-actin severed as an endogenous control. Each sample
was analyzed in triplicate. The relative quantity of target transcripts were
calculated using the 2722% method [25] and normalized to the average 2AAC
of miRNA mimic negative control. Statistical differences were calculated using
Student #-test, and P < 0.05 was considered statistically significant.

The level of miR-34c in human ovarian serous adenocarcinoma was
measured using Tagman QPCR. Permission to perform all experiments was
obtained from the Institutional Review Board (IRB) for BCM and its affiliated
institutions. Human normal fallopian tubes were collected with BCM, IRB
approval, and written, informed consent from patients undergoing surgery at
Ben Taub General Hospital (Houston, TX) for benign gynecologic conditions,
as reported previously [26]. Anonymized human high-grade serous ovarian
cancer samples were obtained from the Tissue Acquisition and Distribution
Core of the Dan L. Duncan Cancer Center and Department of Pathology and
Immunology under an approved BCM IRB protocol. Total RNA was extracted
from human normal fallopian tubes (n = 6), human serous ovarian cancer cell
lines (n = 2), and human serous ovarian adenocarcinomas (n = 12) using the
mirVana miRNA isolation kit. RNA quality and the presence of small RNAs
were inspected on a 2100 Bioanalyzer. Total RNA (25 ng) was reverse
transcribed with Tagman microRNA RT primers and Multiscribe Reverse
Transcriptase (Invitrogen). Levels of mature miR-34c¢ were then determined by
QPCR using commercially available Tagman probes (assay ID 000428;
Applied Biosystems) per the manufacturer’s instructions with U6 small nuclear
RNA (assay ID 001973; Applied Biosystems) used as an internal standard for
normalization. Relative fold changes were calculated using the 272AC method.
Statistical analysis was performed using two-tail paired #-test (Prism, Graph-
Pad). P < 0.05 were taken as statistically significant.

Flow Cytometry

Cell cycle profile of tumor cells overexpressing miR-34c¢ was analyzed by
propidium iodide (PI) staining followed by a flow cytometry analysis. Briefly,
tumor cells were trypsinized and resuspended in cold PBS. Cells were then
fixed with cold 70% ethanol overnight. After removing 70% ethanol from fixed
cells, tumor cell nucleic acids were stained with 40 pg/ml PI and 100 pg/ml
RNase in PBS. Cells were incubated at 37°C for 30 min in the dark and then
analyzed in a FACSCanto II analyzer (BD Biosciences). Cell cycle profiles
were generated using flowjo software.

miR-34c Cloning

Genomic DNA was isolated from a p53 wild-type human ovarian cancer
cell line HEY using Gentra DNA purification kit (Qiagen). DNA quality was
determined by calculating the ratio of absorbance at 260 nm to absorbance at
280 nm and agarose gel electrophoresis. The primary miR-34c¢ sequence was
amplified from genomic DNA using Red Taq DNA polymerase (Sigma) and
miR-34c-specific primers: forward, 5-ACTCGAGAAAGCAAAATCCCTG
GAGGTG-3’; and reverse, 5'-ATACGCGTTGGTTAAGAGCCTGAAGG-3'.
Pri-miR-34c PCR products were separated by gel electrophoresis and extracted
using Zymoclean Gel DNA Recovery Kit (ZYMO Research Corp.), and then
cloned into pGEM-T Easy Vector (Promega) and sequencing confirmed. To
functionally study miR-34c¢ over-expression in human ovarian cancer cells, pri-
miR-34¢ was subcloned from pGEM-T Easy Vector to a lentiviral vector driven
by a CMV promoter (pLenti-miR; Open Biosystems). The pri-miR-34c¢ was
coexpressed with TurboRed fluorescent protein (TurboRFP) for easy tracking
of miRNA expression in human cancer cells.

Lentivirus Production and Transduction

CMV-TurboRFP-miR-34c-IRES-puroR vector was packaged and trans-
duced into OVCARS and OVCARS cells. A similar vector with nontargeting
sequence served as the negative control. Briefly, miR-34¢ or control vector, as
well as helper virus DNA plasmids carrying gag, pol, VSVG, and tat, were
transfected into 293T cells using Lipofectamine 2000 (Invitrogen). Cell
medium containing virus was syringe filtered (0.45 pm) 48 h after transfection
and added to OVCARS8 and OVCARS cells at an appropriate dilution. The
virus was replaced with fresh medium 6 h after infection. Transduction
efficiency was measured by examining the cells under fluorescence
microscope.

