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Abstract

microRNAs (miRNA) are regulators of cellular pathways and alterations of normal miRNA
expression levels have been shown to increase tumorigenesis. miR-24 has been demonstrated as
having both tumor suppressive and oncogenic properties depending on cell context. Here we
demonstrate a possible role for pre-miR-24-2 as a tumor suppressor in the MCF-7 breast cancer
cell line through the preferential processing of mature miR-24-2* over miR-24. Specifically, we
show that the ectopic expression of miR-24-2* in MCF-7 breast cancer cells results in a
suppression of cellular survival both in vivo and in vitro. Notably, the overexpression of
miR-24-2* results in a dampening of cell survival through the targeted suppression of PKCa.
Additionally, a similar biological change is observed in vivo where MCF-7 cells overexpressing
pre-miR-24-2 have decreased tumorigenicity and tumor incidence. Taken together our data
demonstrate that when overexpressed biogenesis of the pre-miR-24-2 favors miR-24-2* in the
MCF-7 breast cancer cell line and suggests a tumor suppressive role for miR-24-2* observed
through the inhibition of PKCa-mediated cellular survival.
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Introduction

microRNAs (miRNAs) are important regulators of all facets of cellular function, regulating
gene expression through translational inhibition by binding to the 3’untranslated region
(UTR) of target mRNA. Interestingly, miRNAs are dysregulated in many human cancers
and are emerging as administrators of cellular transformation and cancer progression. Due to
the role of miRNAs in cancer development and progression, many miRNAS are being
classified by their oncogenic or tumor suppressor activity [1-4].

miR-24 governs cellular development and proliferation, acting as a tumor suppressor or
oncogene in a cell type-specific manner [5]. In myeloid cells miR-24 was shown to be an
oncogene, acting to increase cellular proliferation through the repression of a MAPK
phosphatase, mitogen-activated protein kinase phosphatase 7 (MKP-7), a negative regulator
of MAPK signaling [6]. miR-24 has also been implicated as an oncogene in prostate cancer
cells where it was shown that miR-24 inhibits apoptosis through inhibition of Fas associated
protein 1 (FAF1) expression, a regulator of programmed cell death [7]. In 2009, Walker et al
revealed that miR-24 represses apoptosis in the neural retina through negative regulation of
caspase-9 and apoptotic peptidase activating factor 1 (APAF-1), further demonstrating a role
for miR-24 as an oncogene [8]. In contrast, miR-24 has been described as a tumor
suppressor in colon cancer cell lines by targeting and repressing dihydrofolate reductase
(DHFR), a protein associated with enhanced proliferation [9]. Additionally, multiple studies
have demonstrated that miR-24 regulates the cell cycle both positively and negatively [5,
10]. Many studies have reported miRNA profiles correlating microRNA expression levels to
breast cancer tumor grade and receptor status [11]. Breast cancer profiling demonstrated that
miR-24 is negatively regulated by estrogen and is expressed at lower levels in primary
breast samples versus metastatic solid tumors [12, 13]. The passenger strand in the pre-
miR-24-2 stem loop, miR-24-2*, is increased in MCF-7 breast cancer cells when compared
to non-malignant mammary epithelia [14]. This suggests that opposing oncogenic and tumor
suppressive roles may be performed by the pre-miR-24-2 hairpin loop in breast carcinomas.

Protein Kinase C alpha (PKCa) is a conventional PKC isoform which phosphorylates
serine/threonine residues activating pathways involved in normal and neoplastic cellular
functions such as apoptosis, proliferation, and differentiation [15]. Once activated, PKCa
functions through activation of downstream signaling such as the mitogen-activated protein
kinase (MAPK) cascade [16]. PKCa has been demonstrated to directly phosphorylate Raf-1,
an upstream activator of the MAPK pathway, which ultimately results in increased
phosphorylation of the extracellular signal regulated kinases 1 and 2 (ERK1/2). Through
direct activation of the Raf-MEK1/2-Erk1/2 pathway, PKCa is able to induce survival genes
which aid in the transformation and progression of neoplasms [17, 18]. Increased expression
of PKCa in breast cancers is commonly associated with a more malignant phenotype [19].
In addition to effects on survival and proliferation, PKCa has been demonstrated to promote
the metastatic capacity and aggressiveness of neoplasms through the Erk pathway [20-22].

