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Abstract

Activating KRAS mutations are nearly ubiquitous in pancre-
atic cancer occurring in more than 95% of clinical cases.
miRNAs are small noncoding RNAs that regulate gene expres-
sion by binding sequences within the 3'UTRs of target mRNAs.
An integral role for miRNAs in cancer pathogenesis is well
established; however, the role of miRNAs in KRAS-mediated
tumorigenesis is poorly characterized. Here it is demonstrated
that expression of miR-31 is coupled to the expression of
oncogenic KRAS and activity of the MAPK pathway. miR-31
is highly expressed in patient-derived xenografts and a panel of
pancreatic and colorectal cancer cells harboring activating KRAS
mutations. The miR-31 host gene is a large noncoding RNA that
correlates with miR-31 expression and enabled identification of
the putative miR-31 promoter. Using luciferase reporters, a
minimal RAS-responsive miR-31 promoter was found to drive

Introduction

miRNAs are small noncoding RNAs typically 18-24 nucleo-
tides in length that cause accelerated turnover and reduced trans-
lation of target mRNAs. miRNAs have been implicated in the
regulation of a wide range of cellular processes including differ-
entiation, proliferation, and apoptosis (1, 2). A large body of
evidence has established an integral role for miRNAs in cancer
pathogenesis highlighting the importance of identifying miRNAs
that function in the primary signaling pathways that regulate
tumorigenesis. For example, the miR-17/92 cluster is directly
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robust luciferase activity dependent on expression of mutant
KRAS and the transcription factor ELK1. Furthermore, ELK1
interacts directly with the endogenous miR-31 promoter in a
MAPK-dependent manner. Expression of enforced miR-31 sig-
nificantly enhanced invasion and migration of multiple pan-
creatic cancer cells resulting from the activation of RhoA
through regulation of the miR-31 target gene RASAI. Impor-
tantly, acute knockdown of RASA1 phenocopied enforced
miR-31 expression on the migratory behavior of pancreatic
cancer cells through increased RhoA activation.

Implications: Oncogenic KRAS can activate Rho through the
miR-31-mediated regulation of RASA1 indicating miR-31 acts
as a KRAS effector to modulate invasion and migration in pan-
creatic cancer. Mol Cancer Res; 14(3); 267-77. ©2016 AACR.

induced by the MYC transcription factor and is able to promote
cellular proliferation, survival, and tumor angiogenesis (3).
miR-34 family members are directly regulated by p53 and activate
cell-cycle checkpoints and apoptosis (4). The tumor-suppressive
miR-143/145 cluster is downregulated by oncogenic KRAS in
pancreatic cancer and has been shown to abrogate tumorigenesis
both in vitro and in vivo (5). Although both RAS signaling and
miRNA activities can profoundly influence cancer cell behavior, the
role of miRNAs in RAS-mediated phenotypes is still poorly defined.
Pancreatic cancer is a deadly and highly metastatic disease with
a 5-year survival rate of less than 5%. Metastasis is the leading
cause of cancer-related death, with the majority of patients having
locally advanced or distant metastatic disease at diagnosis ren-
dering their cancers inoperable. Activating mutations in the KRAS
proto-oncogene are nearly ubiquitous in pancreatic ductal ade-
nocarcinoma (PDAC) and are found in 90% to 95% of cases (6).
The KRAS gene mutation principally encountered in PDAC is an
alteration of codon 12 from glycine to aspartic acid (G12D),
which prevents GTP hydrolysis, trapping KRAS in the constitu-
tively active configuration. KRAS activation is coupled to tran-
scription through a number of downstream effectors including
the RAF-MAPK (MAPK) and PI3K pathways, ultimately leading to
enhanced cellular proliferation, survival, and motility all of which
are commonly perturbed in cancer (7, 8). Similar activating
mutations of KRAS and other RAS family members have been
implicated in a broad range of human cancers including breast,
colon, lymphoma malignancies (9), highlighting the widespread
role for RAS signaling in tumor development and progression.
It is becoming clear that miRNAs have the potential to regulate
the majority of protein-coding transcripts but how miRNA-medi-
ated regulation is integrated into RAS signaling pathways is still
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poorly understood. Indeed miRNAs have been found to target
RAS genes themselves, including let-7 miRNA, miR-143, and miR-
217 which have been experimentally demonstrated to target the
KRAS 3'UTR (10-12). Recently, miR-21 has been found to be
upregulated by oncogenic RAS through the MAPK pathway and
the genetic deletion of miR-21 is able to suppress KRAS-driven
tumors (13).

