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Functional proteomics identifies miRNAs to target
a p27/Myc/phospho-Rb signature in breast and ovarian cancer

This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue
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The myc oncogene is overexpressed in almost half of all breast and ovarian cancers, but attempts at therapeutic interventions
against myc have proven to be challenging. Myc regulates multiple biological processes, including the cell cycle, and as such is
associated with cell proliferation and tumor progression. We identified a protein signature of high myc, low p27 and high phospho-
Rb significantly correlated with poor patient survival in breast and ovarian cancers. Screening of a miRNA library by functional
proteomics in multiple cell lines and integration of data from patient tumors revealed a panel of five microRNAs (miRNAs) (miR-124,
miR-365, miR-34b*, miR-18a and miR-506) as potential tumor suppressors capable of reversing the p27/myc/phospho-Rb protein
signature. Mechanistic studies revealed an RNA-activation function of miR-124 resulting in direct induction of p27 protein levels by
binding to and inducing transcription on the p27 promoter region leading to a subsequent G1 arrest. Additionally, in vivo studies
utilizing a xenograft model demonstrated that nanoparticle-mediated delivery of miR-124 could reduce tumor growth and sensitize
cells to etoposide, suggesting a clinical application of miRNAs as therapeutics to target the functional effect of myc on tumor growth.
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INTRODUCTION

The expression and activity of myc transcription factor is
frequently deregulated in cancer and efforts to target it have been
challenging." Myc has an important regulatory role in multiple
pathways, including cell cycle®® metabolism*> and cellular
architecture;®>” however, its role in the cell cycle is directly related
to the proliferative capacity of cancer cells. The cell proliferative
effect of myc can be coupled to changes in levels and activity of
the cyclin-dependent kinase inhibitor p27/kip, whereby myc
activity can lead to decreased levels of p27.%° Decreased levels
of p27 are tightly associated with increased phosphorylation of
the retinoblastoma protein Rb.'®"" Therefore, a high myc, low p27
and high phospho-Rb signature is indicative of increased cell cycle
progression and proliferation. We investigated whether such a
signature of high myc, low p27 and high phospho-Rb protein
levels measured from breast and ovarian cancer patients had a
significant correlation with patient survival. Further, we wanted to
determine whether novel therapeutic strategies using microRNAs
(miRNAs) could be utilized to counter the myc/p27/phospho-Rb
cell proliferative signature.

miRNAs are small RNA molecules, approximately 22 nucleotides
in length, which have critical roles in the maintenance of cellular
homeostasis.'>'®> Although the ability of miRNAs to regulate
mRNA levels is well established,'*™'® their role in the regulation of
intracellular signaling events is less well defined. We therefore

sought to use a functional proteomic screening approach,
combined with the integration of patient data from The Cancer
Genome Atlas (TCGA) database, to identify clinically relevant
miRNAs able to reverse a myc/p27/phospho-Rb signature. As
miRNAs are predicted to target numerous genes, we additionally
sought to integrate phenotypic observations with predicted and
validated targets of the identified miRNA to determine the
functional consequences of their perturbations. With recent
clinical trials utilizing non-coding RNA for therapeutics we wanted
to ascertain whether appropriate chemotherapy can be used in
combination with the miRNAs to enhance cancer cell death and
tumor ablation in mouse models.

Here we identified the cell cycle protein expression signature of
myc, p27 and phospho-Rb in breast and ovarian cancer patients
that significantly correlates with patient survival. Using this
signature, we performed an miRNA screen coupled to reverse-
phase protein array to identify candidate miRNA that could
functionally reverse this protein and phospho-protein signature
and identified a set of 56 candidate miRNAs that could both
reverse the protein signature as well as reduce cell proliferation.
From these candidates, we performed an additional screen in two
other cell lines and integrated data from patient tumor samples to
identify a candidate miRNA, miR-124, which reduced myc and
phospho-Rb while increasing p27 protein levels across multiple
cell lines. Detailed analysis of miR-124 showed that the
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mechanism of reversal of the myc/p27/phospho-Rb signature was
by an RNA activation function of miR-124. Although activating
functions of mMiRNAs have been shown to be possible using
synthetic gene constructs, here we use proteomic analysis to
identify activation of an endogenous gene by miRNAs, whereby
the expression of miR-124 increased p27 protein levels. This led to
a subsequent G1 arrest, thereby leading to a loss of phospho-Rb
and decrease in myc protein levels. Further, we demonstrate that
miR-124 can block cell invasion and proliferation. Clinical
implications of miR-124 as a possible therapeutic agent in late-
stage breast and ovarian cancers was explored with its use in
combination with etoposide, a chemotherapy commonly used in
such patients. Etoposide sensitivity and resistance is associated
with increased integrin B1 levels in patients,'”’2° which makes
miR-124 a highly relevant therapeutic agent as miR-124 can also
directly target and reduce integrin B1. Therefore we demonstrate
here a highly clinically relevant miRNA that can both reverse the
myc/p27/phospho-Rb protein signature to target cell proliferation
while at the same time block integrin 1 and increase sensitivity to
etoposide in breast and ovarian cancers.

