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Abstract

Lung cancer is the most frequent cause of cancer-related death in this country for men and women.
MicroRNAs (miRNAs) are a family of small non-coding RNAs (approximately 21-25 nt long)
capable of targeting genes for either degradation of MRNA or inhibition of translation. We identified
aberrant expression of 41 miRNAs in lung tumor versus uninvolved tissue. MiR-133B had the lowest
expression of mMiRNA in lung tumor tissue (28 fold reduction) compared to adjacent uninvolved
tissue. We identified two members of the BCL-2 family of pro-survival molecules (MCL-1 and
BCL2L2 (BCLw)) as predicted targets of miR-133B. Selective over-expression of miR-133B in
adenocarcinoma (H2009) cell lines resulted in reduced expression of both MCL-1 and BCL2L2. We
then confirmed that miR-133B directly targets the 3’ UTRs of both MCL-1 and BCL2L 2. Lastly, over-
expression of miR-133B induced apoptosis following gemcitabine exposure in these tumor cells. To
our knowledge, this represents the first observation of decreased expression of miR-133B in lung
cancer and that it functionally targets members of the BCL-2 family.
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Introduction

Lung cancer is leading cause of cancer related deaths in the United States among both men and
women [1]. Analysis of the lung cancer genome and proteome has demonstrated that focusing
on molecular heterogeneity within lung cancers may be a viable approach to identify and
develop novel therapeutics. Aberrant expression of miRNAs in malignancy and their frequent
location in fragile chromosomal regions suggests their importance to the pathogenesis of
disease [2]. MicroRNAs (miRNAs or miRs) represent a family of small non-coding RNAs
(approximately 21-25 nt long) expressed in many organisms including animals, plants, and
viruses [3]. MiRNAs are integral to gene regulation, apoptosis, hematopoietic development,
and the maintenance of cell differentiation [3,4]. Researchers have identified abnormal
expression of MiRNASs in several types of malignancies including lung cancer [5-10]. MiRNAs
have the capacity to target multiple biological functions essential to tumor progression. For
example, miR-221 and -222 are upregulated in TNF-a. related apoptosis-inducing ligand lung
cancer cell lines. Silencing of these miRNAs sensitized resistant cell lines to TRAIL agents
[11]. In human lung cancers, particularly small cell carcinoma, miR-17~92 is also over-
expressed and in vitro introduction enhanced cell proliferation [12]. Selective silencing of both
miR-17-5p and miR-20a induced apoptosis selectively in lung cancer cells over-expressing
miR-17~92 [13].

MiR-133A and B are currently regarded as muscle specific miRNAs [14]. MiR-133A shares a
transcriptional unit with miR-1 [15]. Through targeting of critical genes involved in cardiac
development (Rho-A, Ccd42) and genes involved in cardiac channel expression (HCN2 and
HCN4), miR1/133A/133B are implicated in the regulation of cardiac myogenesis and
development and cardiac ion channel expression [16,17]. In addition, both miR-1 and 133
appear to alter cardiomyocyte apoptosis through targeting of HSP60 and 70 [14]. Few if any
studies have investigated a potential role for these miRNA in non-cardiac disease. Recently,
Nasser et al, demonstrated that miR-1 was decreased in lung cancer and that over-expression
of miR-1 both in vitro and in vivo resulted in reduced tumor growth, migration and increased
sensitivity to doxorubicin [18]. Herein, we demonstrate that miR-133B expression is reduced
in human non-small cell lung cancer (NSCLC). In addition, miR-133B functionally targets the
pro-survival molecules (myeloid cell leukemia 1) MCL-1 and B-cell CLL/lymphoma 2 like 2
(BCL2L2 or BCL-W) and induces apoptosis NSCLC in the setting of chemotherapeutic agents.

Materials and Methods

Cell Culture and Reagents

H23, H2172,H522, H2009, A549 (adenocarcinoma), H226, H1703 (squamous cell) (American
Type Culture Collection, Manassas, VA) and primary normal human bronchial epithelial cells
(NHBE) (ScienCell, Research Laboratories, Carlsbad, California) were maintained in 37°C
humidified CO, incubator and grown in appropriate media. Gemcitabine (25 nM) was used
for drug treatment experiments (Eli Lilley, Indianapolis,IN)

Western Blotting

Cell and tissue lysates were prepared using RIPA Buffer with protease inhibitors and quantified
using the BCA protein assay (Pierce, Rockford, Illinois). 40 pg protein was loaded onto a 10%
SDS-Page gel then transferred onto nitrocellulose and incubated with antibody (MCL-1
(NM_021960), BCL2L2 (NM_004050) (1:500, Cell Signaling, Danvers, MA). Cleaved parp
was measured by western blotting (Cell Signaling, 1:500, 89kDa). Blots were incubated at 4°
C overnight in blocker (1% non-fat dry milk in TBS-Tween), followed by incubation with
HRP-conjugated secondary anti mouse or rabbit (ABR, Golden, Colorado). Blots were then
developed using ECL Substrate (Pierce) following manufacturer’s instructions. Protein was
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normalized with B-actin (Sigma St. Louis, Missouri) and measured by densitometry by two
independent researchers.

