Tumor and Stem Cell Biology

miR-130a Deregulates PTEN and Stimulates

Tumor Growth

Abstract

H-RasV12 oncogene has been shown to promote autophagic
cell death. Here, we provide evidence of a contextual role for H-
RasV12 in cell death that is varied by its effects on miR-130a. In
E1A-immortalized murine embryo fibroblasts, acute expression
of H-RasV12 promoted apoptosis, but not autophagic cell death.
miRNA screens in this system showed that miR-130a was strongly
downregulated by H-RasV12 in this model system. Enforced
expression of miR-130a increased cell proliferation in part via

Introduction

miRNAs are a class of small noncoding RNAs that negatively
regulate mRNA stability and/or repress mRNA translation (1).
miRNAs mediate their effects via the posttranscriptional repres-
sion of targeted gene expression containing complementary sites
in the 3’-untranslated region (UTR), resulting in degradation of
the targeted mRNA or inhibition of its translation (2). The low
stringency for miRNA binding to complimentary sequences of
target mRNAs gives each miRNA the capacity to regulate largely
nonoverlapping target mRNAs. In addition, targeted mRNAs often
contain several recognition sites for each miRNA, further increas-
ing the complexity of the miRNA regulatory network. Given that
miRNAs act as important regulators of a multitude of biological
processes, aberrant expression of miRNAs has been implicated in
the development of various diseases, including cancer (3). The
function of miRNAs can be efficiently and specifically inhibited
by chemically modified antisense oligonucleotides, thereby
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repression of PTEN. Consistent with this effect, miR-130a over-
expression in human breast cancer cells promoted Akt phosphor-
ylation, cell survival, and tumor growth. In clinical specimens of
multiple human cancers, expression of miR-130 family members
correlated inversely with PTEN expression. Overall, our results
defined miR-130a as an oncogenic miRNA that targets PTEN to
drive malignant cell survival and tumor growth. Cancer Res; 77(22);
6168-78. ©2017 AACR.

highlighting their potential as targets for the development of
novel therapies (4).

Autophagy, an evolutionarily conserved cellular process that
controls cytoplasmic homeostasis, is induced by starvation and
other stresses where it induces the bulk degradation of unneces-
sary or damaged proteins and organelles. Dysfunctions in autop-
hagic processes have been associated with a variety of human
diseases, including cancer, metabolic and neurodegenerative dis-
orders, autoimmune diseases, and cardiovascular and pulmonary
diseases (5-12). Interestingly, Elgendy and colleagues found that
transient expression of H-RasV12 in a series of normal as well as
neoplastic cell populations triggered autophagic cell death (13).

In this study, we find that the inducible expression of H-RasV12
in E1A-immortalized murine embryonic fibroblast (MEF) cells
causes increased cell apoptosis and proliferation, but not autop-
hagic cell death. While examining changes in the miRNA profile
of H-RasV12-induced cells, we identified miR-130a as a dysre-
gulated miRNA. Further studies demonstrate that upregulated
miR-130a expression stimulated cell proliferation, increased Akt
phosphorylation, and promoted in vivo tumor growth of breast
cancer cells by targeting PTEN, one of the most common tumor
suppressor genes involved in a wide spectrum of human cancers
(14, 15). Together, these studies identify a miR-130a/PTEN axis as
a potential pathophysiologic regulator of tumor cell behavior.

Materials and Methods

Mice and cell culture

All studies involving mice were performed according to the NTH
Animal Care and Use Guidelines. HEK293T cells, MCF7, and
MDA-MB-231 cells, all from ATCC, as well as MEFs isolated for the
current study, were maintained in DMEM with 10% FBS and
penicillin-streptomycin. 4T1 cells (ATCC) were kept in
RPMI1640 while human ovarian surface epithelial (HOSE) cells
(obtained from J. Downward at The Francis Crick Institute,
London, United Kingdom) maintained in DMEM/F12 with
10% FBS and penicillin-streptomycin. All cell lines were deter-
mined to be mycoplasma-free.
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Constructs, retroviral or lentiviral transduction, and
transfection