Previously, it has been demonstrated that expression of onco-
genic KRAS in a transformed pancreatic ductal epithelial cell line
(HPNE) leads to deregulation of four miRNAs (5). Specifically,
greater than 2-fold upregulation of miR-34a and miR-31 and
downregulation of miR-143 and miR-145 upon expression of
KRASS!'?P was observed. The tumor-suppressive miR-143 and
miR-145 were downregulated by oncogenic KRAS in pancreatic
and colorectal cancers through the negative regulation of the miR-
143/145 promoter by the transcription factor RREB-1 (5, 14).
Restituted miR-143/145 expression in pancreatic cancer cell lines
blocked anchorage-independent growth in vitro and abrogated
tumorigenesis in vivo and the enforced expression of either
miR-143 or miR-145 blocked RAS signaling through the MAPK
and PI3K pathways through the downregulation of multiple
target genes including KRAS and RREB-1. These results demon-
strated a feed-forward mechanism through which KRAS activation
suppresses expression of an antitumorigenic miRNA cluster and
concomitantly potentiated signaling through the RAS pathway.

Although miR-31 was identified in the aforementioned screen
as being upregulated by mutant KRAS (5), its role in KRAS-
mediated tumorigenesis is currently unknown. In addition, the
role of miR-31 in pancreatic cancer is poorly characterized and
although miR-31 has been implicated in playing a role in the
regulation of invasion-migration the results are discordant
among various cancer types. For example, miR-31 has been found
to enhance migration-invasion of colorectal cancer cells but
inhibit invasion-migration of breast cancer cells. In the current
study, we have elucidated the transcriptional regulation of miR-31
expression downstream of oncogenic KRAS and the MAPK path-
way. In addition, our data demonstrate that miR-31 enhances
invasion-migration of pancreatic cancer cells through its target
gene RASAI and subsequent activation of Rho.

Materials and Methods

Cell lines

All cancer cell lines were cultured as described previously
(5, 14-17) and were a gift from Dr. Maitra and Dr. Eshleman at
Johns Hopkins Medical Institute (Baltimore, MD).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed in
Panc-1 cells using SimpleChIP Enzymatic Chromatin IP kit with
magnetic beads (Cell Signaling Technology #9003 ) following the
manufacturers' protocol. For MEK and PI3K inhibitor ChIP, cells
were treated with inhibitors as described below. For immuno-
precipitation, ELK1 antibody (sc22804X, Cell Signaling Technol-
ogy) or 2 ug mouse IgG control antibody (Dako) were used. Real-
time PCR was performed as described below. Sequences of
primers are provided in Supplementary Table S1.

Colony and growth assays
Proliferation rates were measured by plating 5,000 cells/well in
a 96-well plate and monitoring growth with Essen Incucyte. For
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colony formation assays, 5,000 cells/mL were suspended in warm
0.35% agarose in DMEM (4.5 mg/mL glucose) supplemented
with 10% FBS in the absence of antibiotics and layered on a 0.5%
agarose/DMEM base layer. Cells were grown for 7 to 10 days and
then photographed. Images were quantified using OpenCFU

(18).

Luciferase reporter assays

Promoter and 3’UTR reporter assays were performed as
described previously (14). Where indicated, control or miR-31
mimics (Dharmacon) were cotransfected at 15 nmol/L final
concentration.

Plasmid construction and design

Primer sequences used for cloning are provided in Supplemen-
tary Table S1. The miR-31 retroviral expression vector was con-
structed by amplifying the pre-miRNA along with ~100 bp of 5’
and 3’ flanking sequence and cloned into the Xhol site in pMSCV-
Neo (Clontech). To generate the luciferase reporter vectors,
digested PCR products amplified from human gDNA were cloned
into Nhel/BglII cut pGL3-Basic vector. For the RASA1 3’ UTR
reporter construct, a segment of the 3’ UTR containing the
miR-31-binding site was amplified from human gDNA and
cloned into the Xbal site in the pGL3-control vector (Promega).
Mutations in the miR-31-binding site were introduced using the
QuikChange Site-directed mutagenesis kit (Stratagene).

Retroviral infections

Retroviruses were produced as described previously (5). Cells
were infected with virus and selected by growing in 200 pug/mL
neomycin for 7 to 14 days for the creation of stable cell lines.

RhoA activation assay

Atotal of 2.0 x 10° cells were plated in a 10-cm plate and grown
for 24 hours followed by 24 hours in serum-free media. Cells were
stimulated with FBS at 10% final concentration for 1 minute to
activate RhoA. RhoA-GTP pulldown was performed with RhoA
activation kit (Cytoskeleton) following the manufacturer's
protocol.

RNA northern blot analysis

Total RNA was isolated from cells with TRIzol (Invitrogen)
according to the manufacturer's protocol. Northern blots were
performed as described previously (16).

RNAi

A total of 2.0 x 10° cells were plated in a 6-well plate and then
transfected with siRNA against KRAS, RASA1 (siGenome) or
ELK1, GAPDH (silencer select, Invitrogen) at 5 nmol/L final
concentration using RNAiMax (Invitrogen) according to the
manufacturer's protocol. Knockdown was confirmed by qPCR or
Western blot analysis.