Quantitative-Reverse Transcriptase (q-RT) PCR Profiling

RT-PCR

Lung tumors (adenocarcinoma) and non-involved adjacent lung were obtained through the
Cooperative Human Tissue Network (The Ohio State University Institutional Review Board
approved protocol) and stored at —80°C. Tissue was pulverized under liquid nitrogen and RNA
extracted with Trizol (Invitrogen, Carlsbad, Ca). RNA preps were analyzed for concentration
and presence of degradation using a Nanodrop and Agilent 2100 Bioanalyzer. The expression
of 500 mature human miRNAs was profiled by real-time PCR to discover miRNAs that were
differentially expressed in lung tissue from our cohort of patients. RNA (50 ng) was converted
to cDNA by priming with a mixture of looped primers to 500 known human mature miRNAs
in duplicate (Mega Plex kit, Applied Biosystems, Foster City, California). Primers to the
internal controls snoRNAs U38B and U43 as well as 18S and 7S rRNA were included in the
mix of primers. The expression was profiled using an Applied Biosystems 7900HT real-time
PCR instrument equipped with a 384 well reaction plate. Liquid-handling robots and the Zymak
Twister robot were used to increase throughput and reduce error. Real-time PCR was performed
using standard conditions. Low expression miRNAs were filtered out if at least 80% samples
have raw Ct score greater than 35. Median normalization method was also used to reduce
technical bias of the experiment. A linear mixed model was fitted for each miRNA expression
data by taking account of correlations within subjects. Statistical tests for differential
expression were then conducted between tumor and normal samples. P-values were obtained
and the significance level was determined by controlling the mean number of false positives
using a false discovery rate of 1/198 or .005. Heat-maps of the expression values with
hierarchical clustering were generated to aid in visualization. Data were presented as fold
differences based on calculations of 2 (“AACY)

TagMan Reverse Transcription reagents (Applied Biosystems, Foster City, California) Kit
following manufacturer’s protocol and assayed on the Applied Biosystems 7900HT. The
primer for miR-133B (WUUGGUCCCCUUCAACCAGCUA) was obtained from Applied
Biosystems (Assay ID 002247). Data were presented as fold differences based on calculations
of 2 ("AACY Both U6 snRNA (Assay ID 001973) and RNU 43 (Assay 1D 001095) (Applied
Biosystems) were used as endogenous controls.

Cell Transfections

Cells were plated to 80% confluency and allowed to adhere overnight. Pre-miR-133B (5’
UCGUACCCG UGAGUAAU AAUGCG-3’) or a scrambled pre-miR control (Ambion,
Austin, Texas) was reverse transfected (5—-20 nM) using siPORT NeoF X transfection (Ambion,
Austin, Texas) into cells in growth media following manufacturer’s recommendation.
Following 48 hours, cells from either transfection protocol were harvested for protein analysis
and for RNA extraction to confirm miRNA induction.

Luciferase Assays

The 3’UTRs (untranslated regions) of both BCL2L2 (1345bp) and MCL-1(844bp) were
amplified by RT-PCR out of genomic DNA. The amplified products were sub-cloned into
pPENTR TOPO vector (Invitrogen, Carlsbad, Ca.), and ligated into the Xho site of psi-CHECK-2
vector (Promega, Madison, WI). Proper insertion was confirmed by sequencing. In addition,
we conducted mutagenesis of the 3’UTR (QuikChange XL, Stratagene, La Jolla, CA) and
confirmed by sequencing. Cells were transfected with 50 ng of psiCHECK-MCL-1 or -
BCL2L2 or psiCHECK empty vector and either 20 nM of scrambled pre-miR or pre-
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miR-133B. 48 hours following transfection, cells were assayed for both firefly and renilla
luciferase using the dual luciferase glow assay (Promega, Madison, WI) and BioTek synergy
HT fluorescent plate reader (Winooski, VT).