H-RasV12 in pLERFP-C1, constructed as described previously
(16, 17), was cloned into TRMPVIR-puro vector [derived from
TRMPVIR, a gift from S. Lowe (Memorial Sloan Kettering Cancer
Center, New York, NY; Addgene plasmid 27994), with a replace-
ment of venus gene by puromycin-resistant gene via over-
lapping PCR], wherein H-RasV12 expression is under the control
of a doxycycline-inducible promoter. The precursors of mouse
miR-130a amplified by PCR from genomic DNA using primers
(5'-CGCGGGATCCACCACCCCTCAAGAAAAAGGTGA-3" and 5'-
GGCCGAATTCAGGAGCTCTACAGCCITAGCITC-3'), or human
miR-130a using primers (5’-GCGCGGATCCAGGCGGCAAAAG-
GAAGAGTGGTG-3" and 5'-CGGCGAATTCCACAAGCACTGCA-
TACAGAAGTAG-3') were cloned into BamHI/EcoRI sites of
TRMPVIR-puro or miR-130a precursors fused with CMV promot-
er (5-GGCGCAGATCTGAAACAGCTATGACCATGATTACG-3//
5'-TCTAGAGTCGACCTGCAGAAGC-3’) from pKH3 plasmid as
described previously (18) inserted into the BgIII/EcoRI sites of
MSCVpuro (Clontech) vector. Two 0.7-kb fragments of human
PTEN 3’-UTRs using the primers (5'-GCGCCTCGAGGATCAGCA-
TACACAAATTACAAAAGTCTG-3'/5-GGCCGCGGCCGCAGCC-
CATTCTTTGTTGATAGCCTCCAC-3' or 5-GCGCCITCGAGGTT-
GACACGTTTITCCATACCTTGTCAG-3'/5'-GGCCGCGGCCGCC-
AAGTAACTTCAGACATGTAAGCTGCTGC-3') were amplified by
PCR from the genomic DNA and cloned into Xhol/Notl sites
immediately downstream of the Renilla luciferase cassette of
psiCHECK?2 vector. Mutations of the predicted miR-130a binding
sites in the 3/-UTR of human PTEN were introduced by site-
directed mutagenesis. Four different shRNAs containing the
22-nt target sequence (PTEN.995, 5-CGAAGGTGTATAC-
AGGAACAAT-3; PTEN.1071, 5'-CACAATCTATGTGCTGAGA-
GAC-3’; PTEN.1778, 5'-CTGCAGTATAGAGCGTGCAGAT-3’; and
PTEN.2996, 5-CCTGCTCCATCTCCTATGTAAT-3’) for mouse
PTEN were amplified by PCR using miR-E primers as
described previously (19), and inserted into TRMPVIR at the
Xhol/EcoRI sites to generate constructs capable for knocking-
down mouse PTEN in a doxycycline-inducible manner, as
described previously (20). sgRNAs against mouse PTEN were
cloned into pLX-sgRNA vector [a gift from E. Lander (Broad
Institute of MIT and Harvard University, Cambridge, MA) and
D. Sabatini (Whitehead Institute for Biomedical Research,
Cambridge, MA); Addgene plasmid # 50662|. The Cas9-
expressed plasmid, pL-CRISPR.EFS.GFP, was a gift from B.
Ebert (Harvard University, Cambridge, MA; Addgene plasmid
# 57818). The pLEGFP-LC3 construct has been described
previously (17). Recombinant retroviral packaging and trans-
duction were carried out as described previously (18, 21).
Lentiviral particles were produced by transient transfection of
293T cells as described previously (22, 23). For PTEN dele-
tion using the CRISPR-Cas9 system, infected cells were clon-
ally selected, amplified, and verified for PTEN deletion by
Western blotting. Anti-miR-130a (#4464084) and control
(#AM17010; Thermo Fisher Scientific) were transfected with
Lipofectamine 2000 at a final concentration of 50 nmol/L.

Preparation of MEFs

MEFs were generated from 13.5-day-old embryos of wild-type
FVB/n mice according to standard protocol (16, 17). MEFs were
then immortalized by E1A, and subsequently infected with H-
RasV12 in TRMPVIR-puro, pLERFP-C1, as well as control vectors
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as described previously (16, 17). Generated MEFs either expressed
doxycycline-inducible or consistent H-RasV12 or served as control
MEFs.

Microarray analyses of miRNAs

Total RNA including miRNA was extracted using TRIzol (Invi-
trogen) according to the manufacturer's protocol. Mircoarray was
performed at The Ohio State University Comprehensive Cancer
Center Microarray Core Facility. Each array was normalized using
the relative median over all genes.