RESULTS

Identification of a myc/p27/phospho-RB signature associated
with survival

We analyzed reverse-phase protein array (RPPA) data (obtained
from the TCGA data portal) from breast and ovarian cancer
patients to identify a signature comprised of low p27, high myc
and high phospho-Rb protein levels in breast and ovarian tumors
(Figure 1a). Clinical outcome analysis of patients with this protein
signature showed a significant correlation of the signature with
poor survival in both breast and ovarian cancer patients
(Figure 1b). Efforts to target myc with pharmacological com-
pounds have proved to be challenging, and therefore we utilized a
functional approach to identify potential miRNAs as therapeutics
that could target the cell cycle myc/p27/phospho-Rb protein
signature. In order to identify miRNAs capable of reversing this
signature, we expressed a library of 879 miRNAs in MDA-MB-231
(triple negative) breast cancer cell line and analyzed the protein
levels of myc, phospho-Rb and p27 by RPPA, as well as measuring
changes in the cell number induced by each miRNA
(Supplementary Figure S1). Analysis determined that 56 miRNAs
reversed the expression of all three proteins in the signature in
addition to reducing cellular proliferation (Figure 1c). A subset of
this group of miRNAs, along with others selected from the other
groups (Supplementary Figure S2), were rescreened in MDA-
MB-231 cells in addition to two ovarian cancer cell lines HeyA8
and SKOV3.ip1. miRNAs were selected for the secondary screen
based on multiple criteria, including downregulation of previously
validated targets and regulation of previously unvalidated targets
of interest. Comparison of the two independent screens in MDA-
MB-231 cells revealed 70% true positives between the two screens.
From the miRNA-RPPA analysis across the different cell types, we
determined that only one miRNA reversed the expression of all
three proteins in all three cell lines, miR-18a. As this is a known
oncomiR associated with tumor progression and poor clinical
outcome in multiple cancer types>'** and so would not be
suitable as a potential therapeutic intervention, we chose to
consider miRNAs that reversed at least two of the three signature
proteins. We identified an additional four candidate miRNAs
(miR-124, miR-365, miR-34b* and miR-506) that reversed the
expression of at least two of the three proteins in the signature in
all three of the cell lines (Figure 1d). miRNA levels in all three cell
lines were measured using the Nanostring nCounter miRNA
expression assay, and the data showed that miR-124 was the
lowest expressed of the five in two cell lines and the second
lowest of the five in the third cell line (Supplementary Figure S3).
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Copy number analysis of TCGA breast and ovarian cancer data
showed that all five miRNAs had significant heterozygous loss in
ovarian cancers and four of the five had loss in breast cancer. Of
these candidate miRNAs, the data showed that miR-124, located
on the 8p23.1 chromosome region, was the most commonly lost
miRNA in patients from both cancer types (Figure 1e), indicating a
potential role for this miRNA as a tumor suppressor. Analysis of the
data from additional cancer types confirmed the loss of the
miR-124 chromosomal region across multiple cancer types
(Supplementary Figure S4), suggesting that this miRNA is of high
clinical significance in cancer patients. Additionally, 44% of genes
shown to confer synthetic lethality of myc-overexpressing
tumors®® were predicted to be targets of miR-124, suggesting
that miR-124 could function as a potent tumor suppressor in
cancers with high myc expression (Supplementary Figure S5).

miR-124 regulates p27 in vitro

We performed western blotting analysis in a panel of cell lines
spanning multiple tumor types to confirm the ability of miR-124 to
reverse the p27 low/myc high/phospho-Rb high signature and
found that indeed miR-124 expression leads to an increase in p27
and a concurrent decrease in myc and phospho-Rb protein levels
(Figure 2a). As neither the 3’ untranslated region of myc nor Rb
contain predicted target sites for miR-124, and the increase in p27
was consistent across all the cell lines studied, with more variation
in the response of myc and phospho-Rb to miR-124 expression,
we hypothesized that miR-124 may regulate these proteins
through inducing p27 expression and subsequent cell cycle arrest.
In order to determine whether the miR-124-induced increase in
p27 was due to de novo protein synthesis or increased stability of
existing protein, we treated the cells with cycloheximide. The data
show that the increase in p27 is due to de novo protein synthesis
whereby cycloheximide blocks the increase in p27 levels upon
expression of miR-124 (Figure 2b). Previous studies have
suggested that miRNA binding to promoter regions can induce
gene expression.?*° To determine whether miR-124 can induce
p27 expression directly, we analyzed the p27 promoter region,
which indicated a potential binding site for miR-124 (Figure 2c).
We cloned the p27 promoter region upstream of the luciferase
gene and performed a luciferase assay and observed that indeed
miR-124 can directly increase luciferase activity downstream of the
p27 promoter region (Figure 2d). To determine whether the
increase in luciferase activity mediated by miR-124 was a result of
its binding to the p27 promoter region, we mutated the miR-124-
binding site within the p27 promoter region, which prevented the
miR-124-induced activity, suggesting that miR-124 binding to the
p27 promoter region causes the induction of p27 expression by
miR-124. Induction of p27 was also abrogated by transfection of
the antisense inhibitor of miR-124 which had no effect on
luciferase expression from either the wild-type or mutated p27
promoter (Figure 2d).