In this study we demonstrate that stable overexpression of pre-miR-24-2 in the MCF-7
human breast cancer cell line promotes tumor suppressive signaling and biological changes.
Specifically, we demonstrate that the overexpression of pre-miR-24-2 leads to increased
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levels of miR-24-2* and the decreased expression of its mMRNA target, PKCa. Additionally,
overexpression of pre-miR-24-2 is correlated with decreased PMA-mediated cellular
survival in vitro. Finally, we show that pre-miR-24-2 alters tumor cell survival in vivo
evident through both decreased tumor incidence and tumorigenicity. Taken together, our
data demonstrate the possible role for miR-24-2* as a tumor suppressor in the ER-positive
MCF-7 breast cancer cell line.

Materials and Methods

Cells and reagents

Animals

MCF-7 human breast cancer cell line was acquired from American Type Culture Collection
(Manassas, VA). The MCF-7 and MCF-7-TN cell lines were cultured as previously
described [23]. MCF-7-TN-R cells were generated by exposing MCF-7 cells to increasing
concentration of TNFa until resistance was established [24]. Cells were maintained in
Dulbecco's modified Eagle's medium (DMEM; pH 7.4; Invitrogen Corp., Carlsbad, CA)
supplemented with 10% fetal bovine serum (Hyclone, Salt Lake City, UT), 1% non-essential
amino acids, minimal essential amino acids, sodium pyruvate, penicillin/ streptomycin, and
insulin under mycoplasma-free conditions at 37°C in humidified 5% CO, and 95% as
previously described [25].

SCID/beige immuno-compromised female ovariectomized mice (4-6 weeks old) were
obtained from Charles River Laboratories (Wilmington, MA). The animals were allowed a
period of adaptation in a sterile and pathogen-free environment with food and water ad
libitum. Mice were divided into 2 treatment groups of five mice each: MCF-7-vector and
MCF-7- miR-24-2. Cells were harvested in the exponential growth phase using a PBS/
EDTA solution and washed. Viable cells (5 x 106) in 50 ul of sterile PBS suspension were
mixed with 100 pl Reduced Growth Factor Matrigel (BD Biosciences, Bedford, MA).
Bilateral injections were administered into the mammary fat pad using 27 % gauge sterile
syringes. All procedures in animals were carried out under anesthesia using a mix of
isofluorane and oxygen. Tumor size was measured every 2-3 days using digital calipers. The
volume of the tumor was calculated using the formula: 4/3m LS? (L= larger radius; S =
shorter radius). At necroscopy, animals were euthanized by cervical dislocation after
exposure to CO,. Tumors were removed and frozen in liquid nitrogen or fixed in 10%
formalin for further analysis. All procedures involving these animals were conducted in
compliance with State and Federal laws, standards of the U.S. Department of Health and
Human Services, and guidelines established by Tulane University Animal Care and Use
Committee. The facilities and laboratory animals program of Tulane University are
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care.

RNA Extraction and Quantitative Real Time RT-PCR

MCF-7-vector and MCF-7-miR-24-2 cells were grown in 10% DMEM media and treated
with 20ng/ml PMA or DMSO for 24 hours. Cells were harvested and total RNA extraction
was performed using Qiagen RNeasy RNA purification system (Valencia, CA) according to
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the manufacturer's protocol. microRNA was extracted using Qiagen miRNeasy purification
system (Valencia, CA) according to the manufacturer's protocol. The quantity and quality of
the RNA and miRNA were determined by measuring the absorbance at 260 and 280 nm
using the NanoDrop ND-1000 (NanoDrop, Wilmington, DE). 2ug of total RNA was reverse-
transcribed using the BioRad iScript kit and qPCR was performed using BioRad SYBR
green (BioRad, Hercules, CA). Actin, MMP-1, E2F2, PKCa, and E-cadherin genes were
amplified, n = 3 independent biological repeats. For microRNA expression, total RNA was
extracted using Qiagen miRNeasy purification system (Qiagen, Valencia, CA) according to
the manufacturer's protocol. For miRNA, 1.5 ug of total RNA was reverse—transcribed using
the RT2 transcription kit (SA Bioscience, Frederick, MD) and qPCR was performed using
SYBR green (SA Biosciene, Frederick, MD), pre-miR-24, (Qiagen, Valencia, CA),
miR-24-2* (SA Bioscience, Frederick, MD), miR-24 (SABiosciences, Frederick, MD), and
U6 (SABiosciences, Frederick, MD) primers. Data was analyzed by comparing relative
target gene expression to p-actin control for mMRNA and U6 for miRNA and raw U6 CT
values are displayed as Supplemental Figure S1. Relative gene expression was analyzed
using 2-AACt method [26].