RT-PCR and qPCR

cDNAs were made using the QuantiTect kit following the
manufacturer's protocol (Qiagen). qPCR was performed using
an ABI7900 system with the Fast-SYBR Green PCR core reagent
(Applied Biosystems). Primer sequences are provided in Supple-
mentary Table S1. For measuring mature miR-31, TagMan pri-
mers and probes (Applied Biosystems) were used according to the
manufacturer's instructions.
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Figure 1.

miR-311is a target of oncogenic KRAS and the MAPK pathway and is highly expressed in many pancreatic and colorectal cancer cell lines. A, northern blot analysis
of miR-31 expression in RNA isolated from HPNE and HPNE-KRAS"™ cells. U6 for this and subsequent northern blots served as a loading control. The

fold change indicated. B, TagMan gPCR analysis of miR-31 expression in the indicated cell lines transfected with siRNA control [—] or siRNA against KRAS [+].
Expression was normalized to U6 RNA. C, northern blot analysis of miR-31 expression in HPNE-KRAS and HCT116 cells treated with DMSO control (mock)

or small-molecule inhibitors against PI3K (LY294002) or MEK1/2 (U0126). D, TagMan gPCR analysis of miR-31 expression normal pancreas and patient-derived
xenografts. Expression was normalized to U6 RNA. E, northern blot analysis of miR-31 expression in a panel of pancreatic (light blue bar, PDAC) and
colorectal (dark blue bar, CRC) cancer cell lines. KRAS mutational status of each cell line is indicated as wild-type (w) or mutant (+).

Scratch wound assays

A total of 2.0 x 10° cells were plated in a 96-well plate with 8
replicates for each experimental condition. Scratches were made
with the Essen Biosciences scratch wound maker following the
manufacturer's protocol. Cell confluency and wound closure was
monitored using the Essen IncuCyte ZOOM system.

Small-molecule inhibitors

Atotal of 2.0 x 10° cells were plated in a 6-well plate. Following
overnight serum starvation, small-molecule inhibitors were
added at final concentrations of 5 pumol/L (LY294002) or
10 umol/L (U0126) for 24 hours prior to analysis.

Transwell assays

Transwells (Corning-3422, 8-um pore size) were coated with
1:40 dilution of cold Matrigel in PBS, dried overnight, rehydrated
with serum-free media for 2 hours, and then plated with 2.0 x 10°
cells/mL. Complete media containing 10% FBS was added to the
bottom chamber. After 24- to 48-hour invasion, transwells were
washed with PBS, stained with 0.25% (w/v) crystal violet/70%
ethanol. Matrigel was removed carefully and membranes photo-
graphed under the light microscope.

www.aacrjournals.org

Western blotting

Standard protocols were used for Western blot analysis. West-
ern blots were quantified with Bio-Rad Quantity One. Antibodies
used in the study are listed in the Supplementary File.

Results

Oncogenic KRAS regulates miR-31 through the MAPK pathway
and elevated miR-31 is a feature of pancreatic and colorectal
cancer cell lines

Previously, a custom microarray was used to profile miRNA
expression in nontransformed HPNE cells (19) stably over expres-
sing KRASS'?P (from this point on referred to as HPNE-KRAS;
ref 15) to identify miRNAs regulated by KRAS signaling (5). In the
current study, the focus is on the KRAS-mediated regulation of
miR-31 which was upregulated by 2.6-fold in HPNE-KRAS cells
(Fig. 1A). To further validate the correlation between KRAS
expression to miR-31 upregulation, the expression of miR-31 was
examined in isogenic HCT116 cells in which either the wild-type
allele of KRAS or the mutant allele was disrupted by homologous
recombination (20). Using TagMan qPCR, miR-31 expression
was reduced in HCT116 cells that lacked the mutant KRAS allele
(Supplementary Fig. S1A). In addition, acute knockdown of KRAS
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using siRNA partially repressed expression of miR-31 as measured
by TagMan qPCR in cell lines harboring mutant KRAS (Panc-1,
Panc-2.03, and PL3) but not in HPNE cells which express wild-
type KRAS (Fig. 1B and Supplementary Fig. S1B).

RAS proteins signal through multiple effector pathways of
which the RAF/MEK/ERK pathway (MAPK) and the PI3K/AKT
pathways are required for transformation (7). To assess whether
miR-31 expression was dependent on MAPK and/or PI3K activa-
tion, HPNE-KRAS and HCT116 cells were treated with the PI3K
inhibitor LY294002 or the MEK1/2 inhibitor UO126. Levels of
miR-31 decreased following MEK1/2 inhibition but no change
was observed with PI3K inhibition suggesting miR-31 is activated
through the MAPK pathway (Fig. 1C).