To determine whether the increase in p27 and decrease in myc
and phospho-Rb protein levels stimulated by miR-124 induced
changes in cell cycle progression, we analyzed miR-124-
transfected cells and observed a significant increase in the G1
phase population, with a concurrent decrease in the S phase
population consistent with expression patterns of p27, myc and
phospho-Rb proteins (Figure 2e). In order to demonstrate that
the change in cell cycle induced by miR-124 was dependent on the
expression of p27, we transfected siRNA targeting p27, and the
data show that the miR-124-induced alterations in the cell cycle
distribution are lost upon targeting p27 with siRNA (Figure 2f).
To determine whether the miR-124-mediated decrease in myc
and phospho-Rb are dependent on induction of p27, we
co-transfected p27 siRNA and found that the miR-124-mediated
decrease in myc and phospho-Rb are, at least partially, dependent
on p27, confirming that the reversal of the signature by miR-124 is

© 2016 Macmillan Publishers Limited



primarily dependent on the ability of miR-124 to induce p27
(Figure 2g), although other, as yet unidentified, miR-124 targets
may also be involved in this process.
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miR-124 functions as a tumor suppressor

Having observed the p27 induction and myc and phospho-Rb
decrease by miR-124 as well as a decrease in cell cycle progression, we
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Figure 1.

Identification of miR-124 as a clinically significant miRNA. (a) Hierarchical clustering of TCGA RPPA data identifies a subset of breast

(BRCA) and ovarian (OVCA) cancer patients exhibiting a myc high, phospho-Rb high, p27 low protein signature (red). Where available, PAM50
subtype is included for BRCA samples. (b) Expression of the myc/phospho-Rb/p27 signature is associated with poor survival in breast and
ovarian cancer patients. (c) miRNAs that reversed the signature in a screen of 879 miRNAs in MDA-MB-231 cells coupled to decreased
proliferation, a subset of which were selected for further investigation. (d) miRNAs that were able to reverse at least two of the three
components of the signature in each of the cell lines in the secondary screen. (e) Copy number analysis of the five miRNAs able to reverse the

signature in all three cell lines in breast and ovarian cancer patients.
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Figure 2. miR-124 regulates p27. (a) A panel of cell lines from varying tumor types, including breast (BR), ovarian (OV), pancreatic (PANC) and
glioblastoma multiforme (GBM), were transfected with either non-targeting miRNAs (N) or miR-124 (M) or treated with transfection reagent
alone (C) for 48 h. Expression of the myc/p27/phospho-Rb signature was analyzed by western blotting. (b) Protein levels were analyzed by
western blotting at the indicated time points after miRNA transfection and cycloheximide treatment. (c) Potential miR-124-binding site in the
p27 promoter. (d) Expression of luciferase downstream of the wild-type p27 promoter (WT) or the p27 promoter following mutation of the
miR-124-binding site (Mutant). (e) miR-124 induces G1 arrest. Cell cycle distribution was determined in MDA-MB-231 (solid bars), HeyA8
(horizontal stripes) and SKOV3.ip1 (vertical stripes) cells by flow cytometry following staining with propidium iodide. Orange bars indicate the
percentage of cells in G1 phase, blue bars represent S phase and yellow bars indicate G2 phase. (f) miR-124-induced cell cycle alterations
require p27. HeyA8 cells were transfected with the indicated miRNAs in combination with siRNA targeting p27 for 48 h. Cells were fixed and
stained with propidium iodide, and cell cycle phase was determined by flow cytometry. (g) miR-124 regulates myc and phospho-Rb through
p27. MDA-MB-231, HeyA8 and SKOV3.ip1 cells were transfected with the indicated miRNAs in combination with siRNA targeting p27 for 48 h.
Expression of p27, myc and phospho-Rb were analyzed by western blotting.
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wanted to determine the functional phenotypic changes of miR-124
expression. Consistent with a tumor-suppressor function,
miR-124 significantly reduced cellular proliferation (Figure 3a).
Further, miR-124 also significantly reduced migration in a wound-
healing assay (Figure 3b) as well as invasion through Matrigel-
coated chambers (Figure 3c). These data suggested that miR-124
could function as a potent tumor suppressor by reversing the
p27/myc/phospho-Rb protein survival signature, inducing cell
cycle arrest and inhibiting proliferation, migration and invasion.