Cell Viability Assay

Viability assays were performed as previously described [27, 28]. Briefly, cells were plated
at a density of 7.5 x 10° cells per well in a 96-well plate and allowed to attach overnight.
Cells were then treated with DMSO, TNF-a (1ng/mL) (PeproTech, Inc; Rocky Hill, NJ)
PMA (20ng/mL) (Sigma Aldrich; St. Louis, MO), TNF-a. + PMA for 24 h. Following
treatment, 20 pL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5
mg/ml; Fisher Scientific) reagent was incubated in each well for 4 h. Cells were lysed with
20% SDS in 50% dimethylformamide. Absorbances were read on an ELx808 Microtek plate
reader (Bio-Tek Instruments, Winooski, VT) at 550 nm, with a reference wavelength of 630
nm.

Transfection of MCF-7 Cell Line

The protocol for the generation of stable cells lines was modified from previously published
transfection methods from our lab [29]. 1 x 108 MCF-7 cells were plated in 10cm? plates
and allowed to adhere at 37°C. After 24 hours, plates were transfected with 5ug of pMSCV-
puro-pre-miR-24-2-GFP or pMSCV-puro-vector-GFP plasmid in 100ul Opti-MEM.
Transfection was accomplished using 15 ul Lipofectamine (3:1 ratio of Lipofectamine to
DNA) per manufacturer's instructions (Invitrogen Corp, Carslbad CA). Media was changed
the following day and cells were grown in 10% DMEM supplemented as described above.
Three days post transfection cells were treated withlug/ul puromycin every two days for 2
weeks selecting for only cells resistant to puromycin and expressing GFP. Once stable cells
were obtained, cells were then pooled and maintained in 10% DMEM as described above.
Pools were assessed for stable expression of pre-miR-24-2, miR-24, and miR-24-2* by qRT-
PCR. Transient transfections of miR-24 mimic, miR-24-2* mimic or vector were carried out
as follows. Parental MCF-7 cells were plated at 1 x 106 cells per dish in a 10cm? dish in 5%
phenol free DMEM, cells were allowed to adhere at 37°C. After 24 hours plates were
transfected with 5ug of miR-24 mimic, miR-24-2* mimic, or vector (Thermo Scientific).
Transfection was accomplished using Lipofectamine as per manufacturers protocol
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(Invitrogen Corp, Carslbad Ca). After 24 hours cells were collected for total RNA extraction
and gPCR was performed for PKCa mRNA levels.

Western Blot Analysis

MCF-7 cells were grown in DMEM supplemented with 10% FBS as described above. Cells
were washed with PBS and lysed with M-Per lysis buffer supplemented with 1% protease
inhibitor and 1% phosphatase inhibitors | and Il (Invitrogen Corp, Carlsbad CA).
Supernatant containing whole protein extracts was obtained through centrifugation at 12,000
RPM for ten minutes at 4 °C. Amount of protein extracted per sample was determined by
measuring the absorbance at 260 and 280 nm using the NanoDrop ND-1000. Proteins were
heat denatured and 40ug of protein were loaded per lane on Bis-Tris-nuPAGE gel
(Invitrogen Corp, Carlsbad CA). Protein was transferred to nitrocellulose using iBlot and
iBlot transfer stacks per manufacturer's protocol (Invitrogen Corp, Carlsbad CA). To block
nonspecific binding, nitrocellulose membrane was incubated in 3% milk in 1% TBS-T for 1
hour. Overnight incubation of membrane with primary antibody for PKCa (1:1,000; Cell
Signaling Technology, Davers MA) at 4 °C was followed by three fifteen minute washes in
1% TBS-T. Next membrane was incubated for 1 hour in secondary antibody (1:10,000;
Licor Biotechnology, Lincon NE) followed by three ten minute washes in 1% TBS-T.
Protein band density was determined using a Licor gel imager (Licor Biotechnology,
Lincon, NE).

