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microRNAs (miRNAs) are small RNAs endogenously expressed in multiple organisms that regulate gene expression
largely by decreasing levels of target messenger RNAs (mRNAs). Over the past few years, numerous studies have
demonstrated critical roles for miRNAs in the pathogenesis of many cancers, including lung cancer. Cellular miRNA levels
can be easily manipulated, showing the promise of developing miRNA-targeted oligos as next-generation therapeutic
agents. In a comprehensive effort to identify novel miRNA-based therapeutic agents for lung cancer treatment,
we combined a high-throughput screening platform with a library of chemically synthesized miRNA inhibitors to
systematically identify miRNA inhibitors that reduce lung cancer cell survival and those that sensitize cells to paclitaxel. By
screening three lung cancer cell lines with different genetic backgrounds, we identified miRNA inhibitors that potentially
have a universal cytotoxic effect on lung cancer cells and miRNA inhibitors that sensitize cells to paclitaxel treatment,
suggesting the potential of developing these miRNA inhibitors as therapeutic agents for lung cancer. We then focused
on characterizing the inhibitors of three miRNAs (miR-133a/b, miR-361-3p, and miR-346) that have the most potent effect
on cell survival. We demonstrated that two of the miRNA inhibitors (miR-133a/b and miR-361-3p) decrease cell survival
by activating caspase-3/7-dependent apoptotic pathways and inducing cell cycle arrest in S phase. Future studies are
certainly needed to define the mechanisms by which the identified miRNA inhibitors regulate cell survival and drug

response, and to explore the potential of translating the current findings into clinical applications.

Introduction

Lung cancer is the leading cause of cancer-related deaths in
the United States, with a five-year survival rate that remains
less than 15%." The high frequency of resistance to currently
available therapeutic agents is a key contributor to the poor
survival rates. This highlights the need to further elucidate the
molecular mechanisms underlying lung cancer tumorigenesis
and drug response in order to identify novel therapeutic targets
and agents. Dysregulation of microRNAs (miRNAs) has recently
been shown to play a critical role in regulating cancer cell survival
and drug response in various types of cancers, including lung
cancer,”* showing the promise of integrating miRNAs into the
therapeutic armamentarium.

miRNAs are short, 19 to 23-nucleotide long RNAs found
in multiple organisms that regulate gene expression largely by
decreasing levels of target messenger RNAs (mRNAs)*¢ through
binding to specific target sites in the mRNA 3’ untranslated
regions (3'UTRs). miRNAs have been shown to play important
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roles in regulating a broad range of pathological processes. Over
the past few years, many tumor suppressor genes (TSGs) and
oncogenes have been demonstrated to be regulated by miRNAs,
with these miRNAs therefore acting as oncogenes or TSGs
themselves™ to regulate cancer cell survival and proliferation.
The critical roles of miRNAs in modulating cancer cell response
to chemotherapeutic agents have also been documented.**!*-!2
Since miRNAs are small oligonucleotides (oligos), it is easy
to manipulate their intracellular levels, making them attractive
agents and targets in cancer therapy.’*'¢ A chemically stabilized,
single-stranded RNA oligonucleotide complementary to a specific
miRNA acts as a competitive inhibitor (known as a miRNA
inhibitor, anti-miR or antagomir) that binds to the target miRNA
with high affinity."® This prevents the association of the miRNA
with the complementary site(s) in its target mRNA(s), blocking
its endogenous activity and restoring expression of its target
mRNAs. Such molecules have been used to inhibit the activity
of oncogenic miRNAs in several studies,'”'® demonstrating the
feasibility of using miRNA inhibitors as therapeutic agents.
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We are interested in identifying novel miRNA inhibitors that
modulate lung cancer cell survival and response to paclitaxel,
a microtubule-targeting agent (MTA) that remains a first-line
therapeutic agent in lung cancer treatment. High-throughput
screening (HTS) approaches have been used to identify novel
regulators, including protein coding genes and miRNAs, of both
cancer cell survival and drug response.””"? For example, a screen
based on a library of human miRNA mimics (synthetic small,
double-stranded RNA oligos thatare used to raise the intracellular
level of a specific miRNA) in colon cancer cell line HCT-116
identified miRNAs that affect sensitivity to BCL2 inhibitor
ABT-263 (navitoclax).'® In another study, Izumiya, et al. applied
a miRNA virus library to identify miRNAs that have tumor
suppressor function in pancreatic cell line MIA PaCa-2."” The
above studies demonstrate the feasibility and promise of restoring
tumor suppressor miRNAs as a therapeutic approach in cancer
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general effects on lung cancer cells,
we chose for the screen three NSCLC cell lines that have distinct
genetic backgrounds: H1155, H1993, and H358 (Table S3).
Figure 1A—C shows the distribution of the cell viabilities (V__. )
in the absence of paclitaxel, reflecting the effect of individual
miRNA inhibitors on cell survival alone. Figure 1D-F shows
the distribution of paclitaxel sensitivity ratios (S), reflecting the
effect of the miRNA inhibitors on cellular response to paclitaxel.
The results show that the miRNA inhibitors have a wide range
of effects on cell survival and response to paclitaxel in the three
cell lines. Further statistical analysis indicated that the screens
of cell viability and paclitaxel response produced more hits
than expected as shown by a dramatic excess of large z-scores
(Fig. S3A—F).
We further identified miRNA inhibitors that have effects
on cell viability or paclitaxel response in more than one cell
line. As shown in Figure 2A and Table S1, using a threshold
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of a 30% decrease or increase in cell viability or paclitaxel
response, we identified inhibitors of three miRNAs (miR-
133a/b, miR-361-3p, and miR-346) as decreasing cell
viability in all three cell lines. With this cutoff, however,
no miRNA inhibitors are identified as increasing cell
viability or affecting paclitaxel sensitivity in all of the three
cell lines. When we relax the threshold to 20%, additional
miRNA inhibitors that are cytotoxic to all three cell lines
are identified, and miRNA inhibitors that increase cell
viability and desensitize cells to paclitaxel are also identified
(Fig. 2B; Table S1). Interestingly, even with a modest
threshold of 20%, no inhibitors are identified as common
paclitaxel sensitizers of the three cell lines.