Cell assays

Cell growth assays were carried out by trypsinizing cells and
determine cell number by manual counting with Trypan blue
exclusion according to the manufacturer's protocol (Thermo
Fisher Scientific). Apoptotic cell death was measured by Annexin
V-FITC staining (eBioscience). 3/-UTR-reporter assays were per-
formed in HEK293T cells following transient transfection. Firefly
and Renilla luciferase activities were measured 48 hours after
transfection using the Dual-Luciferase Reporter Assay Kit (Pro-
mega), according to the manufacturer's instructions.

Bromodeoxyuridine incorporation assays

For bromodeoxyuridine (BrdUrd) incorporation assays, cul-
tured cells were serum-starved overnight and then incubated with
growth medium supplemented with 100 pmol/L BrdUrd (Sigma).
BrdUrd uptake was determined using anti-BrdUrd antibody
(#5292, Cell Signaling Technology) according to the manufac-
turer's protocol. 4',6-diamidino-2-phenylindole (DAPI) was used
for counterstaining, and coverslips mounted on glass slides with
Prolong Gold Antifade Mountant (Thermo Fisher Scientific).

Quantitative RT-PCR

Total RNA was isolated by TRIzol reagent (Invitrogen) and miR-
130a determined by qRT-PCR with TagMan microRNA Reverse
Transcription kit (Applied Biosystems). RNUG6B was used as an
endogenous control for miRNA normalization. miR-130a levels
were quantified with the 2(—AAC,) relative quantification meth-
od that was normalized to RNUGB. For quantitative RT-PCR of
PTEN, RNA samples were reverse transcribed using the Super-
Script I1I First-Strand Synthesis System (Invitrogen) with oligo-dT
as primer. The resulting templates were subjected to PCR. mRNA
expression levels were normalized to HPRT.

Western blotting

Whole-cell lysates were prepared as previously described and
analyzed by SDS-PAGE and immunoblotting (18, 21). The fol-
lowing primary antibodies were used: Ras (#3339), PTEN
(#9559), TSC1 (#6935), phospho-Erk (Thr202/Tyr204;
#9101), Erk (#4695), phospho-Akt (Serd473; #4060), Akt
(#4691), cleaved caspase-3 (#9661), all from Cell Signaling
Technology; LC3B (#2775) from Cell Signaling Technology
or LC3B (NB100-2220) from Novus Biologicals; p62 (#BML-
PW9860) from Enzo Life Sciences; and vinculin (#V4505) from
Sigma.

Xenograft

The mouse breast cancer cell line, 4T1, or the human breast
cancer cell line, MDA-MB-231, was transduced with mouse or
human miR-130a, respectively, under the control of CMV pro-
moter from pKH3 (18) in pMSCVpuro plasmid or control vector,
and then selected with puromycin. Tumor cells were harvested,
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washed twice in DMEM, and then subcutaneously injected
[5 x 10° cells in 1:1 PBS:Matrigel (BD Biosciences)] into the
flanks of 7- to 8-week-old female BALB/c mice (Charles River) for
4T1 cells, or athymic nude mice (Jackson Laboratory) for MDA-
MB-231 cells. Tumor size was measured as described previously
(17) and tumor volume calculated using the formula: length x
width?/2.

Correlation analysis

The The Cancer Genome Atlas (TCGA) miRNA-seq, RNA-seq
data for breast-invasive carcinoma, colon adenocarcinoma, and
lung adenocarcinoma along with clinical information were down-
loaded from the TCGA website. Only log,-transformed level 3
data were used for analyses. For the correlation analyses between
miR-130a/miR-130b and PTEN gene expression, Spearman or
Pearson correlation coefficients were calculated.

Statistical analysis
Statistical significance was evaluated by unpaired Student ¢ test,
using P < 0.05 as indicative of statistical significance.

Results

Acute expression of H-RasV12 in E1A-immortalized MEF cells
causes increased cell apoptosis and proliferation, rather than
autophagic cell death