PKC-alpha 3’UTR-Luciferase Assay

Cells were plated in 24-well plates at a density of 5 x 10° cells/well and allowed to attach
overnight. After 18 hours, cells were transfected for 24 hours in serum-free DMEM with
300ng of PKC-alpha 3’ UTR-luciferase plasmid, and 20ng of miR-24 mimic, miR-24-2*
mimic, or vector (Thermo Scientific) by using 6 : | of Effectene transfection reagent
(QIAGEN, Valencia, CA ) per microgram of DNA. Cells were incubated at 37 °C. After 24
hours, the medium was removed, and 100ul of lysis buffer was added per well and incubated
for 15 min at room temperature. Luciferase activity for the cell extracts was determined
using luciferase substrate (Promega, Madison, WI) in an Auto Lumat Plus luminometer
(Berthold, Oak Ridge, TN). 3"UTR PKCa plasmid was generated through amplification of
the PKCa 3"UTR using primers: forward PRKCA 4929
(GACTACGCGTTGTGTGCACATCACACCATT) and reverse PRKCA 5589
(GACTAAGCTTAACATTCCCTGGATCTGCTG). Primer number represents the segment
of DNA sequence obtained from Ensembl. Primers were designed with Primer3. JY
genomic DNA was used to amplify PKCa 3"UTR segments and PCR product was ligated
into the vector pMIR-REP-dCMV plasmid with Mlul and HindlIl1.

Statistical Analysis

Statistical Analyses were performed using Graph Pad Prism 5. Student's t-test was used to
determine p values with statistically significant values of p <0.05.
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Results

Increased expression of pre-miR-24-2 in MCF-7 breast cancer cells leads to decreased
expression of PKCa

As products of the pre-miR-24-2 hair pin loop have been demonstrated as having differences
in expression levels among breast cancer samples or cell lines, where miR-24 expression
was shown to be lower in more metastatic solid tumors compared to non-metastatic and
miR-24-2* is increased in MCF-7 breast cancer cell line versus non malignant mammary
epithelia [13, 14], we set out to determine if miR-24 had an oncogenic or tumor suppressive
function in a classical breast carcinoma cell line. We chose to overexpress the pre-miR-24-2
miRNA in the ER-positive MCF-7 cell line to determine the effects of miR-24 on breast
cancer progression. MCF-7 cells were transduced using 5ug of either a pMSCV-puro-
vector-GFP plasmid or a pMSCV-puro-pre-miR-24-2-GFP plasmid (Supplemental Figure
S2). Both plasmids contained sequences encoding antibiotic resistance to puromycin and a
GFP tag. Following transduction, stable MCF-7-vector and —pre-miR-24-2 pools were
selected using puromycin. Once established no distinct change in cellular morphology was
observed between the two cell lines (data not show).

TargetScan is a program developed to predict mRNA targets for miRNAs based on
complementary matches in seed sequences. Based on these predictions, miR-24 is predicted
to target many genes involved in cancer progression through cell cycle regulation and
cellular proliferation. Potential TargetScan targets PKCa, PKCn), and E-cadherin, along
with the previously defined miR-24 target E2F2 [30], were chosen for validation in our cell
line due to their roles in cell cycle progression, epithelial-to-mesenchymal transition (EMT),
and proliferation [30]. Validation of changes in target MRNA expression was determined by
gPCR in MCF-7-pre-miR-24-2 cells compared to MCF-7-vector cells. The MCF-7-pre-
miR-24-2 cell line demonstrated significantly decreased mRNA levels of PKCa (Figure
1A), E-cadherin, and E2F2 compared to vector cells (Supplemental Figure S3). There was
no significant change in mMRNA levels for PKCn (data not shown). Of the three targets
downregulated by miR-24, PKCa was chosen for further study based on the significant role
PKCa plays in tumor progression via enhanced proliferation and cellular survival. MCF-7-
vector and MCF-7-pre-miR-24-2 cell lines were collected and total protein extracted for
western blot analysis for PKCa.. The MCF-7-pre-miR-24-2 cell line revealed a decrease in
total PKCa protein levels compared to vector cells (Figure 1B), confirming that the
observed decrease in PKCa mRNA levels translates to decreased protein levels.