Target Prediction Analysis

Given the limitations of any single prediction program, we used two separate prediction
programs (Targetscan 5.1 and PicTar) to identify common predicted targets for miR-133B.
Target Scan 5.1 utilizes matching in the 3" UTR for only 7mer and 8mer interactions sites.

In Situ Hybridization

Tissue was deparaffinized, protease treated (30 minutes in 2 mg/ml of pepsin in RNase free
water), washed in sterile water, then 100% ethanol, and air-dried. LNA modified cDNA probe
complementary to human mature miR-133B (TAGCTGGTTGAAGGGGACCAAA) was used
(Exigon Inc, Woburn, MA). The probes were labeled with the 3” oligonucleotide tailing kit
using biotin as the reporter nucleotide (Enzo Diagnostics, Farmingdale, NY). The probe-target
complex was seen due to the action of alkaline phosphatase (as part of the streptavidin complex)
on the chromogen nitroblue tetrazolium and bromochloroindolyl phosphate (NBT/BCIP)
(Enzo Diagnostics). Nuclear fast red served as the counter stain. The negative controls were
the omission of the probe and the use of a scrambled probe.

Apoptosis Assay

Cells were transfected with either pre-miR-133B/scrambled pre miR or MCL-1/BCL2L2
siRNA for 48 hours followed by 24 hour exposure to gemcitabine (25 nM) (Eli Lilley,
Indianapolis,IN). Cells were analyzed for both annexin and P1 by flow cytometry per protocol.
(FITC Annexin V Apoptosis Detection Kit, BD Pharmingen, San Diego,CA)

Statistical Analysis

Values were expressed as meant S.E.M. Differences between two groups for statistical
significance were conducted using a student’s t-test. Analyses were performed using GraphPad
Prism version 4.00 for Windows, GraphPad Software, (San Diego California USA),
www.graphpad.com. p<.05 was considered statistically significant.

Results and Discussion

Differential expression of miR-133B in human NSCLC

In this study, we examined differentially expressed miRNAs in a cohort of 8 cases of matched
adenocarcinomas and adjacent uninvolved lung tissue and 4 additional non-paired
adenocarcinomas. We used a high throughput gRT-PCR assay [19]. P-values were obtained
and the significance level was determined by controlling the mean number of false positives
[20,21]. Heat-maps of the expression values with hierarchical clustering were generated to aid
in visualization. Out of 198 detected miRNA, we identified 41 differentially expressed miRNA
using a false discovery rate of 1/198 or .005. Among these miRNA, 27 were upregulated and
14 downregulated (Figure 1A). Over-expressed miRNA included miR-183, 7, and 21 down-
regulated miRNA included miR 126%*, 126, let-7, and 101 have all been implicated in
tumorigenesis [22]. Of note, miR-133B was the lowest expressed miRNA in adenocarcinomas
compared to adjacent uninvolved lung tissue (28.62 fold down-regulated p=2.33E-05) (Figure
1B). We conducted qRT-PCR specifically for miR-133B in a separate cohort of paired cases
of adenocarcinoma. In 10 cases, miR-133B was consistently reduced within tumor compared
to uninvolved adjacent lung tissue (Figure 2C). In situ hybridization demonstrated that like
miR-1, miR-133B localized to the bronchial epithelium [18] (Figure 2B).
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Identifying Functional Targets of miR-133B

Base-pairing between the 3" untranslated region (UTR) of the mRNA and the “seed sequence”
located in the 5” end of miRNA are essential to determining whether targeting miRNA results
in degradation of MRNA or inhibition of translation [23]. Given that a miRNA can target a
single gene up to hundreds of genes, in silico prediction algorithms exist for target prediction.
Given the limitations of any single prediction program, we used two separate prediction
programs (Targetscan 5.1 and PicTar) to identify common predicted targets for miR-133B
[23-25]. Both programs identified BCL2L2 (BCL-W) and MCL-1 (myeloid cell leukemia 1)
as predicted targets for miR-133B (Figure 2A). Both MCL-1 and BCL2L2 (BCL-W) are
members of the B-cell CLL/lymphoma 2 (BCL-2) family of apoptotic molecules [26]. Some
BCL-2 family members share homology with BCL-2 and thus have anti-apoptotic properties
while others with less homology have pro-apoptotic properties [26]. MCL-1and BCL2L2 are
increased in a variety of both solid and hematological malignancies including lung cancer
making them potential therapeutic targets [27,28]. Selective silencing of MCL1 and BCL2L2
induces spontaneous apoptosis in lung cancer cell lines and sensitize these cells to cytotoxic
agents and radiation [27]. However, lung cancers may vary in their dependence on BCL-2
family members for apoptotic resistance and that the balance in BCL-2 proteins likely
contributes to sensitivity [29].