Finally, miR-31 expression was analyzed from RNA isolated
from a panel of patient-derived xenografts, normal pancreas tissue
and pancreatic and colorectal cancer cell lines. miR-31 was mod-
erately to highly expressed in most of the patient-derived xeno-
grafts (Fig. 1D). It was observed that 16 of 23 cell lines have
moderate to high expression of miR-31 compared with HPNE
which served as the "normal" control (Fig. 1E). Of note, two
cancer cell lines in the panel with wild-type KRAS (BxPc3 and
Col0205) showed no expression of miR-31 (Fig. 1E). Collectively,
these results suggest that miR-31 is a downstream target gene of
the KRAS-MAPK pathway and exhibits moderate to high expres-
sion in pancreatic tumors as well as pancreatic and colorectal
cancer cell lines with oncogenic KRAS.

Confirmation of the miR-31 host gene expression and
transcription regulation through ELK1

miRNAs are processed from the introns or exons of primary-
miRNA (pri-miRNAs) which may be protein-coding or non-
coding transcripts (21, 22). The mature miR-31 and pre-miRNA
stem loop are contained within an NCBI RNA reference
sequence transcript (MIR31HG); a long noncoding RNA that
spans over 100 kb (Fig. 2A and B). Regions within the IncRNA
are highly conserved and the transcription start site (TSS) is
found in a region high in histone H3-Lysine27 acetylation
(H3K27Ac) a mark indicative of actively transcribed chromatin
(Fig. 2A). To validate MIR31HG as the miR-31 primary tran-
script, QPCR primers were designed within the first exon of the
pri-miRNA and MIR31HG expression was measured from RNA
isolated from the panel of pancreatic and colorectal cancer cell
lines examined in Fig. 1 (Fig. 2C). The same pattern of mod-
erate to high expression seen with mature miR-31 expression
was observed with expression of MIR31HG. A dot plot analysis
of MIR31HG expression versus mature miR-31 expression
demonstrated a linear correlation with a Pearson correlation
constant of 0.74 (P = 0.03, Fig. 2D). In addition, MIR31HG was
found to be 4-fold upregulated in HPNE-KRAS cells relative to
expression in HPNE (Fig. 2E) consistent with the higher expres-
sion of mature miR-31 seen in this cell type (Fig. 1A). These
results strongly suggest that mature miR-31 is derived from
expression and subsequent processing of the MIR31HG tran-
script, which like the mature miRNA, is under regulation by
oncogenic KRAS.

The observation that miR-31 expression was correlated with
expression of oncogenic KRAS and the activation of the MAPK
pathway suggested miR-31 is a transcriptional target of KRAS-
MAPK signaling axis. The analysis of the miR-31 host gene and
correlation of MIR31HG with miR-31 suggested that the TSS (Fig.
2A) is the location of the miR-31 host gene promoter. To confirm

270 Mol Cancer Res; 14(3) March 2016

oncogenic KRAS--mediated transcriptional regulation of miR-31,
a series of genomic fragments including or excluding regions
around the TSS were amplified and cloned into the pGL3 pro-
moter-less luciferase reporter plasmid (Fig. 3A). Several of the
reporter constructs demonstrated robust luciferase activity in
Panc-1 cells suggesting functional promoter activity (Fig. 3B).
Using isogenic HCT116 cells described previously, increased
luciferase expressed from both HG-3 and HG-2 promoters was
detected in HCT116-KRAS cells which have oncogenic KRAS
relative to HCT116-null in which oncogenic KRAS has been
knocked out (Fig. 3C).

To identify the minimal RAS-responsive region contained
within the HG-3 promoter, the effect of acute KRAS knock-
down on luciferase expression driven from HG-7 and HG-9
promoter fragments was queried in Panc-1 cells. HG-7 and
HG-9 were designed to include or exclude respectively the two
peaks of conservation near the TSS (Fig. 3A). Luciferase expres-
sion driven from the HG-9 promoter was diminished when
KRAS was knocked down, whereas KRAS knockdown had no
effect on luciferase expression produced from HG-7 (Fig. 3D).
This suggested that the HG-9 promoter construct contained a
RAS-responsive sequence required for KRAS-mediated trans-
activation. To find potential transcription factors (TF) that may
be regulating HG-9 through KRAS and MAPK signaling, the
HG-9 sequence was examined using the ConSite algorithm
(http://consite.genereg.net/). ConSite allows for the identifi-
cation and visualization of conserved TF-binding sites within
metazoan promoters based on comparative phylogenetic foot-
printing (23). With an 85% discovery rate and 12-bit sequence
analysis, ConSite predicted many highly conserved TF-binding
elements in HG-9 recognized by 15 individual TFs (Supple-
mentary Table S2). Of particular interest, ELK1, a member of
the ETS domain-containing family of transcription factors and
a well-studied target of the MAPK pathway became the focus of
further study. Acute knockdown of ELKI with siRNA resulted
in diminished luciferase expression from HG-9 reporter but
had no effect on luciferase activity of HG-7 (Fig. 3D) similar to
what was observed with acute knockdown of KRAS. These
results suggest that ELK1 is the dominant transcription factor
downstream of KRAS driving luciferase expression from the
HG-9 reporter.