Loss of PKCa. in MCF-7 cells overexpressing pre-miR-24-2 decreases downstream PKCa
mediated gene expression

To determine if decreased expression of PKCa altered the MCF-7 phenotype, MCF-7-pre-
miR-24-2 and -vector cells were treated with phorbol 12-myristate 13-acetate (PMA)
followed by gPCR. PMA, a phorbol ester, directly activates PKCa in MCF-7 cells
mediating increased MAPK signaling and resulting in increased cell survival signals [1, 31].
PMA-induced PKCa activation is evident by increased expression of matrix
metalloproteinase-1 (MMP-1) [32]. Following treatment with PMA, both MCF-7-vector and
—pre-miR-24-2 cells demonstrated a significant fold increase in MMP-1 expression
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compared to vehicle treated vector cells (Figure 1C). While there was an observed
significant increase in MMP-1 in both the MCF-7-vector and-pre-miR-24-2 cell lines
following PMA treatment, the MCF-7-vector cell line demonstrated a significantly higher
induction compared to —pre-miR-24-2 cells (p<0.01). The diminished effect of PMA on
MMP-1 expression in the MCF-7-pre-miR-24-2 cell line suggests miR-24 may be inhibiting
activation of the MAPK pathway through abrogation of PKCa expression.

Overexpression of pre-miR-24-2 in MCF-7 breast cancer cells decreases PMA-mediated

cell survival

Elevated levels of PKCa have been associated with increased cell survival and drug
resistance in breast carcinomas through the increased activation of ERK signaling.
Therefore, we performed MTT viability assays to determine the effects of pre-miR-24-2
overexpression on cell survival in the MCF-7 cell line. Previously, we have demonstrated
that treatment with TNFa induces apoptosis while PMA treatment protects from TNFa-
induced apoptosis [33, 34]. MCF-7-pre-miR-24-2 cells and -vector cells were treated with
PMA, TNFa, TNFa + PMA, or vehicle control for 24 hours. Each cell line was normalized
to its own respective DMSO control and, following treatment with TNFa,, both cell lines
showed a significant decrease in cell viability compared to respective vehicle treated control.
Interestingly, while MCF-7-vector cells demonstrated the expected cell survival advantage
following treatment with TNFa and PMA, this was not observed in MCF-7-pre-miR-24-2
cells. With average changes in viability of 84.99% +/- 8.9, there was no significant change
in MCF-7-vector cells treated with a combination of TNFa + PMA compared to vehicle
treated vector cells. However, MCF-7-pre-miR-24-2 cells treated with both TNFa + PMA
demonstrated a significant decrease in cell viability with only 60.30% +/- 8.5, p<0.01 of
cells being viable compared to vehicle treated MCF-7-pre-miR-24-2 cells (Figure 2A).
These results suggest a role for pre-miR-24-2 in the inhibition of PKCa.-mediated cell
survival.

Overexpression of pre-miR-24-2 decreases tumaorigenesis in vivo

To determine if the decreased cellular survival observed in MCF-7-pre-miR-24-2 cells in
vitro translated to a decrease in tumorigenicity in vivo, SCID/beige female ovariectomized
mice were inoculated bilaterally with either MCF-7-vector or MCF-7-pre-miR-24-2 cells in
the mammary fat pad. At necroscopy (day 52 post cell injection), MCF-7-pre-miR-24-2
tumors had an average final tumor volume of 62.53 +/- 3.74 mm3, significantly smaller than
the final tumor volume for —vector tumors of 90.61 +/- 9.12 mm3, p < 0.05 (Figure 2B).
Additionally, MCF-7-pre-miR-24-2 injected mice demonstrated a decrease in tumor
incidence, having only 60% tumor formation compared to 100% tumor formation displayed
by the MCF-7-vector injected animals (Figure 2C). Taken together these results demonstrate
over expression of pre-miR-24-2 decreases tumor cell survival, evident through both
decreased tumor growth and tumor formation.