Both MCL-1and BCL2L2 were increased in tumors in five of eight cases. (Figure 2D) These
findings are consistent with previous observations that tumors vary in dependence on patterns
of expression of BCL-2 family members [26]. Because a multitude of factors including other
miRNA may regulate a given protein we did not anticipate a strict inverse relationship between
a single miRNA and a single target protein. However, screening of seven NSCLC cell lines
did demonstrate that cell lines highly expressing miR-133B had lower levels of both MCL-1
and BCL2L2 protein (Figure 3A).

We next examined the effects of over-expression of miR-133B on target mMRNA and protein
expression. We first conducted transfection of several concentrations of pre-miR-133B
(analogues that mimic precursor-miR-133B) and mock precursor (scrambled pre-miR with no
target) in a NSCLC cell line (H2009) to confirm dose dependent effects on mature
miR-133B expression (Figure 3B). As demonstrated in Figure 3B, transfection of pre-
miR-133B compared to scrambled pre-miR reduced both MCL-1 and BCL2L2 protein at 48
hours post transfection following despite not changing MCL-1 and BCL2L2 mRNA (Figure
3B).

As confirmation of direct targeting of MCL-1 and BCL2L2, we cloned the 3’'UTRs for both
MCL-1 (844bp) and BCL2L2 (1345hp) into Renilla/Luciferase vectors and transfected H2009
cells with vector and either pre-miR-133B or scrambled pre-miR. Over-expression of
miR-133B reduced expression of both reporter activities by 40% (Figure 3C). To validate
binding specificity, we generated mutant constructs within the seed sequences for both 3’UTRs.
Mutations in the MCL-1 3’'UTR (GA to AG) and BCL2L2 3’UTR (GGA to TTG) eliminated
the effect of miR-133B over-expression on reporter activity (Figure 3C). Of note, in silico
prediction analysis identified several other miRNA that target MCL-1 and BCL2L2
(Supplemental Table 1). However, we identified only seven miRNA including miR-133 A/B
that were predicted to target both. Potential combinatorial effects of other miRNA on target
mRNA regulation may explain why we observed only partial reduction in vector activity.

miR-133B and Apoptosis

Used in several solid malignancies, gemcitabine is a chemotherapeutic agent utilized in
combination with platinum based therapy as first line therapy in advanced NSCLC [30]. In
addition, gemcitabine can induce apoptosis in a BCL-2 family member dependent manner
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[31,32]. We assessed for the induction of apoptosis through the measurement of cleaved parp
by western blot analysis and flow cytometry for annexin/P1. MiR-133B over-expression
resulted in a small degree of apoptosis (Figure 4B). MiR-133B over-expression in combination
with 24 hours of gemcitabine treatment resulted in increased cleaved parp expression as well
as apoptosis compared to mock treated cells (17% vs. 7%) (Figure 4 A,B). We next selectively
silenced MCL-1 and BCL2L2 (Figure 4A). Silencing of both MCL-1 and BCL2L2 resulted in
the induction of cleaved parp. However, in the setting of gemcitabine exposure, silencing of
MCL-1 and BCL2L2 induced higher apoptosis than mock transfected cells (Figure 4B). The
degree of apoptosis was not as high as that seen in miR-133B treated cells. These findings may
suggest that impact of miR-133B on cell survival is likely mediated by targets beyond MCL-1
and BCL2L2. Lastly, pre-miR-133B/gemcitabine treated cells had reduced MCL-1 and
BCL2L2 protein expression compared to mock pre-miR/gemcitabine or gemcitabine alone
treated cells (Figure 4C). The effects on BCL2L2 were more pronounced.

Tumor progression is reliant on several factors including the production of self-sufficient
growth signals, establishment of independent blood supply and resistance to apoptotic stimuli
[33]. In 2005, Cimmino et al. first determined that both miR-15 and -16 were reduced in Chronic
Lymphocytic Leukemia (CLL) and that these miRNA could induce apoptosis in a leukemic
cell line through direct targeting of BCL-2 [34]. MiR 15/16 and BCL-2 may be of biological
relevance in other malignancies including gastric carcinoma [35]. Recently, investigators
determined that miR-29 could directly target MCL-1 in a cholangiocarcinoma [36]. Localized
to chromosome 6, miR-133B has been previously described to have muscle specific expression
[17]. Studies have demonstrated reduced expression of miR-133B in colorectal carcinoma
[37]. Investigators determined that miR-133B harbored anti-tumorigenic properties in tongue
squamous cell carcinoma through direct targeting of pyruvate kinase type M2 [38]. In our
study, over-expression of miR-133B increased apoptosis in response to gemcitabine and
reduced MCL-1 and BCL2L2 expression. To our knowledge, this represents the first
observation of reduced miR-133B expression in human lung cancers and effects on cancer cell
survival. Further studies that seek to validate other targets of miR-133B as well as mechanisms
for suppression will be important to identifying its potential as a therapeutic agent in lung
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MiRNA expression in human lung cancer