To validate endogenous regulation of miR-31 by ELK1,
expression of MIR31HG and the mature miR-31 was measured
in Panc-1 cells following transfection with siRNA targeting
ELK1 or GAPDH as a control. A significant decrease of both
MIR31HG and miR-31 expression was observed in cells expres-
sing siRNA targeting ELK1 relative to control siRNA or siRNA
targeting GAPDH (Fig. 3E and Supplementary Fig. S2). Finally,
ChIP of endogenous ELK1 was performed in Panc-1 cells. As
ELK1 is activated downstream of the MAPK pathway, ChIP was
also performed in lysates obtained from Panc-1 cells treated
with MEK inhibitor (U0126) or as a control PI3K inhibitor
(LY294002). Strong enrichment of the TSS amplicon (S) was
observed in ELK1 precipitates from DMSO-treated and PI3K-
inhibited lysates but not in MEK-inhibited lysates, confirming
that ELK1 interacts directly with the endogenous miR-31
promoter in a MAPK-dependent manner (Fig. 3F). Collective-
ly, these experiments demonstrate that KRAS transactivates
miR-31 through the MAPK pathway and the downstream
activation of ELK1 recruitment to the miR-31 proximal
promoter.
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miR-31 is an intronic miRNA contained in a large noncoding primary transcript. A, structure of the human miR-31 primary transcript (MIR3IHG). The plots
depicted below the transcript show the layered H3K27Ac marks and the evolutionary conservation (UCSC Genome Browser 28 species conservation track,
NCBI36/hg18 assembly). The INFE (interferon epsilon) gene is also contained in this region under regulation of its own promoter. The transcription start site (TSS) is
indicated with an arrow. B, the proposed secondary structure of the pre-miR-31 stem loop. The mature miRNA sequence green (miR-31) and the miRNA-star
sequence gray. C, quantitative PCR analysis of MIR3IHG expression in the panel of pancreatic (light blue bars, PDAC) and colorectal (dark blue bars, CRC)
cancer cell lines described in Fig. 1E. D, dot plot analysis of Log2-transformed mature miR-31 expression (x-axis) and M/R3TIHG expression (y-axis) from the panel
of PDAC and colorectal cancer cell lines. The Pearson correlation and P value (two-tailed ¢ test) are indicated. E, quantitative PCR analysis of MIR3THG

expression in HPNE and HPNE-KRAS©"® cells,

Enforced expression of miR-31 increased invasion and
migration in PDAC lines through activation of Rho

To assess whether enforced expression of miR-31 enhanced KRAS-
mediated phenotypes in PDAC cell lines which lacked miR-31, a
retrovirus construct was used to express miR-31 in two cell lines
harboring activating KRAS mutations (Capan-1 and MiaPaCa2) and
in a cell line with wild-type KRAS (BxPc3). Expression of miR-31
from the stably selected retrovirally infected cell lines was validated
by northern blot analysis (Fig. 4A). Importantly, enforced miR-31
expression was at physiologic levels as compared with endogenous
expression of miR-31 measured in HPNE-KRAS (Supplementary Fig.
$3). Despite normal rates of proliferation for Capan-1 and MiaPaca2
cells with enforced miR-31 expression, BxPc3 cells with enforced

www.aacrjournals.org

expression of miR-31 grew slightly faster than BxPc3 infected with an
empty vector (Supplementary Fig. S4A). Enforced expression of
miR-31 had no effect on the anchorage-independent growth of
Capan-1 cells; however, miR-31 enhanced colony formation of
MiaPaCa2 cells (Fig. 4B). Enforced expression of miR-31 did not
confer the ability of BxPc3 cells to grow in soft agar (data not shown).
However, enforced expression of miR-31 greatly enhanced the
ability of BxPc3, Capan-1, and MiaPaCa2 cells to invade through
Matrigel-coated transwells (Fig. 4C). Significant accumulation of
invaded cells was observed for all three cells lines expressing miR-31
relative to empty vector (Fig. 4D). Furthermore, miR-31 expression
significantly enhanced the migratory behavior of all three cell lines in
scratch wound assays (Fig. 4E).
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The miR-31 proximal promoter is transactivated by oncogenic KRAS through the ELKT transcription factor. A, the genomic region around the transcription start
site (TSS) of MIR3IHG. Boundaries of the MIR31HG promoter constructs cloned into pGL3-basic luciferase reporter vector are shown relative to the TSS.