Human ovarian cancer cells transduced with miR-34¢ lentivirus or control
virus were seeded onto 96-well plates on Day 5. Cell proliferation was
evaluated by measuring cell viability at different time points after cell seeding

using CellTiter-Glo assay. Data are expressed as relative cell number
normalized to control virus transduced cells, and each data point represents
an average of triplicate measurements. Statistical analysis was performed using
two-tail paired r-test (Prism; GraphPad). P < 0.05 was taken as statistically
significant.

RESULTS
Repertoire of miRNAs in Mouse Fallopian Tubes

Using Amhr2-Cre, mice lacking Dicer and Pten in the
female reproductive tract generated high-grade serous carcino-
mas arising from the fallopian tube [4]. Given that DICER
biologically encodes a ribonuclease essential for the production
of mature miRNAs, Dicer deletion in the DKO mouse model
resulted in hindered miRNA maturation, which may be
responsible for tumor formation. Therefore, we explored the
repertoire of approximately 18- to 30-nucleotide small RNAs
expressed in mouse fallopian tubes using Illumina next-
generation sequencing technology. The raw sequencing data
were passed through a series of quality-control filters, and the
usable small RNA reads generated were mapped to known
mature miRNAs in miRBase. A total of 10 individual miRNAs
were found to make up 92.8% of all fallopian tube miRNAs,
where 83.3% belong to the let-7 family. let-7c, let-7f, let-7a,
and let-7b are the most abundant four miRNAs. miR-34c,
comprising 4.1% of miRNAs, is the most abundant miRNA
other than /es-7 family members in the mouse fallopian tube
(Fig. 1 and Supplemental Table S2)

Establishment of Dicer/Pten DKO Mouse Tumor Cell Lines

We isolated cells from Dicer/Pten DKO mouse primary
oviductal serous tumors that engulfed the ovaries. Once
adapted to in vitro culture conditions, these cells were
maintained for growth for at least 15 passages without entering
senescence. When we injected these cells back to severe
combined immunodeficiency (SCID) mice, these cells formed
xenografts and induced ascites in the abdomen [4]. The
unlimited number of cell division and the xenograft-forming
capacity indicated the cancerous nature of these cells, and,
therefore, these cell lines could be used to study functions of
different miRNAs in mouse cancer. We randomly picked up
three established DKO tumor cell lines, and cells at early
passages were thawed for further experiments. To make sure
that these early passaged cells are predominantly tumor cells
and have minimum stromal cell contamination, we stained the
cells fluorescently with epithelial markers keratin 8 and keratin
14. All the three cell lines studied, DKO-1, DKO-2, and DKO-
3, showed typical epithelial-like cell morphology with
polygonal shape, more regular dimensions, and growth in
discrete patches (Supplemental Fig. S1). As shown, more than
90% of cells had an intense cytoplasmic staining of keratin 8
and keratin 14, further validating that the cancer cell lines
established are epithelial-like cells. Deletion of Dicer and Pten
in the three cell lines was confirmed by PCR using the genomic
DNA isolated from cultured cell lines (Supplemental Fig. S2).

miR-34c Delivery Inhibited DKO Cell Viability by Blocking
Cell Division and Inducing Apoptosis

The DKO cancer cell lines are a unique model to study the
functions of miRNAs in serous ovarian cancer, since these
cancerous cells lack synthesis of mature miRNAs. We
therefore delivered individual mature miRNA into these cells
by transfecting them with Dharmacon miRNA mimics. let-7b
or miR-34c mimics were transfected into DKO tumor cell lines
using Lipofectamine RNAIMAX. At 2 days after transfection,
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FIG. 2. miR-34c inhibited Dicer/Pten DKO cancer cell growth by inducing cell cycle arrest in G1 phase and apoptosis. Dicer/Pten cancer cell lines were
transfected with mmu-miR-34c, mmu-let-7b, or miRNA mimic negative control using Lipofectamine RNAIMAX. After 2 days, viability of treated Dicer/
Pten DKO cancer cells was measured by Promega CellTiter-Glo assay (A). Representative cell cycle profile of miR-34c-treated cells was determined by
flow cytometry using Pl staining and analyzed by flowjo software (B). Caspase activities of miR-34c-treated DKO-1 were measured by Promega caspase-
Glo 3/7 assay (C). Data of cell viability, cell cycle profile, and caspase activity are expressed as mean values + SEM for three determinations (*P < 0.05).