Overall, our screens identified miRNA inhibitors
that have common effects on cell survival and paclitaxel
response. From the analysis of our results, we see that
the miRNA inhibitors have a more potent effect on cell
viability alone than on drug response. We therefore focused
on characterizing the three miRNA inhibitors that have
potent cytotoxic effects on all three lung cancer cell lines.

Inhibitors of miR-133a/b, miR-361-3p, and miR-346
potently decrease viability of NSCLC cells with different
genetic backgrounds

In order to validate our screen results, we examined
the dose-dependence of the effect of the three inhibitors
on cell viability in H1993 cells. As shown in Figure 3A,
inhibitors of these three miRNAs decrease cell viability in a
dose-dependent manner in H1993 cells. The cytotoxicities
of the three inhibitors differ, with miR-133a/b having the
lowest IC, (Table S2). To further examine whether these
miRNA inhibitors have a universal effect on lung cancer
cell survival, we examined their effect on cell viability in
additional lung cancer cell lines with different genetic
backgrounds (Table S3). Figure 3B-F indicates that the
three inhibitors show cytotoxic effects in all tested cell
lines, although the IC s (Table S2) for these cell lines
vary greatly. The variability in the response of lung cancer
cell lines to the miRNA inhibitors is likely due to the
different endogenous expression levels of the miRNAs.
As shown in Figure S4, lung cancer cell lines show great
variation in expression of these miRNAs, suggesting
differential sensitivity to the corresponding inhibitors.
We next examined the effect of the miRNA inhibitors on
long-term cell proliferative capacity of H1993 cells using
a colony formation assay. As shown in Figure 3G-H, the
three miRNA inhibitors significantly inhibited cell growth,
leading to reduced numbers of colonies. Overall, the results
indicate that the three candidate inhibitors have a universal
and potent effect on both short- and long-term survival of
lung cancer cells.

Combining the cytotoxic miRNA inhibitors with each
other or with chemotherapeutic agents results in enhanced
cytotoxicity in lung cancer cells

In order to examine whether the three miRNA inhibitors
have synergistic cytotoxic effects on lung cancer cells, we
tested the effect of combining the inhibitors on cell survival.
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Figure 2. HTS identified miRNA inhibitors that have general effects on lung
cancer cell survival and response to paclitaxel. Shown are Venn diagrams of the
miRNA inhibitors that affect cell survival and response to paclitaxel of the three
lung cancer cell lines, using thresholds of 30% (A) and 20% (B) for the magni-
tude of their effects on cell survival and response to paclitaxel.
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As shown in Figure 4A, miR-133ab and miR-361-3p inhibitors
together act synergistically to reduce cell viability compared
with each miRNA inhibitor alone, as assessed by Bliss
independence.? miR-133ab and miR-361-3p inhibitors were
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Figure 3. miR-133a/b, miR-361-3p, and miR-346 inhibitors show general inhibitory effects on cell viability in lung cancer cell lines. (A-F) Cell viability
as a function of the concentration of the miRNA inhibitors. Cells were transfected with different concentrations of the indicated miRNA inhibitors or
control oligos. After 120 h, cell viability was measured as described above. (G) Colony formation assay as a function of miRNA inhibitors in H1993 cells.