Acute expression of H-RasV12 has been reported to increase
autophagic cell death, but not apoptosis (13). To assess the
potentially broad applicability of these observations to other cell
systems, E1A-immortalized wild-type MEFs were transduced with
a tetracycline-induced H-RasV12 expression vector to generate
MEF-iRas cells. In the absence of a tetracycline derivative, doxy-
cycline, these cells grew normally (Fig. 1A and B). However, after
induction of H-RasV12 expression, cell growth rapidly declined,
followed by their detachment from the monolayer (Fig. 1A and
B). In contrast, doxycycline treatment alone had no effect on E1A-
immortalized MEF cells (Fig. 1A and B). As these findings confirm
that H-RasV12-transient expression inhibits cell survival, we next
evaluated the ability of H-RasV12 to induce autophagic cell
death (13). Although H-RasV12 expression was increased upon
doxycycline treatment and its expression associated with the
increased phospho-Erk (P-Erk) levels (Fig. 1C), we detected the
increased protein levels of p62 and LC3-I (i.e., likely caused by
reduced LC3-I to LC3-1I conversion), suggesting that autophagy
was inhibited. In addition, starvation-induced GFP-LC3 autop-
hagosome puncta were not increased in MEF-iRas cells with
doxycycline-induced H-RasV12 expression (Supplementary
Fig. S1), reinforcing the fact that H-RasV12 expression has no
significant effect on autophagic processes. Rather, we detected
increased levels of cleaved caspase-3 (Casp3) in the presence of
doxycycline, reflecting an apparent increase in apoptotic cell death
(Fig. 1C). We further confirmed these findings by flow cytometric
analysis of Annexin V, an additional marker of apoptosis. Under
these conditions, both apoptotic (Ann-V*/DAPI*) and necrotic
(Ann-V~/DAPI") cell populations were significantly increased
in MEF-iRas cells following 3 days of doxycycline treatment
(Fig. 1D). Consistent with reports that E1A can overcome the
induction of a senescent state following H-RasV12-induced
oncogenic stress (24, 25), senescence was not increased in E1A-
immortalized MEFs following H-RasV12 induction (Supplemen-
tary Fig. S2). Surprisingly, while we anticipate that H-RasV12
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overexpression would trigger proliferation arrest, cell prolifera-
tion increased as assessed by BrdUrd incorporation (Fig. 1E)
despite the fact that H-RasV12 induction reduced cell number
(Fig. 1B). Apparently, H-RasV12 expression in E1A-immortalized
MEFs increased cell apoptosis and proliferation in tandem with an
overall effect of reduced cell survival rather than autophagic cell
death. These findings were not confined to immortalized MEFs as
transient induction of H-RasV12 expression in HOSE cells or
MCEF7 cells, cell lines used previously by Elgendy and colleagues
(13), did not trigger reduction in either p62 or LC3-I protein
levels, suggesting a lack of autophagic cell death, despite an
evident change in cell morphology and a robust increase in
phosphor-Erklevels (Supplementary Fig. S3A and S3B). However,
unlike the effects observed in E1A-immortalized MEFs, H-RasV12
expression had no evident effect on Casp3 levels in either HOSE
cells or MCF?7 cells (Supplementary Fig. S3B).

In an effort to identify miRNAs associated with acute H-RasV12
expression in MEF-iRas cells, we next performed genome-wide
miRNA expression profiling on vehicle- and doxycycline-treated
MEF-iRas cells at 48 hours upon induction. Two independent
samples were analyzed with doxycycline-treated MEF-iRas cells
against two control samples without doxycycline treatment. In
this analysis, 44 miRNAs were aberrantly expressed following H-
RasV12 induction with 31 miRNAs upregulated and 13 down-
regulated using a minimum 2-fold cutoff in MEF-iRas cells with-
out doxycycline treatment compared with those with doxycycline
treatment (Fig. 1F, Supplementary Table S1).

miR-130a stimulates cell proliferation

Considering abrupt H-RasV12 expression in E1A-immortalized
MEF cells led to a decreased cell survival (Fig. 1A and B), we
wondered whether these dysregulated miRNAs, either positively
or negatively, involved in the process of decreased cell survival. In
our preliminary screening, we selected miRNAs demonstrating
major fold changes and transduced a series of miRNA precursors
under the control of doxycycline-responsive promoter, into E1A/
H-RasV12-transformed MEFs by retroviral transduction as
described previously (18, 21) to assess their effects on cell survival.
In this screen, only miR-130a significantly promoted cell growth.
Having confirmed that miR-130a with H-RasV12 induction in
MEF-iRas cells was downregulated by approximately 65% relative
to controls by real-time reverse transcriptase-PCR (RT-PCR; Fig.
2A), we next purposely enforced miR-130a expression in these
cells by doxycycline treatment. While, doxycycline treatment itself
had no effect on expression levels of endogenous miR-130a in
cells transduced with the control vector, miR-130a levels increased
almost 2-fold with doxycycline treatment in cells transduced with
inducible miR-130a expression vector (Fig. 2B). Consistent with
the ability of miR-130a to promote cell response, miR-130a
expression significantly increased cell number over 6 days relative
to vehicle-treated cells. As expected, doxycycline treatment itself
did not display effect on cell survival in the transformed MEFs
infected with control vector (Fig. 2C). Likewise, miR-130a over-
expression significantly increased cell proliferation as assessed by
BrdUrd incorporation assay (Fig. 2D) with no evident effect on
cell apoptosis as determined by Annexin V FACS assay (Fig. 2E).

miR-130a attenuates the expression of the tumor suppressor,
PTEN

To identify potential direct target genes affected by miR-130a
overexpression, we first performed miRNA target-prediction
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Figure 1.