miR-34¢ was discovered to inhibit 50%—-60% of cell viability of
all the three DKO tumor cell lines as compared to control cells.
In contrast, let-7b did not significantly inhibit tumor cell
viability (Fig. 2A), indicating a more important role of miR-34c
in Dicer/Pten DKO mouse tumorigenesis. Upon inspection of
DKO tumor cell lines transfected with miR-34c¢ under a
microscope, we did not observe many dead cells; however, we
noted that cells were slightly enlarged and cell numbers were
apparently lower than control cells, suggesting that miR-34c
may induce cell cycle arrest. We therefore studied cell cycle
profiles of miR-34c and control miRNA transfected cells using
PI staining. Flow cytometric data showed a robust cell division
of control cells with high percentage of cells entering S and G2
phase. However, miR-34¢ dramatically inhibited cell division
with much lower percentages of cells entering S and G2 phase.

Analyzed by flowjo software, miR-34c transfection resulted in
a decrease of S- and G2-phase cells, from 38.2% to 8.1% in
DKO-1, a decrease from 30.3% to 15.2% in DKO-2, and a
decrease from 52.2% to 16.1% in DKO-3 (Fig. 2B).

An inhibition of cell division to block cells entering S and
G2 phase indicated a cell cycle arrest in G1 phase. In DKO-2
and DKO-3, the percentage of G1-phase cells was significantly
increased by miR-34c transfection, from 69.2% to 83.2% in
DKO-2, and 42.1% to 77.2% in DKO-3. However, we did not
see a dramatic increase of G1-phase cells in DKO-1 transfected
with miR-34c, which only resulted in an increase from 57.2%
to 63.4%. Instead, 18.3% of DKO-1 transfected with miR-34¢
were in sub-G1 phase, indicating DNA fragmentation in these
cells, while, in control DKO-1, only 4.2% cells were in sub-G1
phase. In DKO-2 and DKO-3, although small, an miR-34c-
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TABLE 1. miR-34c regulated key mediators in cell proliferation and cell cycle G1/S transition.

Fold change (miR-34c/miR-Ctrl)

Fold change (DKO mouse early

Gene® Complex mRNA microarray QPCR validation tumor/normal FL) Algorithms”
Orc6l* Prereplication complex -2.4 -5.9 1.8 M
Cdt1 -3.2 —6.3 6.3
Cdco* -2.6 -5.5 5.8 M
Mcm2 -2.3 -3.0 4.7
Mcm3 -2.4 -4.9 4.4
Mcmb5* -9.7 -18.7 12.3 M
Mcm6 —2.4 -3.5 8.2
Mcm7 -2.8 —4.2 5.1
Mcm10 —-3.4 -6.0 13.3
Rfc1* DNA polymerase complex -3.3 -3.3 1.4 M
Rfc2* -2.0 -2.4 1.2 M
Rfc4 —2.2 —4.3 3.4
Rfc5 -2.3 -5.3 2.2
Top2a -3.7 —-11.7 21.3
Pold1 —2.1 —-3.4 2.4
Pold2 -2.9 —4.6 1.3
Ccne2* Cyclin/cyclin-depedent kinase complex -2.6 —4.6 3.5 M, T
Ccnd3 —-2.5 -2.9 2.9
Cdk2 -2.1 -3.4 1.9
Cdknic 8.9 18.3 —2.4

20f 20 genes, 19 were downregulated, of which 6 are predicted miR-34c targets.

bPrediction algorithms: FL, fallopian tube; M, miRanda; T, TargetScan.
*Genes with predicted miR-34c binding sites in their 3 UTR sequences.