We additionally observed that miR-124-transfected cells exhib-
ited morphological changes associated with reorganization of the
actin cytoskeleton (Figure 3d). AGO-CLIP-seq analyses of miR-124
targets showed a large interconnected network of genes that
included the integrin B1 network. Consistent with these findings
and previous studies showing that miR-124 can directly target
the 3’ untranslated region of integrin $1,3*' western blotting
analysis revealed a decrease in the expression of integrin B1 in a
panel of cell lines spanning multiple tumor types (Figure 3e).
Concordantly, the miR-124-induced loss of integrin 31 expression
significantly reduced adherence to a panel of extracellular
matrices, including collagen |, laminin, fibronectin and vitronectin,
as well as to uncoated plates (Figure 3f), suggesting that the
miR-124-mediated decrease in integrin B1 levels was of functional
consequence. Since miRNAs, including miR-124, are known to target
multiple genes and proteins, analysis of the effect of miR-124 on
cellular proliferation revealed a functional role for both p27 and
integrin 31 in miR-124-mediated reduction of proliferation in
certain contexts. The data showed that neither overexpression of
p27 nor knockdown of integrin 31 alone was sufficient to
recapitulate the effect of miR-124, while the combination of both
most closely resembled the effect of miR-124 on proliferation in
HeyA8 cells. However, overexpression of p27 was sufficient to
mimic miR-124 overexpression in both MDA-MB-231 and SKOV3.
ip1 cells, suggesting that the specific miR-124 targets involved in
the regulation of proliferation may be dependent on mutational
background or other context-dependent factors (Figure 3g).
Additionally, to determine the requirement for either p27 or
integrin B1 in the effects of miR-124 on cellular motility, we
expressed miR-124 in combination with either an siRNA targeting
p27, a plasmid overexpressing integrin 31 or both and repeated
the wound-healing assay. The data showed that while either the
loss of p27 or the replacement of integrin B1 could partially
negate the effects of miR-124 on cellular motility, the combination
was able to reverse the miR-124-mediated inhibition of wound
healing in all three cell lines (Supplementary Figure S6).

miR-124 sensitizes cells to etoposide

Having identified miR-124 as a potential tumor suppressor that
could functionally target the p27/myc/phospho-Rb protein
signature, we wanted to determine whether miR-124 could be
utilized as a therapeutic agent in breast and ovarian cancers.
Clinical applications of new modalities are tested in late-stage
cancer patients, and given the previously identified role for
integrin B1 in mediating etoposide resistance,'””° we hypothe-
sized that the expression of miR-124 would sensitize cells to
etoposide in tumor models. In vitro analysis of HeyA8 cells
overexpressing miR-124 showed increased sensitivity to etoposide
whereby miR-124-expressing cells exhibited a twofold greater
sensitivity to etoposide (ICso=42.19 nm) as compared with control
(IC50=91.84 nm) (Figure 4a). We measured apoptotic cell death,
and the data showed that the combination of miR-124 and
etoposide increased apoptosis (Figure 4b) relative to either
treatment alone. To determine the potential use of miR-124
as a therapeutic agent in inhibiting tumor growth in vivo, we
utilized 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)-nanoparticle
delivery of miR-124 to tumors implanted in the peritoneal cavity of
athymic nude mice. While previous in vivo studies of miR-124 have

© 2016 Macmillan Publishers Limited
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relied on expression of miR-124 by transfection® or viral
transduction of tumor cells prior to inoculation of the mice®*3®
or on injection of miRNA directly into the tumor,*® the use of
DOPC-nanoparticles allows the study of the effects of miR-124
in vivo following intraperitoneal injection of the miRNA, thereby
more closely replicating the conditions for treatment of human
patients. Delivery of miR-124-DOPC alone significantly decreased
tumor volume and the number of tumors formed in both MDA-
MB-231 (Figure 4c) and SKOV3.ip1 (Figure 4d) models. Treatment
of mice with etoposide alone also significantly decreased tumor
volume and, excitingly, the combination of miR-124 and etoposide
further decreased tumor volume and numbers (Figures 4c and d)
compared with either treatment alone. Histological analysis of the
tumors showed that, in the animals treated with miR-124, there
was a decrease in integrin 1 and increase in p27 in the tumors
demonstrating that miR-124 had the same functional activity as
was observed in vitro (Figure 4e).

DISCUSSION

Targeting important oncogenes such as K-Ras and myc with drugs
has been a tremendous challenge. Alternative strategies to target
these hard-to-drug oncogenes include understanding the func-
tional downstream networks that they regulate by identifying the
signatures associated with their signaling. One of the more
promising avenues to target hard-to-drug molecules has been the
use of RNAI, owing to its ability to regulate key oncogenes
regardless of inherent activating mutations.*® Indeed a clinical trial
of miRNA therapeutics is ongoing (http://clinicaltrials.gov/ct2/
show/NCT01829971). One of the potential criticisms of the use of
miRNAs has been the relatively large number of putative gene
targets. However, one could use this ‘shotgun’ action of miRNAs as
an advantage by identifying the functional changes induced by
these miRNAs and then asking under what contexts these miR
targets could be advantageous therapeutically. Therefore, rather
than identifying one target, we utilized a systems approach of
identifying a clinically significant myc network signature and then
using the broad action of miRNAs to identify candidates that could
reverse this signature. A protein signature rather than an mRNA or
gene signature allows for a functional analysis of patient data, and
recent analyses of TCGA data suggest that the knowledge gain is
largest at the protein level.*! Therefore, we utilized the proteomic
p27, myc, phospho-Rb signature to identify miRNAs that may be
useful as therapeutic modalities. As anticipated, the screen
revealed a number of miRNAs that could reverse the signature
even after expansion of the secondary screen to include three
different cell lines. Rather than further expanding the screen to
include additional cell lines, we utilized clinical data to determine
whether the identified miRNAs were dysregulated in the patients’
tumors. Starting with clinical data, performing a miRNA-proteomic
screen in multiple cell lines and returning to patient data to filter
the screen results is a powerful iterative process to identify
clinically high-value targets. Being completely unbiased through
this process identified miR-124 as the leading candidate, and the
power of this method was validated by findings from other
investigators who have demonstrated the clinical significance of
miR-124 in other cancer tzpes, such as oral, prostate, glioma, liver
and endometrial cancers.?':3333363842-44