Acute expression of H-RasV12 in E1A-immortalized MEFs promotes apoptotic cell death and cell proliferation, rather than autophagic cell death. A and B, E1A-
immortalized MEF cells transduced with control vector or doxycycline (Dox)-induced H-RasV12 expression vector (MEF-iRas cells) were either untreated or
treated with Tpg/mL doxycycline to induce H-RasV12 expression. Representative phase-contrast images are shown for E1A- or E1A and inducible H-RasV12 (iRas)-
transduced MEFs after treatment with & doxycycline for 3 days. Scale bar, 50 um for A. Cell growth of ETA-immortalized MEFs transduced with inducible
H-RasV12 expression vector or empty vector. B, Cells were cultured with & doxycycline and cell number determined at the indicated time points. C, Cell lysates
from serum-starved MEF cells were analyzed by Western blotting as indicated after 3 days with 4 doxycycline treatments. Anti-vinculin is used as a loading control.
D, Flow cytometric analysis for Annexin V (FITC) and DAPI after 3 days treatment with + doxycycline for MEF-iRas cells. Representative dot plots (left) from
one of three independent experiments are shown. Data presented in the right panel represent mean + SD of the percentage cells undergoing apoptotic cell
death (Ann-V*/DAPI™) or necrotic cell death (Ann-V~/DAPI™) for indicated treatments. E, MEF-iRas cells were either untreated or treated with 1ug/mL doxycycline
to induce H-RasV12 expression. Cells were cultured under serum-starved conditions overnight, and replaced by growth medium that included 100 umol/L
BrdUrd and incubated 5 hours. Representative images (left) and the mean + SD (right) of BrdUrd-positive staining (green) indicated by red arrows are shown.
DAPI (blue) was used for counterstaining. Scale bar, 50 um. F, miRNA heatmap showing dysregulated miRNAs in MEF-iRas cells treated with + doxycycline.
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miR-130a promotes cell proliferation. A, Expression levels of miR-130a in E1A- or E1A/iRas-transduced MEFs cultured with + doxycycline (Dox) for 2 days
were determined using TagMan miRNA assays. B-E, E1A/H-RasV12-transformed MEFs were infected with miR-130a expression vector or control vector. miR-130a
expression levels were detected by TagMan miRNA assay after the MEFs were treated with £ doxycycline for 2 days (B). Cell number (C), BrdUrd
incorporation (green) indicated by red arrows after 5-hour uptake of BrdUrd (D), and apoptosis by Annexin V assay (E) were determined. DAPI was used

for counterstaining. Scale bar, 50 um.

analyses using several miRNA target-prediction softwares,
including TargetScan (http://www.targetscan.org/) and MIRDB
(http://mirdb.org/miRDB/). Among hundreds of miR-130a tar-
gets, we first focused on two tumor suppressors, PTEN and TSC1,
as both play important roles in suppressing cell and tumor growth
(14, 26). Indeed, miR-130a expression led to a significant decrease
in endogenous levels of PTEN protein, while having no effect on
TSC1 protein levels (Fig. 3A). Likewise, miR-130a expression
reduced PTEN mRNA levels as determined by qRT-PCR, suggest-
ing miR-130a targets PTEN mRNA for degradation (Fig. 3B).
Consistent with this interpretation, anti-miR-130a transfection
increased PTEN protein levels (Fig. 3C).

Next, we examined whether the downregulation of PTEN by
miR-130a in transformed MEFs was responsible for increased cell
growth and/or survival. To this end, we expressed PTEN shRNAs
from an inducible tetracycline-responsive element promoter (20)
to mimic miR-130a-mediated PTEN downregulation in our

6172 Cancer Res; 77(22) November 15, 2017

transformed MEFs. Under these conditions, two of four PTEN
shRNAs reduced PTEN protein levels in the transformed MEFs
(Fig. 3D) while simultaneously enhancing cell survival (Fig. 3E)
and proliferation as assessed by BrdUrd incorporation (Supple-
mentary Fig. S4A) without affecting apoptosis (Supplementary
Fig. S4B). Taken together, the results support a model wherein
reduction of PTEN levels by miR-130a exerts positive effects on
cell growth.