mediated increase of sub-G1 phase cells could also be noted,
from 1.1% to 2.4% in DKO-2 and from 0.1% to 2.2% in DKO-
3. DNA fragmentation is one of the hallmarks of apoptosis.
Therefore, using Promega Caspase 3/7 apoptosis assay, a
significant increase of caspase activities was observed in DKO-
1 cells transfected with miR-34c, implicating the induction of
apoptosis (Fig. 2C). Thus, our functional studies demonstrated
that miR-34c¢ induced cell cycle arrest in G1 phase and induced
apoptosis in DKO tumor cell lines.

miR-34c-Regulated Genes Were Associated with
G 1/S-Phase Transition

One mechanism of miRNA-mediated gene regulation is
through degradation of miRNA-bound mRNA. Therefore, we
studied miR-34c-regulated genes by generating gene expres-
sion profiles of miR-34c and control transfected DKO tumor
cells. We identified 300 genes (364 probes) downregulated and
385 genes (439 probes) upregulated in miR-34c transfected
cells compared with control cells (fold change, >2; P < 0.05).
To identify putative miR-34¢ direct targets, we used two
algorithms for miRNA target prediction, including TargetScan
and miRanda. Of 300 genes that were downregulated in miR-
34c transfected cells, 96 genes (32.0% of downregulated genes)
were identified as miR-34c predicted targets. Furthermore, of
385 genes that were upregulated in miR-34c transfected cells,
37 genes were also identified as miR-34c¢ predicted targets and
accounted for 9.6% of the upregulated genes. Thus, our gene
expression profiling data identified a panel of genes that were
directly or indirectly regulated by miR-34c.

Biologically, miR-34c actions resulted in cell cycle arrest in
G1 phase of DKO tumor cells. Therefore, we explored our
gene expression profiling data for genes associated with G1/S-
phase transition. A subset of miR-34c-regulated genes was
identified as key mediators of DNA replication and cell cycle
G1/S progression. Based on their biological functions, these
genes could be subgrouped into several complexes, including
prereplication complex, DNA polymerase complex, and cyclin/
cyclin-dependent kinase complex (Table 1). We validated miR-

34c-mediated regulations by QPCR and compared these
regulations with gene-level changes in DKO mouse early
tumors versus normal mouse fallopian tubes [4]. A reverse
correlation was identified where miR-34c upregulated genes
were downregulated in DKO mouse tumors or miR-34c
downregulated genes were upregulated in DKO mouse tumors
(Table 1). Thus, our data indicate a concomitant reversal of a
subset of cancer gene signatures when miR-34c¢ was delivered
back to DKO mouse tumor cells. Taken that these genes are
key mediators of DNA replication and cell cycle control, miR-
34c mediated partial restoration of gene expression to a more
“normal” state and, to some extent, explains the biological
consequence of miR-34c transfection.

miR-34c Was Downregulated in Human Serous
Adenocarcinoma as Compared to Human Normal
Fallopian Tubes

Our in vitro data in DKO mouse tumor cells demonstrate a
potential tumor-suppressive effect of miR-34c, which may
account for the onset of mouse fallopian tube tumors. To
translate our mouse work to women, we determined whether
miR-34c level was also down-regulated in human ovarian
cancer as compared to human normal fallopian tubes. Using
Tagman QPCR, miR-34c levels were determined to be 83-fold
decreased (Fig. 3A) in human serous adenocarcinomas
compared with fallopian tube, consistent with the miR-34b/c
allele loss [4] and previously reported epigenetic changes in
miR-34b/c [27].

miR-34c Overexpression Slowed Human Serous Ovarian
Cancer Cell Proliferation and Induced Cell Cycle Arrest at
G1 Phase

To evaluate the effect of miR-34¢ in human serous ovarian
cancer, we overexpressed miR-34c in OVCARS and OVCARS
cells using lentivirus. OVCARS and OVCARS cells are serous
ovarian cancer cell lines, and have a mutated p53. Overex-
pression of miR-34c¢ significantly slowed cancer cell prolifer-
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miR-34c in human ovarian cancer. A) Human normal fallopian tubes have a much higher miR-34c level than human serous ovarian cancer (P =