Treatments were conducted in triplicate. (H) Quantification of the number of colonies for the colony formation assay. ** P < 0.01; *** P < 0.001.
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Figure 4. Combining the miRNA inhibitors with each other and with other anti-cancer agents enhances their effects on cell viability. (A) Effect of com-
bining the miR-133ab and miR-361-3p inhibitors on cell viability in H1993 cells. (B-G) Effect of combining miR-133ab inhibitor (B-D) and miR-361-3p
inhibitor (E-G) with paclitaxel, vinorelbine, and gemcitabine on cell viability in H1993 cells. The red lines indicate predicted thresholds for synergy under

delivered individually and in combination at 12.5 nM each. We
further examined whether these miRNA inhibitors potentiate
the cytotoxic effect of other chemotherapeutic agents. As
show in Figure 4B—G, miR-133ab and miR-361-3p inhibitors

significantly potentiate the effects of paclitaxel, vinorelbine,
and gemcitabine. This suggests that the identified miRNA
inhibitors have the potential to be applied in combination with
other anticancer drugs.

1704 RNA Biology Volume 10 Issue 11



A 257 . scrambledinh B 1007 . scrambled inh D miR-133a miR-361-3p
+ miR-133ahinh miR-133ab inh bled iR-346
20 - miR346inh 801 miR-346 inh SERIMEE iRz
“ « miR-361-3pinh < miR-361-3p inh
3 > ? Full length s e
o 157 2 601 @
= g S
g £ § | Cleaved = -
g 10 8 407 ¥
« —
2 o]
O
5 20
Calnexin (R SN S S—
0 24 48 72 9 120 144 0 24 48 72 9 120 144
Hours post-transfection Hours post-transfection 0.04 1.00 0.14 0.34
C scrambled inh miR-133a/b inh miR-346 inh miR-361-3p inh

intensities were quantified using ImageJ.

Figure 5. Effect of miR-133a/b, miR-346, and miR-361-3p inhibitors on caspase-3 activation in H1993 cells. (A) Time-dependent effect of the miRNA
inhibitors on the induction of cell apoptosis. Cells were transfected with 10 nM of the indicated oligos. Cells undergoing apoptosis were stained using
the CellPlayer Caspase-3/7 Reagent (Essen BioScience) and apoptotic events were counted using the IncuCyte live cell imaging system. The percentage
of cells induced into apoptosis was calculated by normalizing to total cell numbers quantified by staining for total DNA content. (B) Cell confluence as a
function of time was quantified using the IncuCyte live cell imaging system. (C) Representative images at the end point of the apoptotic assay. Apoptotic
cells fluoresce green. (D) Western blot analysis of Caspase-3 activation. Cells were transfected with 50 nM of the indicated oligos and incubated for 72 h,
after which cell lysates were harvested. Caspase-3 was detected using the specified antibodies, with calnexin levels measured as a loading control. Band

Inhibitors of miR-133a/b, miR-361-3p, and miR-346 reduce
cell survival through different mechanisms

The most common mechanism by which anticancer agents
cause cell death is through inducing caspase-dependent apoptotic
pathways. In order to further examine whether the cytotoxicity
of the three miRNA inhibitors is mediated by their activation
of caspase-3/7-dependent apoptotic pathways, we used live cell
imaging to monitor caspase3/7 activation as a function of time
following transfection of cells with 10 nM oligos. As shown
in Figure 5A, miR-133a/b inhibitor dramatically increases
apoptotic events relative to control oligo, as measured by the
percentage of cells that undergo apoptosis. Compared with miR-
133a/b inhibitor, miR-361-3p and miR-346 inhibitors are much
less potent in inducing apoptosis, suggesting that additional
mechanisms are involved in the cytotoxicity induced by the latter.
The corresponding growth curves in Figure 5B show that the
proliferative capacity of cells transfected with the three inhibitors
is significantly decreased as compared with control oligo.
Consistent with the results showing that miR-133a/b is the most
potent in inducing apoptosis, miR-133a/b inhibitor has the most
dramatic effect on reducing cell growth rate. The representative
images in Figure 5C show the staining of apoptotic cells at the
end point of the apoptotic assay, consistent with the results
shown in Figure 5A. Figure 5D shows the activated caspase-3
levels detected by western blot. Consistent with the results
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shown in Figure 5A and C, miR-133a/b inhibitor dramatically
increases the levels of activated caspase-3 after 3 d of transfection
compared with control oligo. The miR-361-3p inhibitor shows a
more modest effect on caspase-3 activation, while the miR-346
inhibitor doesn’t show detectable cleaved caspase.