To further validate PTEN regulation by miR-130a, we next
sought to determine whether the inhibition of PTEN expression
by miR-130a is due to bona fide miRNA targeting or alternatively,
as a result of indirect protein-mediated crosstalk. There are three
putative miR-130a binding sites for both the human and mouse
PTEN 3’-UTR wherein two binding sites on the PTEN 3’-UTR are
also highly conserved in other species (Fig. 3F). As such, we
generated luciferase reporter constructs harboring two various
fragments, including, respectively, conserved 3’-UTR binding sites
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Figure 3.

PTEN is a direct target of miR-130a. A and B, E1A/H-RasV12-transformed MEF cells transduced with vector control or doxycycline (Dox)-inducible mouse miR-130a
expression vector were treated with -+ doxycycline (1 ng/mL) for 2 days. Cells were lysed for immunoblotting using the antibodies as indicated (A). Mouse
PTEN mRNA levels were determined by gRT-PCR (B). C, Transformed MEF cells were transfected with miR-130a inhibitor and the control, and PTEN levels
determined by Western blotting. D, Transformed MEFs were cultured for 2 days with 4 doxycycline, as indicated. Cell lysates were analyzed by Western
blotting for indicated proteins. E, Transformed MEFs (5 x 10%) were seeded into 6-well plates, and the percent (normalized to cell number under -doxycycline
condition) of the control cell number determined after 5 days in DMEM + 10% FBS culture medium under the indicated conditions. F, Schematic of predicted miR-130a
binding sites in the PTEN 3’-UTR. G, Luciferase reporter constructs containing wild-type or mutated PTEN 3’-UTR were cotransfected with miR-130a or
control plasmids, as indicated, into 293T cells. Forty-eight hours later, cells were lysed for luciferase assay. H, sgRNA efficiency was assessed by immunoblotting
using the indicated antibodies. I, Transformed MEFs with inducible miR-130a expression were transduced with PTEN sgRNAs or control together with Cas9
construct to produce PTEN-null or -intact cells, respectively. The cells were incubated in growth medium with 4 doxycycline. After 5 days, the cells were counted,
and the mean + SD of relative growth (normalized to cell number under -Dox condition) was determined.
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of human PTEN transcripts. Using luciferase reporter assays,
overexpression of miR-130a resulted in a modest, but significant,
decrease in luciferase expression with the PTEN 412-418 3’-UTR
site, but not 2253-2259 binding site. Furthermore, mutations
affecting the 412-418 site fully abrogated miR-130a-mediated
repression (Fig. 3G). These findings suggest that direct binding
between miR-130a and PTEN 3’-UTR, likely through binding site
412-418, is required for PTEN repression by miR-130a.

To further determine whether the miR-130a effect on cell
proliferation is dependent on PTEN status, we disrupted PTEN
by CRISPR-Cas9 technology in miR-130a-expressing cells. Two of
three sgRNAs targeting mouse PTEN significantly reduced PTEN
protein expression after 2 weeks of selection (Fig. 3H; Supple-
mentary Fig. $5). We then selected each cell line from a single-cell
colony having confirmed PTEN deletion by Western blotting.
As predicted, under PTEN-deleted conditions, the ability of
miR-130a to enhance cell growth was repressed, although
not completely (Fig. 3I). As such, these results suggest that cell
growth promotion by miR-130a expression is largely dependent
on PTEN status.

miR-130a overexpression leads to increased tumor
growth in vivo

Given the effects exerted by miR-130a on transformed MEFs, we
sought to determine its functional effects in additional tumor cell
lines. In this regard, we elected to use breast cancer cells as a tumor
growth model to examine miR1-30a function in vivo as miR-130a
and miR-130b, a close family member of miR-130a with a seed
sequence identical to that of miR-130a, display a higher frequency
of amplification in breast cancer xenografts (http://www.cbiopor
tal.org; Supplementary Fig. S6A and S6B). Consistent with our
model, mouse or human miR-130a overexpression significantly
downregulated endogenous PTEN levels in the 4T1 mouse breast
cancer cells as well as the MDA-MB-231 human breast cancer cells,
respectively (Fig. 4A). In turn, miR-130a expression increased Akt
phosphorylation without affecting total Akt levels (Fig. 4A).
Finally, overexpression of either mouse miR-130a in 4T1 cells or
human miR-130a in MDA-MB-231 cells increased cell growth
during in vitro culture (Fig. 4B).