One of the challenges in the use of non-coding RNA is the issue
of delivery and toxicity. Recent work by Sood and colleagues
has demonstrated the efficiency of using nanoparticles to deliver
non-coding RNA, including siRNA and miRNA, to established
xenograft tumors in mice.*> These delivery agents are associated
with low toxicity and immune responses and promise to be useful
for delivery of non-coding RNA for therapeutics. Using this
approach in combination with chemotherapy can be advanta-
geous in increasing tumor cell killing and potentially also target
factors that may induce adaptive resistance to the
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chemotherapeutic agent. Here we show that the multi-gene
targeting of miR-124 includes integrin 1, whose increased
expression is associated with insensitivity to etoposide, which
could be an advantage in combining miRNAs with chemotherapy.

Indeed the addition of miR-124 increases sensitivity to etoposide

resulting in increased cell death.

Significant loss of miR-124 in breast and ovarian cancer patients
coupled to the multi-modal effect of miR-124 on inducing p27,

a
MDA-MB-231 HeyA8 SKOV3.ip1
10 8 1 6 1
. srrn «+ @ Control
o 8 | ® NTmiR
§ ° § 4 A miR-124
L I . * = p<005
© c 4 P G =+ = n<0.001
T 4 I kel o = p<0.0001
) ° ° 21
w 2 w 24 w
0 T T | 0 4= T T T 0 v T T "
1 3 5 7 24 48 72 96 1 3 5 7
Days post transfection Hours post transfection Days post transfection
b .
MDA-MB-231 HeyA8 SKOV3.ip1
s J y, B {
Control
NT miR |
miR-124
0 24
Hours Hours Hours
® 50 - o 60 o 25
I ? g @ Control
§ 40 A 5 50 g 20
3 S W NT miR
S g 40 O 15
£ £ 30 £ 0O miR-124
2 2 g 10
8 g 2 2
2 210 g°®
® o R 0 EI)
8 hours 8 hours 24 Hours
C )
MDA-MB-231 HeyA8 SKOV3.ip1
Periphery 1  Periphery 2 Center Periphery 1  Periphery 2 Center Periphery 1  Periphery 2 Center
80 120 - 70
70 » 60
2 o 2 100 3 * = p<0.01
3 3 804 3 " =p=0.01
£ 50 $ 8 40 % = p<0.001
> >
£ 40 £ 60 A £
5 % 5 "é 30 * @ Control
8 T g 404 T S 20 2 ENTmR
€ 20 [S g
2 10 2 204 Z 10 O miR-124
0 0- L 0
Figure 3. (Continued).

Oncogene (2016) 691-701

© 2016 Macmillan Publishers Limited



miRNA activation of p27 as therapeutic to target myc
EG Seviour et al

d
Control NT miR miR-124 Control NT miR miR-124
MDA-MB-231
HeyA8
. Red - phalloidin
SKOV3.ip1 ®
Blue - DAPI
e MDA-MB-231 HeyA8  SKOV3.p1l OVCAR-3 MIAPaCa2 L3.6pl Panc-1 BxPC-3 us7
r N f A ) f N N r N N 7 N7 N N
CNM CNM CNM CNM CNM CNM CNM CNM CNM
; —
o [
BR
f 15 MDA-MB-231 HeyA8
€
£ £ s
5 . 5 5
o)
8 os . 8 8
0
Q\ \Q\Q N C;}\k‘ ‘@6
\'b& 2 s & &
SO SR N
i ) ** = p<0.01
O Control B NTmiR 0O miR-124 ‘ 0% = 5<0.001
% = p<0.0001
g )
MDA-MB-231 HeyA8 SKOV3.ip1
10 8 T 15 e Cortrol
A miR-124
S 8 o 6 } s v FLAG-p27
& s } c £ q0 * TGB1 SiRNA
G o) | & 4 5 .| eBoh
T 4 T o rrar S Zp<oni
3 3 2 S 5 **+ = p<0.0001
w2 ow 4o }
0 i . r . 0 v T . . 0L : : :
1 3 5 7 24 48 72 % 1 3 5 7
Days post transfection Hours post transfection Days post transfection