0.0029). Tagman QPCR identified relative miR-34c levels in human normal fallopian tubes (n = 6), human serous ovarian cancer cell lines (n = 2), and
human serous ovarian adenocarcinomas (n=12). B and D) miR-34c overexpression inhibited the proliferation of human ovarian cancer cell OVCARS8 and
OVCARS5. Cell viability was measured by Promega CellTiter-Glo assay and expressed as mean values + SEM for three determinations (*P < 0.05). C and E)
miR-34c overexpression arrested OVCAR8 and OVCARS5 in G1 phase. Cell cycle profiles were generated by flow cytometry using Pl staining and analyzed

by flowjo software.

ation using a CellTiter Glo cell viability assay (Fig. 3, B and
D). Cell cycle analysis demonstrated a G1-phase arrest in miR-
34c infected cells as compared to miR control (miRCtrl)
infected cells (Fig. 3, C and E), consistent with the effect of
miR-34c¢ in DKO mouse tumor cells. Thus, our data indicate a
potential tumor-suppressive effect of miR-34c in both mouse
and human cancer cells.

miR-34b/c/Pten DKO Mice Did Not Develop Any Tumors

To test in vivo whether the loss of miR-34c¢ can substitute
for Dicer deficiency in the tumorigenesis of high-grade serous
ovarian cancer, we generated conditional DKO mice for miR-
34b/c and Pten (miR34-b/c™""/Pten""/Amhr2°"°/*). However,
unlike Dicer/Pten DKO mice, these miR34-b/c/Pten DKO mice
did not develop any tumors in the fallopian tube, nor in the
ovary. The ovaries, oviducts, and uteri from miR34-b/c/Pten
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FIG. 4. The normal reproductive morphology of miR-34b/c/Pten DKO mice. A and B) The ovaries (black arrows), oviducts (black arrowheads), and uteri
(yellow arrows) from miR-34b/c™'~/Pten™/Amhr2°™®+ mice look grossly normal (12-13 mo old). C and D) Histologically, the ovaries of these mice show a
normal morphology with preantral and antral follicles displayed at different stages, as well as with corpora lutea (asterisks) (H&E; original magnification
x4). E and F) Cross-sectional views of miR-34b/c~~/Pten™"/Amhr2°"* mouse oviducts displaying a typical normal histology of the mouse oviduct (H&E;

original magnification X10).

DKO mice looked grossly normal at the age of 12—13 mo (Fig.
4, A and B), a time at which all Dicer/Pten DKO mice had
prominent metastatic cancers and ascites, and had died.
Histology data showed normal morphology of ovaries with
preantral and antral follicles at different stages, as well as
corpora lutea (Fig. 4, C and D). Cross-sectional views of DKO
mouse oviducts demonstrated a typical normal histology of
mouse oviducts (Fig. 4, E and F), indicating that loss of miR-
34b/c did not drive tumor formation in the Pten-deficient
female reproductive tract. Thus, our data show that develop-
ment of tumors in Dicer/Pten DKO mice is not attributed to
loss of only the miR-34b/c locus. A screening of additional
miRNAs in the mouse miRNome is highly warranted.

DISCUSSION

During the last decade, putative roles of miRNAs in cancer
have been widely described. Many researchers, including those
in our laboratory, have profiled global miRNA expression
levels in ovarian cancer [28-35]. These miRNA expression
analyses suggest tumor-suppressive or oncogenic roles of
miRNAs. However, the patterns of deregulated miRNA
expression in different studies do not overlap well. The great
inconsistency is probably due to the different methodologies
applied (e.g., next-generation deep sequencing and miRNA
microarray [36]) and various normal controls used by different
groups. Consequently, there is no simple conclusion as to
which miRNA(s) are more important in ovarian cancer
tumorigenesis. In human studies investigating miRNA biolog-
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ical functions in ovarian cancer, there are difficulties in finding
ovarian cancer cell lines where these miRNAs are deregulated.
However, different cancer cell lines have different miRNA
expression patterns and different cellular contexts unique to
their division and proliferation. It is impossible to compare the
relative significance of deregulated miRNAs in ovarian cancer
by using these human cancer cell lines. In the present study, we
established cancer cell lines derived from primary fallopian
tube tumors developed in Dicer/Pten DKO mice. Histologi-
cally, these primary tumors and human high-grade serous
ovarian carcinomas are very much alike [4]. In addition, Dicer
deletion is indispensable for the onset of tumor formation,
indicating that impaired maturation of certain miRNAC(s)
played critical roles therein. Therefore, the Dicer/Pten DKO
cancer cell lines that we established would become a valuable
platform to study the relative significance of various miRNAs
in high-grade serous ovarian carcinomas.