Cleavage of pre-miR-24-2 results in increased levels on miR-24-2* but not miR-24

gPCR was performed for pre-miR-24-2 stem loop, miR-24, and miR-24-2* in the MCF-7-
vector and -pre-miR-24-2 cell lines. MCF-7-pre-miR-24-2 cells demonstrated significantly
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increased levels of both the pre-miR-24-2 stem loop and mature miR-24-2* compared to
vector cells (Figure 3A). Surprisingly, mature miR-24 expression was not significantly
increased in MCF-7-pre-miR-24-2 cells compared to vector cells. To determine if the
observed alteration in pre-miR-24-2 maturation was an artifact of plasmid construct or due
to alterations in miRNA biogenesis, we next sought to overexpress the pMSCV-pre-
miR-24-2 construct in the MCF-7-TN cell line, an apoptosis resistant MCF-7 variant. Once
stabile cell lines were established, gPCR for miR-24 and miR-24-2* revealed significantly
increased expression of both miRNAs (Figure 3B). This suggests a variation in the selection
of guide strand over passenger strand in stem loop processing exists in MCF-7 breast
carcinoma cells. Supplemental Figure S4 demonstrates the biogenesis of pre-miR-24-2 to
miR-24 and miR-24-2*.

Expression of extended PKCa isoform favors miR-24-2* binding and subsequent
repression of PKCa in the MCF-7 cell line

As passenger strand miRNASs are generally considered to be quickly degraded and have little
to no expression, we next sought to determine relative expression levels of pre-miR-24-2,
miR-24, and miR-24-2* in both the MCF-7 and MCF-7-TN cell lines. Following analysis it
was observed that miR-24-2* is expressed in both cell lines; however, its expression levels
are lower than that of miR-24 (Figure 3C). To further determine if miR-24-2* can be
expressed at levels high enough to elicit a phenotypic response, we used miRBase, an online
data base with published miRNA sequences for mature and star miRNAs [35]. Based on
deep sequencing analysis of previously published data, miR-24-2* is observed to have
expression levels that can be equivalent to the generally favored miR-24, and differences in
miRNA sequence may dictate alterations in expression levels (Table 1) [36-39]. Based on
this data we believe it is possible for miR-24-2* to be expressed at levels high enough to
elicit a phenotypic change. To investigate a possible mechanism through which miR-24-2*
may influence PKCa expression, we used an in house algorithm called “Seedfinder” to
identify all 7-mer and 8-mer miR-24-2* seeds throughout the human genome. The

resulting .bed file containing miR-24-2* target loci were loaded onto the University of
California Santa Cruz Genome Browser to visualize possible miR-24-2* seeds within the
PKCa locus [40]. As shown in Figure 4, a miR-24-2* 8-mer seed is present within a PKCa
isoform that contains an extended 3° UTR. Alignment data derived from previously
published MCF-7 RNA-seq data [41] shows that this extended isoform is dominant (Figure
4A) and that transcription termination in MCF-7 cells occurs downstream from the
miR-24-2* 8-mer seed sequence (Figure 4B). Similar studies with miR-155 have previously
demonstrated loss of miRNA target recognition through differential isoform expression [42,
43]. SeedFinder was also used to generate targets for miR-24 seed sites and analysis of both
miR-24 and miR-24-2* targets demonstrates miR-24-2* as having overall less targets than
miR-24, and few of these targets overlap between the two miRNAs (Supplemental Figure
S5). All miR-24 and miR-24-2* targets containing at least one 8-mer site or multiple 7-mer
sites are listed as Supplemental File 1. We next used Pathway Interaction Database (PID)
[42], a free online database, to derive network maps for genes predicted to be targeted by
either miR-24 or miR-24-2*. Of the top twenty pathways generated from predicted targets
for each miRNA, we saw some correlation between the two miRNAs where both miRNAs
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governed aspects of IL-6 signaling events in addition to RHOA activity (Supplemental
Table 1).