To next define the impact of miR-130a on tumor behavior
in vivo, we subcutaneously implanted miR-130a- or control vec-
tor-transduced 4T1 or MDA-MB-231, respectively, into the flanks
of BALB/c or athymic nude mice and monitored tumor growth.
Under these conditions, mice bearing miR-130a-transduced 4T1
cells displayed significantly increased tumor growth rate relative
to vector-transduced control cells as reflected in a 3-fold increase
in tumor volume (Fig. 4C and D) and a 2.2-fold increase in tumor
weight (Fig. 4E) at 4 weeks after tumor cell injection. Similarly,
mice bearing human miR-130a-transduced MDA-MB-231 cells
exhibited an increased tumor growth rate relative to the control
population (Fig. 4F). Taken together, these data suggest that
enforced expression of miR-130a can likewise increase tumor
growth in the in vivo setting (Fig. 4G).

miR-130a and miR-130b inversely correlate with PTEN
expression

To identify potential correlations between miR-130a and its
target gene, PTEN, using TCGA datasets, invasive breast (n = 509),
colon adenocarcinoma (n = 224), and lung adenocarcinoma (n =
487) carcinoma samples with both miR-130a/miR-130b and
PTEN expression data were selected for analysis. While, miR-
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130a did not show anticorrelation with PTEN in breast carcinoma
(Fig. 5A), miR-130b displayed significant anticorrelation to PTEN
in breast cancer (Fig. 5B). Extending these analyses to breast cancer
subtypes, ER-positive (Supplementary Fig. S7A), PR-positive
(Supplementary Fig. S7B), and HER2-positive (Supplementary
Fig. S7C) breast cancers did not display an inverse correlation
between miR-130a and PTEN. In contrast, in ER-negative (Sup-
plementary Fig. S7D), PR-negative (Supplementary Fig. S7E), and
HER2-negative (Supplementary Fig. S7F) breast cancers, miR-
130a exhibited a tendency to correlate negatively with PTEN,
particularly, with regard to PR-negative breast cancer. To deter-
mine whether miR-130a, miR-130b, and PTEN expression levels
are associated with PR expression status, we next compared their
expression in PR-positive and -negative breast cancer. Interest-
ingly, miR-130a and miR-130b were significantly upregulated in
PR-negative breast cancers (Supplementary Fig. S8A and S8B)
while PTEN downregulated significantly in PR-negative breast
cancer (Supplementary Fig. S8C). miR-130a and miR-130b also
displayed a significant inverse correlation to PTEN levels in either
lung adenocarcinoma (Fig. 5C and D) or colon adenocarcinoma
(Fig. 5E and F), respectively. Taken together, these results indicate
that the miR-130 family inversely correlates with PTEN expression
in multiple types of human cancer.

Discussion

In this report, we find that acute H-RasV12 expression in
El1A-immortalized MEF cells leads to an aberrant growth
response that coupled increased apoptotic cell death with
increased proliferative response. Through integrated analyses
of miRNA profile, we identified 44 miRNAs associated in the
process of H-RasV12-transient expression in E1A-immortalized
MEF cells. After screening these miRNAs for effects on cell
growth/survival, we find that miR-130a stimulates cell prolif-
eration and in vivo tumor growth in a manner that correlates
with its targeting of the tumor suppressor PTEN. On the basis of
this activity, we propose that miR-130 family members can
function as pro-oncogenic factors.

Our initial findings contrasted with those reported by Elgendy
and colleagues where transient expression of H-RasV12 induced
an autophagic cell death program (13). Alternatively, we found
that the transient H-RasV12 expression in E1A-immortalized
MEFs coinduced cell apoptosis and proliferation. While the
previous studies by Elgendy and colleagues reported that transient
expression H-RasV12 in HOSE cells and MCF7 cells triggered
autophagic cell death (13), we were unable to elicit a similar
response in either HOSE or MCF7 cells using doxycycline-induc-
ible system. It is currently unclear whether the use of different
inducible systems or cell culture conditions contributed to these
disparate results.