B, normalized luciferase activity generated from the indicated M/R3THG promoter (HG) transfected in Panc-1 cells. Luciferase activity was normalized to Renilla
expression and data are represented as fold change over cells expressing pGL3-promoterless empty vector (EV). Error bars in this and subsequent
experiments represent SDs from three independent transfections each measured in triplicate. C, normalized luciferase activity from HG-2 and HG-3 promoter
constructs in the indicated isogenic HCT116 cell lines. D, empty vector (EV) normalized luciferase activity from the HG-7 and HG-9 promoter constructs in Panc-1cells
pretreated with control siRNA (siGAPDH) or siRNA-targeting KRAS (siKRAS) or ELKT (SIELKT). E, quantitative PCR analysis of M/R3IHG and mature miR-31
expression in Panc-1 cells transfected with control siRNAs (siCon or siGAPDH) or siRNA-targeting ELK1 (SiELKT). F, quantitative PCR amplicons for ChIP were
designed within approximately 100-bp windows at the TSS (amplicon S), 500-bp upstream of amplicon S (amplicon U), or 500-bp downstream of

amplicon S (amplicon D). Quantitative PCR analysis of chromatin immunoprecipitates from Panc-1 cells treated with DMSO, U0126 or LY294002 and
immunoprecipitated with antibodies recognizing ELK1 or histone H3. Fold enrichment represents the signal obtained after immunoprecipitation with a non-specific
IgG antibody. Fold enrichment for each amplicon was centered to the signal obtained for histone H3. The 50-fold enrichment threshold for positive
transcription factor binding is indicated as a dashed line. Data are mean + SD from three independent measurements.

As KRAS-mediated phenotypes are dominantly determined by ~ with serum, RhoA-GTP was significantly higher in MiaPaCa2 cells
MAPK and PI3K signaling, we queried how miR-31 overexpres-  with enforced miR-31 expression compared with cells with empty
sion would affect signaling through these pathways. Because of  vector control (Fig. 4F). These data suggest that miR-31 enhances
the high frequency of KRAS mutation in pancreatic cancer, the RhoA activation which likely promotes increased invasion and
effect of miR-31 on signaling was assessed only in Capan-1 and  migration.

MiaPaCa2 both of which have oncogenic KRAS. No differences in

ERK1/2 or AKT phosphorylation was observed in either Capan-1 ~ RASA1 is a target of miR-31

or MiaPaCaz2 cells with enforced miR-31 expression at basal levels To gain insight into the mechanism through which miR-31
or following acute stimulation with serum compared with control  enhanced invasion and migration, predicted targets of miR-31
celllines (Supplementary Fig. S4B). We conjectured thatincreased ~ were examined. As individual miRNA prediction programs find
invasion and migration with enforced miR-31 expression wasdue  hundreds of potential targets, the intersection of four online
to miR-31-mediated activation of Rho. Upon acute stimulation  searchable miRNA target prediction programs (miR-Database,
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Enforced expression of miR-31in pancreatic cancer cell lines enhanced invasion and migration. A, northern blot analysis of miR-31 expression in pancreatic cancer
cell lines stably infected with MSCV-empty vector [—] or MSCV-miR-31 [+]. TagMan quantified expression of enforced miR-31is shown for each cell line
relative to the expression of endogenous miR-31 measured in HPNE-KRAS cells (see Supplementary Fig S3). B, representative images of Capan-1and MiaPaCaz2 cells
infected with MSCV-empty vector (EV) or MSCV-miR-31 (miR-31) grown for 7 days in 0.3% agar to form colonies. Bar graphs average colony counts

from 8 representative images. P values are indicated. C, invasion of the indicated cell lines with MSCV-empty vector (EV) or MSCV-miR-31 (miR-31) through
Matrigel-coated transwells. D, bar graphs average the number of invaded cells from five independent experiments. P values are indicated. E, scratch wound analysis
of the indicated cell lines with MSCV-empty vector (EV) or MSCV-miR-31 (miR-31) monitored over the indicated time course. Images from Essen IncuCyte
ZOOM. Blue lines mark the starting wound boundary and the red lines mark the cell front moving into the wound. P values calculated from the difference in wound
width between EV and miR-31-expressing cells 18 hours post scratch (n = 8). F, lysates derived from MiaPaCa2 cells with MSCV-empty vector (EV) or
MSCV-miR-31(miR-31) were incubated with Rhotekin-Rho binding domain (RBD) protein beads with no stimulation [—] or following 1-minute stimulation with FBS
[+]. Active RhoA-GTP and total cellular RhoA (total RhoA) were detected by immunoblotting with anti-RhoA antibody. Normalization of RhoA-GTP to

total cellular RhoA for each experimental condition is indicated. ERK served as a protein loading control.