(A) Heat map representing significantly altered miRNAs between 8 cases of paired
adenocarcinomas (T) and uninvolved adjacent lung (N) and 4 non-paired adenocarcinoma
cases. (B) Downregulated and upregulated miRNAs with fold changes and p values. Out of
198 detected miRNA, 41 miRNA were differentially expressed between tumor and adjacent
lung using a false discovery rate of 1/198 or .005. Among these miRNA, 27 were upregulated
and 14 downregulated. Of note, miR-133B was the lowest expressed miRNA in
adenocarcinomas compared to adjacent uninvolved lung tissue (28.62 fold downregulated
p=2.33E-05)
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Figure 2. Relationship between miR-133B and MCL-1/BCL2L2

(A) Location of predicted 3'UTR target sites for miR-133B in both MCL1 and BCL2L2 based
on TargetScan 5.1 and PicTar prediction programs. (B) Representation of in situ expression of
miR-133B in human lung tissue. Adenocarcinoma demonstrated no expression while in normal
lung, miR-133B localizes to bronchial epithelium (arrow head), as a negative control no
expression was evident of mock miRNA in normal lung. (C) gRT-PCR miRNA analysis in 10
additional cases of adenocarcinoma and adjacent uninvolved lung demonstrates reduced
miR-133B expression in tumor tissue ((N)=Normal (T)=Tumor). Data was presented as fold
differences based on calculations of 2 ("AACY With the exception of case 6, all demonstrated
statistically significant differences with p<.05 (*) (D) Representation of MCL1 and BCL2L2
protein expression in 8 paired cases of adenocarcinoma (T) adjacent uninvolved lung (N).
Protein was normalized with B-actin (Sigma St. Louis, Missouri) and measured by densitometry
by two independent researchers.
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Figure 3. MiR-133B targets BCL2L2 and MCL1

(a) Lung cancer cell line screening. NSCLC cell lines demonstrated an inverse relationship
between MCL1/BCL2L2 and miR-133B expression. (b) Effects of miR-133B on MCL-1 and
BCL2L2 mRNA and protein. Transient transfection of pre-miR-133B (5-20 nM) resulted in
increasing expression of mature miR-133B as measured by g-RT-PCR. (*p<.05). Transfection
of pre-miR-133B in H2009 NSCLC cell lines resulted in reduced MCL1 and BCL2L2 protein
expression at 48 hours. (p<.05) However, neither MCL-1 nor BCL2L2 mRNA were altered.
Protein was assessed and scored by densitometry by two independent researchers and westerns
conducted in triplicate. MRNA was normalized to GAPDH. (c) MiR-133B targets 3’UTRs of
both MCL-1 and BCL2L2. Cells were transfected with 50 ng of psiCHECK-MCL-1 (WT=wild
type or Mut=mutant) or -BCL2L2 (WT=wild type. Mut=mutant) and either 20 nM of scrambled
pre-miR or pre-miR-133B. 48 hours following transfection, cells were assayed for both firefly
and renilla luciferase using the dual luciferase glow assay . All transfection experiments were
conducted in triplicate. * p value< .05.
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Figure 4. Effects of miR-133B on Apoptosis

(A) Silencing of MCL-1 and BCL2L2. MiR-133B induction and MCL-1 and BCL2L2 siRNA
both resulted in an increase in cleaved parp in NSCLC cells lines. (B) MiR-133B over-
expression and MCL-1/BCL2L2 siRNA increased gemcitabine induced apoptosis. Cells were
transfected with either pre-miR-133B/mock pre miR or MCL-1/BCL2L2 siRNA for 48 hours
followed by 24 hour exposure to gemcitabine (25 nM). Both annexin and annexin/PI staining
cells were included in our analysis. Flow cytometry was conducted in duplicate on two separate
days. (C) Effects of miR-133B and gemcitabine on MCL-1 and BCL2L2 Expression.
Transfection of H2009 cell line with pre-miR-133B followed by treatment with gemcitabine
(25nM) decreased both MCL-1 and BCL2L 2 protein .Westerns for MCL-1 and BCL2L2 and
densitometry were conducted as previously described. *p<.05
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