The cancer cell lines established from primary fallopian tube
tumors developed in Dicer/Pten DKO mice are morphologi-
cally epithelial cells and express epithelial cell markers
(Supplemental Fig. S1). This is consistent with our previously
published Dicer/Pten DKO mouse tumor histology data, where
serous epithelial cancer was identified [4]. However, genomic
DNA PCR of the three mouse cancer cell lines showed a
deletion of Dicer and Pten, indicating that these DKO cells are
originally derived from Amhr2-positive stromal cells (Supple-
mental Fig. S2). Therefore, mouse cancer cell lines in the
present study are in line with previous findings, where a
potential cancer mechanism of stromal-to-epithelial transition
was suggested in the Dicer/Pten DKO mouse model [4].
Histological analysis of the fallopian tubes from young Dicer/
Pten DKO mice showed an initiation and expansion of
mitotically active cancer cells in the stromal compartment,
but not the epithelial layer, and these cancer cells expressed
keratin 8, keratin 14, keratin 17, and E-cadherin, and gradually
filled the stromal compartment of the fallopian tube and
compressed the lumen [4].

One potential drawback of this study is that we picked up
the most abundant miRNAs present in normal fallopian tubes
to be studied in Dicer/Pten DKO cancer cells, rather than
screening the whole set of miRNAs identified in normal
fallopian tubes. Although miRNA abundance may not
generally correlate with its relevance in Dicer/Pten DKO
mouse cancer, the loss of abundant miRNAs might have a
greater chance of contributing to tumorigenesis as compared to
low-level miRNAs. Using next-generation sequencing, we
identified that the most abundant five miRNAs in mouse
normal fallopian tubes are let-7c, let-7f, let-7a, let-7b, and miR-
34c, where let-7 family members are the most abundant
miRNA, accounting for 83.3% of the total miRNAs in
fallopian tube. Other than let-7 family members, miR-34c is
the most abundant miRNA, accounting for 4.1% of the total
reads. Therefore, our studies focused on let-7 and miR-34c,
since both have been demonstrated to be tumor suppressors in
many cancers. let-7 and its family members are highly
conserved across species in sequence and function. Deregula-
tion of let-7 has been implicated in a less-differentiated cellular
state and the development of cancer [37]. le-7 miRNAs are
downregulated in numerous cancers, including cancers of the
ovary, lung, prostate, breast, and thyroid [29, 38-41]. Low
levels of let-7 have been correlated with poor prognosis, while
overexpression of /er-7 inhibits the growth of lung cancer and
breast cancer mouse models [42]. Significance of miR-34c in
cancers has also been well documented, most notably as part of
the TP53 stress and DNA damage response pathway [43]. miR-
34c is a member of the miR-34 family, which consists of three

highly conserved miRNAs, miR-34a, miR-34b, and miR-34c, in
vertebrates encoded at two different gene loci [44]. The miR-34
family has been implicated in playing a role in ovarian cancer
[4, 45, 46]. Several targets of the miR-34 family mediate cell
progression and block apoptosis. Most of these targets, like
CDK4, CDK6, HMGA2, c-Met, and AKT, have been validated
for miR-34a, while the other two family members, miR-34b and
miR-34c, have been less well studied [43, 44, 47]. In the
current study, we delivered mature let-7b or miR-34c to Dicer/
Pten DKO cancer cells. Given that Dicer is genetically deleted
in these cells, there is no way to express miRNA precursors
using plasmids. We observed that miR-34¢ mimics significant-
ly inhibited DKO cancer cell viability 2 days after transfection,
while the viability of let-7b transfected cells remained basically
unchanged or slightly decreased. Our data thus suggest that
miR-34c is more related to PI3K/mTOR pathway-mediated cell
division and proliferation than les-7, since one of the casual
effects in Dicer/Pten DKO mouse tumorigenesis is the
overactivation of PI3K/mTOR pathway [4].