miR-Target, PicTar, and Targetscan) was analyzed, revealing 18
predicted targets in common (Supplementary Table S3). Of these
18 targets, RASA1 (p120RasGAP) was of particular interest
because it functions as a negative regulator of RAS pathway
activation and modulates invasion behavior through interaction
with p190RhoGAP (24, 25). Moreover, RASAI was demonstrated
to be a miR-31 target in colorectal and liver cancers (26, 27). The

www.aacrjournals.org

RASA1 3’ UTR contains one predicted miR-31-binding site which
is highly conserved in vertebrates (Fig. 5A). We validated miR-31
regulation of RASAI using a luciferase reporter plasmid under
regulation by a fragment of the RASA1-3'UTR containing the
putative miR-31-binding site. Cotransfection of this reporter with
a miR-31 mimic led to significant repression of luciferase expres-
sion which was relieved by introducing mutations into the
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miRNA-binding site (Fig. 5B). RASA1 was downregulated in
HPNE-KRAS cells relative to expression in HPNE (Fig. 5C). We
also observed decreased expression of RASA1 in isogenic
HCT116-KRAS-mutant versus KRAS-null cells (Supplementary
Fig. S5). In addition, overexpression of miR-31 in BxPc3 and
MiaPaCa2 cells reduced endogenous RASA1 expression at both
the protein and mRNA level (Fig. 5D and E). Collectively, our
results confirm that miR-31 regulates RASAT in PDAC cells.

RASA1 loss phenocopies miR-31 overexpression and its gain
inhibits migration

To establish a genetic interaction between RASA1 and miR-31,
we sought to determine whether loss of RASA1 hastened the
invasion and migration behavior in PDAC cell lines seen with
enforced miR-31 expression. RNAi-mediated knockdown of
RASAT1 resulted in complete knockdown of RASAT as confirmed
by Western blot analysis in both Capan-1 and MiaPaCa2 cells
(Fig. 6A). Consistent with the miR-31 overexpression phenotype,
RNAi knockdown of RASAT significantly enhanced the rate of
wound closure for both Capan-1 and MiaPaCa2 cell lines in
scratch wound assays (Fig. 6B). Serum-stimulated MiaPaCa2 cells
treated with siRNA targeting RASA1 had increased RhoA-GTP
levels compared with siRNA control (Fig. 6C). Importantly,
RASA1 knockdown enhanced the serum-stimulated activation of
ERK1/2 and AKT in Capan-1 and MiaPaCaz2 cells, both of which
have constitutively active KRAS (Supplementary Fig. S6A). As
RASA1 functions to enhance the intrinsic GTPase-activating pro-
teins (GAP) for both RHOA and RAS, suggests that RASAT knock-
down may potentiate RAS signaling by prolonging the half-life of
the GTP-bound state of the wild-type copy of KRAS. The inability
of miR-31 to alter ERKand AKT phosphorylation levels may reflect
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the partial effect of this miRNA on downregulation of RASA1 as
compared with complete depletion of RASA1 achieved by siRNA
(Supplementary Fig. S4B). Future experiments will be necessary to
determine the absolute levels of RASA1 required for further RAS
activation in the cell lines harboring oncogenic KRAS.

Finally, to complement our RASAI knockdown studies, we
overexpressed RASA1 in Panc-1 cells which express miR-31 and
moderate levels of RASA1. Panc-1 cells were transiently trans-
fected with a plasmid that expressed flag-tagged RASA1 lacking the
endogenous 3'UTR (CMV-RASA1) and expression was confirmed
by Western blot analysis (Supplementary Fig. S6B). Increased
expression of RASA1 blocked activation of RhoA and greatly
impaired the wound closure capacity of Panc-1 cells in scratch
wound assays compared with empty vector (Fig. 6D and E). These
results suggest that the stoichiometric ratio of RASA1 relative to
GAPs such p190RhoGAP can create a switch controlling threshold
levels of RhoA-GTP required for migration in PDAC cells. Col-
lectively, our results suggest that RASA1, likely separate from its
GAP function, can affect the rate of Rho activation and modulate
migration downstream of oncogenic KRAS.