Figure 3. miR-124 functions as a tumor suppressor. (@) miR-124 reduces cellular proliferation. Proliferation of MDA-MB-231, HeyA8 and SKOV3.
ip1 cells was analyzed at the indicated time points after transfection by staining with crystal violet and measurement of absorbance at
570 nm. Data are normalized to 24 h to indicate fold change in the cell number, and the statistical significance was determined by two-way
analysis of variance. All cells were plated in triplicate. (b) miR-124 reduces wound healing. Cells were transfected with the indicated miRNAs
and grown to form a monolayer. The monolayer was wounded with a pipette tip, and the cells were allowed to invade the wound over 8 h (for
MDA-MB-231 and HeyAS8) or 24 h (for SKOV3.ip1). Image analysis was carried out using the Cell Profiler image analysis software, and invasion
was calculated as the increase in coverage of the central 50% of the image relative to the 0-h time point for each condition. (c) miR-124
expression reduces invasion. MDA-MB-231, HeyA8 and SKOV3.ip1 cells were transfected with the indicated miRNAs for 48 h before plating
into Matrigel-coated invasion chambers. Invaded cells were counted using the Cell Profiler image analysis software, and statistical significance
was determined using the Student’s t-test. (d) miR-124 alters cellular morphology. MDA-MB-231(upper panels), HeyA8 (middle panels) and
SKOV3.ip1 cells expressing miR-124 were imaged either using phase contrast or after staining with TRITC-phalloidin (red) and 4,6-diamidino-2-
phenylindole (DAPI; blue). Expression of miR-124 induces rounding of the cells, with rearrangement of the actin cytoskeleton at the cell
periphery. (e) miR-124 reduces the expression of integrin 1 in a panel of cell lines from varying tumor types, as in Figure 2a. (f) miR-124
reduces cellular adhesion. MDA-MB-231, HeyA8 and SKOV3.ip1 cells were transfected with miR-124, non-targeting miRNAs or treated with
vehicle. After 48 h, cells were allowed to adhere to the indicated plates, and adhesion was quantified by staining with crystal violet and
measuring absorbance at 570 nm. miR-124 reduces adhesion on all the substrates tested. (g) miR-124 requires p27 and integrin p1 for its
effects on proliferation. Proliferation of MDA-MB-231, HeyA8 and SKOV3.ip1 cells was analyzed as in panel (a) following transfection with
either miR-124 (red), integrin p1 siRNA (green), FLAG-p27 (orange) or the combination of integrin p1 siRNA and FLAG-p27 (purple).
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Figure 4.  miR-124 functions in combination with chemotherapy. (@) miR-124 sensitizes cells to etoposide treatment. HeyA8 cells were transfected
with the indicated miRNAs for 24 h before treatment with varying concentrations of etoposide for 72 h. Cell survival was determined by crystal
violet staining and measurement of absorbance at 570 nm. Data are normalized to DMSO-treated cells. (b) MDA-MB-231 (solid bars) HeyA8
(horizontal stripes) and SKOV3.ip1 (vertical stripes) cells were transfected with the indicated miRNAs for 24 h before treatment with the relevant
ICs (red bars) or DMSO (blue bars) for 72 h. Data are normalized to DMSO treatment for each transfection and are representative of 3 independent
experiments. (c) miR-124 reduces breast tumor growth in vivo and sensitizes tumor cells to etoposide. Mice were injected with MDA-MB-231 cells
followed by twice weekly injection with the indicated miRNAs and once weekly injection with etoposide. Results show that either miR-124 or
etoposide alone are effective in reducing tumor burden, with an additive effect of miR-124 with etoposide treatment. Statistical significance was
determined using Student’s t-test. (d) miR-124 reduces ovarian tumor growth in vivo and sensitizes tumor cells to etoposide. Mice were injected
with SKOV3.ip1 cells followed by twice weekly injection with the indicated miRNAs and once weekly injection with etoposide, as detailed in panel
(). (€) miR-124 alters protein levels in vivo. Immunohistochemical staining of SKOV3.ip1 tumor sections shows that miR-124 reduces integrin {1
levels and increases p27 levels in vivo, while etoposide has no effect on protein levels. (f) miR-124 as a master regulator of tumor progression.
miR-124 functions as a tumor suppressor by regulating both the cell cycle through induction of p27 and the response to etoposide through the
downregulation of integrin f1.

reducing myc and phospho-Rb and inhibiting integrin 31 presents
an exciting opportunity for the potential therapeutic use of
miR-124 in combination with chemotherapy in late-stage breast
and ovarian cancer patients.

data were obtained from cBioPortal (http://www.cbioportal.org/public-
portal/).

Protein signature
Patient samples were grouped by myc, phospho-Rb and p27 protein levels.

MATERIALS AND METHODS
TCGA data

TCGA patient level-3 data and clinical data were downloaded from the
TCGA data portal (https://tcga-data.nci.nih.gov/tcga/); GISTIC copy number

Oncogene (2016) 691-701

To assign samples to groups, the samples were scored if the protein levels
were above or below a given quantile cutoff. Different quantile cutoffs
were tried. Samples with myc and phospho-Rb protein expression above a
given cutoff were given a score of 1 for each. Samples with p27 protein
expression below a given cutoff were given a score of 1. All scores were
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summed to give an aggregate score for each patient based on the
expression levels of these three proteins. Patients were assigned to the
protein signature group if they had a score of 2 or 3 and were excluded if
their score was 1 or 0. Random quantile cutoffs were sampled from 0.3 to
0.7, and Kaplan-Meier analysis and log-rank test was run for 500 random
cutoffs and the cutoffs with the lowest associated P-value were selected.

miRNA library screen by RPPA

The miRNA library containing 879 miRNA mimics was designed and
synthesized by Dharmacon (Lafayette, CO, USA). MDA-MB-231 cells were
seeded (3750 cells/well) and transfected with 50 nm miRNA. After 48 h, cells
were lysed, and RPPA was carried out as previously described.*® Further
details of RPPA technology and data are available from TCGA—RPPA
(http://cancergenome.nih.gov/).*’~>’

Cell titer blue assay

Changes in the cell number were determined 48 h after transfection using
the cell titer blue assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions.