We observed a cell proliferation inhibition by miR-34c in
DKO mouse cancer cells and human ovarian cancer cell line,
which was due to cell cycle arrest in the G1 phase. However, in
one DKO cancer cell line, G1 cell cycle arrest was not as
dramatic as the other two cells and the human ovarian cancer
cell line; instead, an increase of sub-G1 cells was observed,
which indicates an induction of apoptosis. The different
outcome of miR-34c actions presumably depends on different
expression levels of miR-34c in these cells. In addition, the
slight difference of cellular context in the three DKO mouse
cancer cells might affect the balance of miR-34c action between
apoptosis and cell cycle arrest. Our data, therefore, are
consistent with previous publications showing that ectopic
miR-34 caused a cell cycle arrest in G1 phase [48, 49] or an
induction in apoptosis [50, 51]. The mechanism of miR-34c-
induced apoptosis in mouse DKO cancer cells, however, is
unknown. BCL2 has been demonstrated to be a target of miR-
34a, and miR-34a-defective MEFs show a decrease in
spontaneous apoptosis [52]. However, our gene expression
data show that Bc/2 level was very low in DKO mouse cancer
cells, and miR-34c increased Bcl2 by 1.3 fold, although this
increase was not statistically significant. Chang et al. [50] has
showed that miR-34a-induced apoptosis is, at least in part, due
to the presence of wild-type TP53 and a feedback of miR-34a
to TP53. Given that our mouse DKO cancer cell lines have a
wild-type Tp53, although at a very low level [4], miR-34c-
induced apoptosis in DKO-1 is likely 7p53 dependent, but Bcl2
independent. Our gene expression profiling of miR-34c-treated
cells identified miR-34c-regulated genes that are critical for G1-
phase cell cycle progression. We excluded some genes, such as
Aurkb, Incenp, Birc5, Cdca3, and Cdca8, the levels of which
were also downregulated by miR-34c. The expression levels of
these genes oscillate during the cell cycle and have a lower
expression in G1 phase; therefore, the downregulation of these
genes might only be a cell cycle-nonspecific effect. However,
we could not rule out the possibility that these genes may also
be regulated by miR-34c. In addition, Cdca8, a component of a
chromosomal passenger complex required for stability of the
bipolar mitotic spindle, is predicted to be a miR-34c direct
target by miRanda algorithm. In Table 1, miR-34c-regulated
key mediators for DNA replication and cell cycle G1/S
transition could be further subgrouped into several complexes,
including prereplication complex, DNA polymerase complex,
and cyclin/cyclin-dependent kinase complex. A total of 6 out of
20 genes downregulated by miR-34c are predicted to be miR-
34c targets by either miRanda or TargetScan, implicating a
direct effect of miR-34c on cell cycle arrest.
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miR-34c suppressed the expression of Ezh2 and Mybl2. QPCR analysis shows relative quantity of Ezh2 (A) and Mybl2 (B) after miR-34c

transfection in DKO-1, DKO-2, and DKO-3 cells. Data are expressed as mean values = SEM for three determinations (*P < 0.05).