Discussion

Activating mutations of KRAS occur in approximately 20% of
human cancers including 95% of pancreatic and 60% of colorectal
adenocarcinomas. Dissecting how miRNAs fit into the KRAS
signaling networks is critical for understanding how these path-
ways are regulated and may reveal novel targets for therapeutic
intervention. In the current study, oncogenic KRAS has been
demonstrated to upregulate miR-31 through transcriptional reg-
ulation of the MIR31HG pri-miRNA transcript via the MAPK
pathway and recruitment of ELK1 transcription factor to the
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miR-31 promoter. Elevated levels of miR-31 negatively regulate
the expression of RASAT resulting in increased migration and
invasion of pancreatic cancer cell lines. These data suggest miR-31
could be a potential therapeutic target for pancreatic cancer,
especially in high risk individuals as the vast majority of patients
present with metastatic disease at the time of diagnosis (28).
Multiple miRNA profiling studies have documented the upre-
gulation of miR-31 in pancreatic cancer cell lines and tumors
(16, 26, 29, 30). We have found that miR-31 is moderately to
highly expressed in 16 of 23 pancreatic and colorectal cancer cell
lines. Both pancreatic and colorectal cancers frequently harbor
activating KRAS mutations and miR-31 has previously been
shown to be overexpressed in tumor types where activating
mutations of KRAS are common (31-33). A comprehensive
meta-review of miRNA expression in PDAC tumors and neigh-
boring noncancerous pancreatic tissue found miR-31 to be upre-
gulated from five independent expression studies and associated
with poor survival following tumor resection (29). In addition,
miR-31 was shown to be upregulated in intraductal papillary
mucinous neoplasm (IPMN), a precursor cystic lesion to pancre-
atic cancer (34). As acquisition of activating KRAS mutation is an
early event in IPMNs and the development of pancreatic cancer
(6) upregulation of miR-31 observed in these precursor lesions
may account for their early metastatic behavior. Furthermore,

www.aacrjournals.org
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early dissemination and invasion into the bloodstream has been
shown to precede tumorigenesis in a mouse model of pancreatic
cancer (28). It is plausible that oncogenic KRAS transactivates
miR-31 to promote early initiation of invasion and migration
programs in pancreatic cancer cells.

Our data, coupled with results from several other studies,
clearly demonstrate that miR-31 is a regulator of invasion and
migration in cancer. However, the positive or negative effect of
miR-31 on this phenotype is discordant among different cancer
types. A Pubmed search of "miR-31" and "invasion migration"
results in 27 publications analyzing miR-31 function in 15 dif-
ferent cancer types (Supplementary Table S3 and references there-
in). On one hand, miR-31 is found upregulated and to enhance
invasion migration in 6 cancer types (cervical, colorectal, cuta-
neous squamous cell, esophageal squamous cell, Kaposi's sarco-
ma, lung) and on the other hand, is found downregulated and to
repress invasion migration in seven cancer types (breast, esoph-
ageal, Ewing sarcoma, glioma, melanoma, ovarian, prostate).
A previous report of the role of miR-31 in pancreatic cancer is
ambiguous; both inhibition and enforced expression of miR-31
reduced migration and invasion in PDAC cell lines (35). In the
current study, the enforced expression of miR-31 enhanced inva-
sion and migration in three pancreatic cancer cell lines tested
irrespective of KRAS mutational status. Interestingly, an enhanced
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invasion-migration phenotype attributed to miR-31 is consistent-
ly seen in cancers with activating KRAS mutations suggesting a role
for miR-31 as a KRAS effector in regulation of invasion-migration
(36, 37). Overall, these findings suggest that miR-31 may regulate
multiple targets that control invasion-migration and the reper-
toire of these targets that are expressed in a given cell type may
dictate the impact of miR-31 expression on this phenotype.

The Rho GTPases are molecular switches that cycle between a
GTP-bound active state and GDP-bound inactive state. Rho
family members are inactivated by Rho GTPase-activating pro-
teins (GAP) which accelerate GTP hydrolysis and activated by
Rho guanine nucleotide exchange factors (GEF) which catalyze
the intrinsically slow nucleotide exchange from GDP to GTP (38).
Rho GTPases regulate the actin cytoskeleton and thereby control
cellular migration, morphology, motility, and other functions
(39, 40). Therole of Rho in migration is currently not clear. RHOA
is historically thought to be involved in the moving the body and
tail of the cell behind the leading edge and forming integrin-
based cell contacts (40). However, other GTPases including RAS
and the interplay between family members of the Rho family
including Rac and Cdc42 all likely have a role in orchestrating
coordinated cellular movement. Previously, TIAM1 a GEF for Rac
has been identified as miR-31 target and downregulation of
TIAM1 by miR-21 and miR-31 enhanced migration and invasion
of colon cancer cell lines (36). RAS has long been known to make
an essential contribution to cellular motility and has recently
been shown to regulate an essential RhoGEF called ARHGEF2
(41) providing further evidence of Rho as RAS effector. RASA1 in
addition to its RasGAP activity has been speculated to be a RAS
effector mediating the cellular effects of RAS through its interac-
tion with p190RhoGAP and the subsequent inhibition of Rho
activation (38). In agreement with the work reported here, in the
colorectal cancer cell line RKO, decreased RASA1 expression
mediated by miR-21 enhanced RAS signaling and invasion
through transwells (42).

In conclusion, we have demonstrated that KRAS signaling
results in transactivation of miR-31, repression of RASA1, and
subsequence activation of Rho and enhanced migration and
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