Data pretreatment

The data was normalized for plate variation.? For screen 1, the expression
levels of proteins were normalized with respect to the mean of the
expression levels of the controls (mock and non-targeting). This gives the
fold change data FP;; for observation i and protein j for j=1,...,n where n is
the number of proteins. The discrete data can then be computed as
follows: For antibody j, compute the fold change s.d. FSTD; for the fold
change data of the 44 controls. If |FP;;—1|>233xFSTD; then the
expression level is 2% significantly low/high.

The data can be converted into discrete form by setting Discrete Protein
expression:

DP,=—1, if |FP;j— 1 | <233 xFSTD;

DP;;=0, if [FP;;—1|> —2.33 X FSTD; and |FP;;— 1| < 2.33 xFSTD;; and

DP,=1, if |FP;j— 1| >2.33 xFSTD,.

For the second screen, the fold change of protein expression levels can
be determined as above, but due to the lower number of controls, the s.d.
of the controls from the first screen was used to transform the continuous
fold change data into discrete data as above.

Cell culture

MDA-MB-231, HeyA8 and SKOV3.ip1 cells were maintained in RPMI with
5% (v/v) fetal bovine serum; SKBr3, OVCAR-3, BxPC-3 and L3.6pl cells were
maintained in RPMI with 10% (v/v) fetal bovine serum; and MIA PaCa 2,
Panc1, U87, SNB19 and LN229 cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% (v/v) fetal bovine serum. All media was
also supplemented with 100 IU/ml penicillin, 100 ug/ml streptomycin and
0.25 ug/ml amphotericin B, and all cells were maintained at 37 °C with 5%
CO,, Transfections were carried out at approximately 70% confluency using
20nm miRNA mimics (Dharmacon) and the appropriate DharmaFECT
reagent (Dharmacon), according to the manufacturer’s instructions.

miRNA expression analysis

Total RNA was extracted and enriched for small RNA species from the
indicated cell lines using the miRVana miRNA Isolation Kit (Life
Technologies, Grand Island, NY, USA). miRNA expression was analyzed
using the nCounter miRNA Expression Analysis Kit (Nanostring, Seattle, WA,
USA), according to the manufacturer’s instructions.

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) and western blotting

Cells were transfected as described above and incubated for 48 h. Proteins
were extracted in the appropriate volume of lysis buffer, and 30 pug protein
was denatured in 0.2 volumes 5 x SDS-PAGE loading buffer before loading
onto appropriate percentage of SDS-PAGE gels. Proteins were transferred
to polyvinylidene difluoride membrane and blocked for 20 min with 3%
(w/v) bovine serum albumin in phosphate-buffered saline-Tween (PBS-T) at
room temperature. Primary antibody incubations were carried out for 1h
at room temperature in 3% bovine serum albumin in PBS-T at the
manufacturer's recommended dilution, following which membranes were
washed three times for 5min each in PBS-T. Horseradish peroxidase-
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conjugated secondary antibodies (Thermo Scientific, Waltham, MA, USA)
were diluted 1:10 000 in 5% milk in PBS-T and incubated with membranes
for 1 h at room temperature, followed by three washes for 5 min each in
PBS-T. Proteins were visualized using Immobilon western chemilumines-
cent horseradish peroxidase substrate (Millipore, Billerica, MA, USA).

Cycloheximide chase

Cells were transfected as indicated for 24 h. Control (0-h time point) cells
were lysed and prepared for western blotting as described above. The
media was removed from the remaining cells and replaced with media
containing either 50 ug/ml cycloheximide or 0.1% (v/v) dimethyl sulfoxide
(DMSO). Cells were incubated at 37 °C and lysed at the indicated time
points for analysis by western blotting.

Luciferase activity

Cells were plated into 96-well plates (5000 cells/well) and transfected with
miRNAs as indicated in combination with a plasmid encoding either the
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) promoter or the p27
promoter upstream of the luciferase gene (Switchgear Genomics, Carlsbad,
CA, USA). Twelve hours after transfection, cells were lysed, and luciferase
activity determined using the Lightswitch Assay Kit (Switchgear Genomics).
Activity at the p27 promoter was determined by normalizing the luciferase
signal to that from the GAPDH promoter for each condition. Where
indicated, the following mutations were introduced into the miR-124-
binding site in the p27 promoter ATTCCGTCGC.