Cdknlc was found to be dramatically upregulated by miR-
34c (8.9-fold up by gene expression profiling, and 18.3-fold up
by QPCR). Cdknlc encodes p57¥% which is a cyclin-
dependent kinase inhibitor with a broader spectrum. Compared
to the other two Cip/Kip family members, p21<"P! and p27<'!,
p575"P% is the least studied. However, as reviewed by Borriello
et al. [53], downregulation of CDKNIC has been observed in
various cancers, including ovarian cancer, hepatocellular
cancer, lung cancer, breast cancer, pancreatic cancer, and
colorectal cancer, indicating an underrated role of this gene in
cancer. So far, no CDKNIC mutations have been detected in
cancer specimens. Most frequently, p575* suppression in
cancer is due to CDKNIC methylation and diminished
transcription, although post-transcriptional events have been
described in some instances [53]. Epigenetic mechanisms have
suggested that histone methyltransferase EZH2-mediated
H3K27 trimethylation is likely the key mark associated with
the transcriptional repression of CDKNIC in breast cancer cells
[54]. Consistent with this observation, overexpression of EZH2
in breast cancer is associated with a downregulated CDKNIC
level [54]. In our DKO mouse model, Ezh2 mRNA level is
upregulated by 6.1-fold in early tumors versus normal fallopian
tubes, while Cdknlc is 2.4-fold downregulated in early tumors
(data not shown). We found that miR-34c¢ transfection
significantly downregulates Ezh2 in DKO mouse cancer cells
(Fig. 5A), leading to a hypothesis that miR-34c-induced
upregulation of Cdknlc may be due to its suppression on
Ezh2. On the other hand, Mybl2 is found to be 2.9-fold
upregulated in DKO mouse tumors (data not shown) and 5.2-
fold downregulated by miR-34c treatment in DKO cancer cells
(Fig. 5B). MYBL?2 encodes a regulatory protein B-Myb, which
has critical roles in cell proliferation and differentiation. In cell
cycle regulation, B-Myb competes with cyclin A2 for binding
to p5S7%"?, resulting in release of active cyclin/CDK2 kinase,
indicating an inhibitory effect of B-Myb on p57%"? function
[55]. Therefore, our data implicate a miR-34c-mediated
transcriptional and post-transcriptional activation of p57<P?,

which would partially explain miR-34c-induced cell cycle
arrest in mouse DKO cancer cells and, to some extent, get an
insight into tumorigenesis of Dicer/Pten DKO mouse.
However, how miR-34c regulates Ezh2 and Mybl2 requires
further investigation.

To obtain in vivo evidence that miR-34c¢ is a tumor
suppressor in Dicer/Pten DKO tumors, we generated conditional
DKO mice for miR-34blc and Pten (miR-34b/c™"[Pten™
Amhr2°™™). However, the loss of miR-34b/c loci cannot
substitute for Dicer deficiency in the tumorigenesis of high-
grade serous ovarian cancer. Although this finding cannot
discredit our conclusion that miR-34c is a potential tumor
suppressor in Dicer/Pten DKO ovarian cancer, miR-34c is not
likely the sole tumor suppressor miRNA in mouse fallopian tube
tumorigenesis. miRNAs are a class of regulatory molecules,
mainly modulating the expression of protein-encoding genes. An
individual miRNA can simultaneously modulate the expression
of dozens—and in some cases even hundreds—of different
mRNA targets. An individual protein-encoding gene can also be
regulated by more than one miRNA. miR-34c-mediated partial
restoration of gene expression to a more ‘“‘normal’ state in miR-
34c-treated Dicer/Pten DKO cancer cells does indicate the
involvement of miR-34c loss in the formation of Dicer/Pten
DKO cancer gene signature. However, it does not mean that
miR-34b/c deletion would substitute for Dicer deletion in
generating the same cancer gene signature, since other miRNAs
in miR-34b/c/Pten DKO mice may also regulate miR-34b/c
targets so as to compensate for the effect of miR-34b/c loss. One
of these miRNAs might be miR-34a. The high similarity among
mmu-miR-34a, mmu-miR-34b, and mmu-miR-34c suggested that
they may have the same targets. An expression analysis after
separate transfection of three human miR-34s showed that the
affected mRNAs were almost identical [48]. Moreover, a recent
publication identified a significant overlap between miR-34a-
and miR-34c-regulated protein synthesis [47]. On the other hand,
miRNAs other than miR-34s may regulate miR-34 targets. A
validated miR-34 target, CCNE?2, is also targeted by miR-449 in

10 Article 113

‘610" poidal|oiq Mmm Wol) peapeojumoq




miRNA IN MOUSE SEROUS OVARIAN CANCER

silico (TargetScan) or experimentally [56]. Taken together, all
these observations indicate complicated, redundant regulations
of miRNAs on genes, which might be involved in tumorigen-
esis. miR-34c is involved in this process; however, it cannot be
the only miRNA of importance, and should be more relevant to
tumor proliferation than tumor initiation.
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