Since a pre-miR-24-2 hairpin was stably expressed in the MCF-7 breast cancer cell line, we
next sought to determine the individual effects of each mature miRNA strand on PKCa
expression. The parental MCF-7 cell line was transiently transfected with a mimic for either
miR-24, miR-24-2*, or vector. After 24 hours cells, were collected for total RNA isolation
and gPCR was performed for PKCa expression. The miR-24-2* mimic significantly
repressed PKCa mRNA levels while there was no observed effect seen following
transfection of the miR-24 mimic (Figure 5A). To determine if PKCa is a direct target of
miR-24-2*, a 3"UTR luciferase was performed following 24 hours of transient transfection
of miR-24 mimic, miR-24-2* mimic, or vector in the MCF-7 cell line. The miR-24-2*
mimic significantly repressed the 3'UTR of PKCa compared to vector (normalized to 100).
There was no significant change observed following transient transfection of the miR-24
mimic compared to vector control (Figure 5B).

Discussion

Identifying miRNAS acting as possible tumor suppressors or oncomirs allows for a deeper
understanding of the mechanisms that regulate signaling pathways which fuel cancer
progression. miR-24 has previously been described as a cell type specific oncogene and
tumor suppressor. Here, we have provided evidence for the first time suggesting that the
over-expression of the pre-miR-24-2 transcript acts to suppress cell survival in the MCF-7
breast cancer cell line both in vivo and in vitro consistent with a tumor suppressive activity.
In vitro we demonstrate that the passenger strand to the pre-miR-24-2 hair pin, miR-24-2*,
suppresses cellular survival through the negative regulation of PKCa expression.
Additionally, our observed decrease in cellular survival correlated with decreased
tumorigenicity and tumor incidence in vivo.

Surprisingly, we observed no change in the expression of mature miR-24 in MCF-7-pre-
miR-24-2 transfected cells. Recent reports by Srivastava et al demonstrated transient
transfection of the pre-miR-24-2 hairpin in MCF-7 cells resulted in the increase of miR-24
and suppression of the miR-24 target BCL2 [45]. Differences in observed miRNA
preference may be due to alterations in cellular processing mechanisms that may have
occurred following stable expression versus transient expression. Additionally, as precursor
structure can dictate alterations in the biogenesis of miRNAs, and Dicer has been
demonstrated to account for the majority of alterations in miRNA heterogeneity [46],
perhaps some differences exist between the transient pre-miR-24-2 structure used by
Srivastava et al and the one used in our experiments, as their structure was a pre-miR-24-2
mimic and our pre-miR-24-2 hairpin was derived from Drosha processing [46, 47].
Following cleavage by Dicer, the miR*, or passenger strand, is frequently degraded and the
guide strand is moved into the RISC complex for mRNA binding and gene expression
suppression. While mechanisms for preferential selection of the guide strand over the
passenger strand have previously been evaluated and are generally recognized as a result of
instability of the 5° ends following Dicer cleavage, a separate mechanism may exist to
account for the increased miR-24-2* over miR-24 expression observed in our cell system
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[48, 49]. Recent studies by Paris et al demonstrate that ER-p is capable of altering miRNA
biogenesis and increasing star strand miRNAs associated with the miR-24-1 cluster through
ERP association with the Drosha complex. Additional studies have shown that other
signaling molecules, such as ERa and Smad proteins, can alter the biogenesis of some
miRNAs [50, 51, 52]. Deep sequencing data of miRNA expression profiles obtained from
miRBase demonstrates that some star miRNAs, including miR-24-2*, can be expressed at
high levels that may be equivalent to their conventional guide strand counterparts [35]. It has
been speculated by Hu et al that these changes in miRNA expression patterns may arise
from small changes in the miRNA sequence at the 5" end [53].

Our previous work has demonstrated that the PKCa isoform is critical for MCF-7 cell
survival, implicating it as a key mediator in maintaining cell survival in breast cancer [34].
Through the overexpression of miR-24-2* in MCF-7 cells, we see a decrease of both the
RNA and protein levels of PKCa leading to a decrease in PMA-induced cell survival.
Previously, it has been shown that PMA increases expression of miR-24 [54]; taken together
with our data, this suggests the possibility of a negative feedback loop between pre-
miR-24-2 and PKCa. Targeting of PKCa. and its downstream effectors, such as MAPK
signaling proteins, has been an ongoing process in the development of novel cancer
therapeutics. The discovery of novel inhibitors of PKCa, such as miRNA, holds the
possibility for development of innovative treatment options in breast cancer therapy. Pre-
miR-24-2 maturation in the MCF-7 breast cancer cell line demonstrates preference of the
star strand over the guide strand. Here we demonstrate that a star miRNA, miR-24-2* is
capable of eliciting phenotypic changes in theMCF-7 cell line, through the direct inhibition
of the 3"UTR of PKCa. Overexpression of miR-24-2* functionally exhibits tumor
suppressive activity through the suppression of cellular survival.
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Figure 1. PremiR-24-2 decreases PK Ca and PK Ca-mediated gene expression in vitro
(A) MCF-7-vector and —pre-miR-24-2 cell lines were harvested for total RNA. gPCR was