Cell cycle analysis

Cells were plated into 10-cm plates and transfected as described above.
Where indicated, cells were also transfected with 50 nm control siRNA or
50 nm siRNA targeting p27 (Dharmacon). After 48 h, cells were washed,
counted and resuspended in PBS (1 x 10° to 107 cells in 0.5 ml). Cells were
added to 4.5 ml of 70% ethanol in PBS in 12 x 75 mm? centrifuge tubes for
fixation and kept at — 20 °C for at least 2 h. The cells were washed in 2 ml
PBS and incubated at 37 °C for 15 min with 1 ml propidium iodide (0.1%(v/
v) Triton X-100 in PBS, 0.2 mg/ml RNase A, 0.02 mg/ml propidium iodide).
Cell cycle phase was determined by flow cytometry and analyzed with the
DNA content histogram deconvolution software Cell Quest Pro (BD
Biosciences, San Diego, CA, USA) by MD Anderson Flow Cytometry core.

Determination of cellular proliferation

Cells were transfected for 6 h, following which the cells were plated at
1500 cells/well in triplicate in 96-well plates. At the indicated time points,
the media was removed, and adherent cells were stained with 50 pl crystal
violet solution (0.5% crystal violet (w/v), 20% methanol (v/v)). After rinising
to remove the excess stain, the wells were dried, and the crystals were
redissolved with 100 pl 20% acetic acid (v/v). Cell density was determined
by measuring the absorbance at 570 nm using a Vmax kinetic microplate
reader (Molecular Devices, Sunnyvale, CA, USA). Statistical significance was
determined by using two-way analysis of variance.

Wound healing

Cells were transfected in six-well plates and grown for 48 h to form a
monolayer. The monolayer was wounded by scratching with a pipette tip,
and the movement of cells into the wound was monitored by phase-
contrast microscopy. Image analysis was carried out using Cell Profiler
image analysis software (Broad Institute, Cambridge, MA, USA), and
invasion was calculated as the increase in coverage of the central 50% of
the image relative to the 0-h time point for each condition.

Invasion

Cells were transfected as indicated for 48 h as described above. Matrigel-
coated invasion chambers (BD Biosciences) were used according to the
manufacturer’s instructions with media containing 5% (v/v) fetal bovine
serum as a chemoattractant. After 24 h, the non-invaded cells were
removed, and the invaded cells were fixed and stained using the Diff-Quick
Stain Kit (IMEB Inc, San Marcos, CA, USA). Inserts were air dried and
mounted onto microscopic slides using fluorescence mounting medium
(Dako, Carpinteria, CA, USA). Cells were counted using Cell Profiler image
analysis software.
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Phalloidin staining

Cells were plated onto glass coverslips and transfected as described above.
After 48h, cells were rinsed in PBS and fixed in 4% methanol-free
paraformaldehyde in PBS for 10 min at room temperature, followed by two
more washes with PBS. Cells were permeabilized by incubation in 0.1%
(v/v) Triton X-100 in PBS for 5 min at room temperature and washed twice in
PBS. Cells were incubated in 1% (w/v) bovine serum albumin in 0.1% Triton
X-100 in PBS for 20 min at room temperature followed by incubation with
alexa 594-conjugated phalloidin (one unit per coverslip) diluted in blocking
solution for 20 min at room temperature in the dark. After washing twice in
PBS, coverslips were mounted onto microscopic slides using Vectashield
mounting medium containing 4,6-diamidino-2-phenylindole.

Cellular adhesion

Cells were plated into 10-cm plates and transfected as described above.
After 48 h, cells were resuspended at 1x10° cells/ml in non-enzymatic
dissociation buffer supplemented with 1 mm each CaCl,, MgCl, and MnCl,.
Strips (1x8) of 96-well plates precoated with the indicated extracellular
matrix protein were rehydrated with 100yl PBS for 15min at room
temperature, following which 100 pl of the relevant cell suspension was
plated into the wells in triplicate. Cells were allowed to adhere for 3 h at
37 °C, after which the wells were aspirated to remove non-adherent cells.
Cells were stained with crystal violet solution as previously described.
Statistical significance was determined using the Student’s t-test.

Etoposide treatment

Cells were transfected and plated as described for proliferation assays.
Twenty-four hours after transfection, medium was replaced with complete
medium containing etoposide in DMSO or DMSO only. After 72 h, the
medium was removed, and cell survival was determined by crystal violet
staining as described above.

Apoptosis detection

Cells were plated and transfected as described above. Twenty-four hours
after transfection, medium was replaced with complete medium contain-
ing 100 nm etoposide (for HeyA8) or 10 um (for MDA-MB-231 and SKOV3.
ip1) in DMSO or DMSO only. After 72 h, apoptosis was assessed by the
Apo-BrdU Apoptosis Detection Kit (BD Biosciences), according to the
manufacturer’s instructions.

In vivo

Mice were injected with MDA-MB-231 or SKOV3.ip1 cells (8x 10° cells/
mouse) and randomly separated into the indicated groups (non-targeting
miRNAs, miR-124, non-targeting miRNA+etoposide and miR-124+etopo-
side). Mice were injected with miRNA (200 pg/kg) twice weekly, starting on
day 4 after initial injection and injected with etoposide (20 mg/kg) once
weekly where indicated, starting on day 9 after initial injection. Mice were
killed 52 days after initial injection. Histology and immunology staining
was carried out by MD Anderson Histology Core.
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