The abrupt expression of H-RasV12 in ElA-immortalized
MEF cells was accompanied by downregulated miR-130a
expression. Paradoxically, we found that increased expression
of miR-130a stimulated cell proliferation without affecting cell
apoptosis. This apparent functional "clash" between the upre-
gulated cell proliferation and the downregulated miR-130a
during H-RasV12 expression indicates that increased prolifer-
ative responses occur independently of the H-RasV12-miR-
130a axis in this more complex scenario. We speculate that
acute H-RasV12 expression might provoke a negative feedback
loop that downregulates miR-130a expression, perhaps
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Figure 4.

miR-130a expression causes increased tumor growth in vivo. A and B, 4T1 or MDA-MB-231 cells were retrovirally transduced with mouse or human miR-130a

expression vectors versus control vector as indicated. Cell lysates were prepared for Western blotting using the indicated antibodies (A). Cell numbers were

determined after 5 days of culture. The percent of control cell growth is shown (B). C, Tumor growth by 5 x 10° 4T1 cells transduced with mouse miR-130a

or control vectors. D and E, Tumor images (D) and tumor weight (E) from mice following subcutaneous injection of 5 x 10° 4T1 cells transduced with mouse

miR-130a or control vectors at 4 weeks after implantation. F, Tumor growth by 5 x 10° subcutaneously injected MDA-MB-231 cells transduced with human miR-130a

or control vectors. G, A schematic outlines the effect of H-RasV12-transient expression in E1A-immortalized MEFs (MEFs/E1A) on mediating increased apoptosis and

increased proliferation, accompanying by downregulated miR-130a expression. While oncogenic stress induces a decrease in miR-130a expression, miR-130a triggers

increased cell proliferation in vitro and enhanced tumor growth in vivo by primarily targeting the tumor suppressor, PTEN.
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Correlation analyses between miR-130a/miR-130b and PTEN in human cancer samples. miR-130a or miR-130b expression from TCGA miRNA-seq data and
PTEN expression from RNA-seq data were examined for correlation analyses. Correlations between miR-130a/miR-130b and PTEN in breast-invasive
carcinoma (BRCA; A and B), lung adenocarcinoma (lung ADC; € and D), or colon adenocarcinoma (colon ADC; E and F) were calculated by Spearman rank

correlation test.

contributing to the less than optimal growth responses that
characterized this process.

We next examined miR-130a-mediated posttranscriptional
regulation of PTEN and its role in promoting tumorigenesis. A
large fraction of human cancer exhibit loss of only one PTEN allele
(27), and a reduced expression of this tumor suppressor has been
reported to correlate with poor clinical outcomes in breast,
ovarian, and liver cancers (28). Indeed, mouse models have

6176 Cancer Res; 77(22) November 15, 2017

demonstrated that heterozygous PTEN loss, or even subtler
reduction in its expression levels can lead to increased rates of
spontaneous tumorigenesis (15). Given the importance of
miRNA in tumorigenesis (3) and the fact that PTEN is a direct
target of miR-130a, it would be of interest to evaluate whether
miR-130a might promote spontaneous tumorigenesis in trans-
genic mice, especially in concert with the heterozygous inactiva-
tion of PTEN.
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To date, the function of miR-130 family members in pro-
moting cell proliferation and tumorigenesis has been contro-
versial. While some reports have concluded that miR-130
family miRNAs can promote cell proliferation and are upre-
gulated in several types of cancer (29-39), other studies con-
cluded that miR-130 family members inhibit cell proliferation
and are downregulated in cancer (40-45)highlighting the
complexity of miR-130 function in tumorigenesis. Here we
find that enforced miR-130a expression promotes cell prolif-
eration in either MEFs or breast cancer cell lines while stimu-
lating tumor growth in vivo through a PTEN-regulated process.
Although we did not observe a significant inverse correlation
between miR-130a and PTEN levels in breast cancer overall,
subgroup analyses uncovered a link between miR-130a and
PTEN levels in PR-negative breast cancer. Furthermore, miR-
130b, a close family member with a seed sequence identical to
that of miR-130a, also displays an inverse correlation to PTEN
in breast cancer. These findings could also be extended to lung
or colon cancer where inverse relationships between miR-130a/
miR-130b and PTEN levels could also be established. In this
regard, we note that several recent findings likewise confirm
that PTEN is targeted by the miR-130 family (36, 46-51). Taken
together, our results support a model wherein the miR-130
family plays a pro-oncogenic function, in part by targeting
PTEN. Targeting miR-130a as well as other family members
could provide a novel means for interfering tumor progression.
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