performed for PKCa. Cycle number was normalized to beta-actin and vector control
designated as 1. (B) Cells were harvested for total protein extraction and western blot
analysis was performed for total PKCa expression. Loading control was alpha tubulin, n=1.
(C) gPCR was performed for MMP-1 following 24 hours of treatment with 20ng/ml PMA or
vehicle control. Cycle number was normalized to beta-actin and vector designated as 1,
results represent relative expression value. *** Significantly different from DMSO treated
vector, p < 0.001. Error bars represent SEM, n > 3 independent biological repeats.
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Figure 2. Pre-miR-24-2 decreases PK Ca-mediated cellular survival in vitro and in vivo
(A) MCF-7-vector and -miR-24-2 cells were grown in 5% DMEM for 48 hours prior to

treatment with TNF (1ng/mL), PMA (29ng/mL), or TNF + PMA for 24 hours. Cells were
then treated with MTT for 4 hours and lysed. Treatment groups were normalized as %
vehicle treated cell line. * Significantly different from vehicle treated vector, p < 0.05. **
Significantly different from vehicle treated vector, p < 0.001. Error bars represent SEM, n =
5 independent biological repeats. (B) 5 x 108 MCF-7-vector or -miR-24-2 cells were
injected into the mammary fat pad of SCID/beige female mice. Final tumor volume and
tumor formation was obtained at day 52. (A) Final tumor volume. n=10 for MCF-7-vector
cells and n=6 MCF-7-miR-24-2 cells. * Significantly different from vector, p < 0.05. Error
bars represent SEM. (C) Final tumor formation of n=10 injections for MCF-7-vector and-
miR-24-2 injected mice.
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Figure 3. MCF-7 breast cancer cells preferentially increase miR-24-2* expression

(A) MCF-7-vector and —pre-miR-24-2 cell lines (n=4) and (B) MCF-7-TN-vector and -pre-
miR-24-2 cell lines (n=3) were harvested for total RNA. gPCR was performed for pre-
miR-24-2, mature miR-24, and miR-24-2*. Cycle number was normalized to U6 RNA and
vector. Vector cells were designated as 1. * Significantly different from vector, p < 0.05.
Error bars represent SEM, of independent biological repeats. (C) qPCR was performed for
miR-24, miR-24-2*, and pre-miR-24-2* in MCF-7 and MCF-7-TN cell lines. Results
represent relative expression levels, n = 3 independent biological repeats.
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Figure4. MCF-7 Breast Cancer Cells Express Multiple PK Ca | soforms
(A) UCSC Genome Browser was used to determine PKCa isorofms for the MCF-7 breast

cancer cell line. Analysis miR-24-2* target sites along PKCa transcripts was determined
through an in house algorithm “Seedfinder”. (B) Depiction of miR-24-2* seed sequence
targeting of PKCa 3'UTR.
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Figure 5. miR-24-2* Directly Targetsthe 3’"UTR of PKCa
(A) MCF-7 cells were transiently transfected with 5ug of miR-24 mimic, miR-24-2* mimic

or vector. After 24 hours cells were collected for total RNA extraction and qPCR was
performed for PKCa expression. Normalization was to actin and vector cells designated as
1. (B) PKCa 3’UTR luciferase was performed in MCF-7 cells transiently transfected with
miR-24 mimic, miR-24-2* mimic, or vector. MCF-7 cells were transfected with 300ng of
PKCa 3"UTR luciferase reporter plasmid and 20ng of either miR-24 mimic, miR-24-2*
mimic, or vector for 24 hours prior to cell lysis. Cells were then read on a luminometer. *
Significantly different from vector, p < 0.05. Error bars represent SEM, n= 3 of independent
biological repeats.
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