Another common mechanism by which anticancer agents
inhibit cell growth is through arrest of cells in specific stages of the
cell cycle, thereby blocking cell proliferation. We therefore tested
the effect of the miRNA inhibitors on cell cycle distribution. As
shown in Figure 6A-E, cells transfected with miR-133a/b and
miR-361-3p inhibitors have significantly more cells in S phase
than cells transfected with control oligos (42.9% and 55.7% vs.
28.9% in control cells), with the cell cycle distribution showing
a sharp peak at the beginning of S phase; in contrast, miR-346
inhibitor does not dramatically change the cell cycle distribution.
Figure 6F shows that miR-133a/b and miR-361-3p significantly
decrease BrdU incorporation into DNA synthesis, while miR-
346 inhibitor has much less of an effect. These results suggest
that S phase arrest contributes to miR-133a/b and miR-361-3p
inhibitor-induced cytotoxicity. We therefore further examined
the effect of miR-133a/b and miR-361-3p inhibitors on cell cycle
progression in G1/S phase synchronized cells.?** As shown in
Figure 6G, after release from Gl phase synchronization, cells
transfected with miR-133a/b and miR-361-3p inhibitors show a

significant accumulation in S phase as compared with control
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Figure 6. Effect of miR-133a/b, miR-346, and miR-361-3p inhibitors on cell cycle distribution. Cells were transfected with 50 nM of the indicated oligos.
After 48 h, cells were collected and stained with Pl for cell cycle analysis. (A-D) Flow cytometry images show the distribution of cell numbers at each cell
cycle stage under each treatment condition. (E) The fraction of cells in G,, S, and G, phases was quantified using the Watson pragmatic model. Similar
results were obtained from two independent experiments. (F) Effect of miR-133a/b, miR-346, and miR-361-3p inhibitors on DNA synthesis as measured
by BrdU incorporation. Shown are representative results from three replicate experiments. (G) Effect of miR-133a/b and miR-361-3p inhibitors on cell
cycle progression in G1 phase-synchronized cells. (H) Effect of miR-133a/b, miR-346, and miR-361-3p inhibitors on total and phosphorylated Chk1 and
Chk2 protein levels in H1993 cells.
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Figure 7. Rescue of cytotoxicity induced by miR-133a/b, miR-361-3p, and
miR-346 inhibitors with miRNA mimics. H1993 cells were transfected
with combinations of either the indicated miRNA mimic or negative con-
trol oligo with different concentrations of the indicated miRNA inhibitor.
After 96 h, cell viability was measure as described above.

cells, indicating S phase arrest is induced by miR-133a/b and
miR-361-3p inhibitors. Quantitation of the fractions of cells in
the G1, S, and G2 phases at each time point are given in Table S4.
Figure 6H further shows that miR-133a/b and miR-361-3p
inhibitors dramatically increase the levels of phosphorylated
Chk1 and Chk2 (pChkl and pChk2), markers of intra-S-phase
arrest,”® while miR-346 inhibitor does not dramatically affect
pChkl and pChk2. Together, these results demonstrate that
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S phase arrest significantly contributes to cytotoxicity induced
by miR-133a/b and miR-361-3p inhibitors, but not miR-346
inhibitor.

Overall, the above results indicate that knockdown of the
three miRNAs decreases lung cancer cell survival through
different mechanisms.

The cytotoxicity of miR-346 inhibitor is likely to be caused
by off-target effects of the synthetic oligo

EXIQON miRCURY LNA™ miRNA inhibitors are
chemically stabilized, single-stranded RNA oligonucleotides
complementary to specific miRNAs. The binding of the miRNA
inhibitor to the target miRNA prevents the association of the
miRNA with the complementary site(s) in its target mRNA(s),
blocking the endogenous activity of the miRNA and restoring
protein translation from the mRNA transcript(s). It is possible,
however, that these oligos cause off-target cytotoxic effects by
binding to other nucleic acid molecules with sequences similar
to the targeted miRNAs. In order to preliminarily address this
question, we examined whether co-transfection of miRNA
mimics with the corresponding miRNA inhibitors blocks the
cytotoxic effect of the inhibitors. As shown in Figure 7, mimics
of miR-133a/b (Fig. 7A) and miR-361-3p (Fig. 7B) rescue
the cytotoxic effect of the inhibitors of these two miRNAs
respectively, indicating that the effects of these inhibitors are
likely to be mediated through inactivation of their corresponding
miRNAs. The mimic of miR-346, however, does not rescue the
cytotoxic effect of the miR-346 inhibitor (Fig. 7C). Overall,
although our results cannot exclude the possibility that the
cytotoxicity of miR-133a/b and miR-361-3p inhibitors is caused
by off-target effects, our results indicate that the cytotoxicity of
the miR-346 inhibitor is most likely to be caused by off-target
effects of the synthetic oligo rather than knocking down the
expression of the endogenous miR-346.

miRNA:target prediction indicates that the three miRNAs
have distinct “targetomes”

Based on the above results, we speculate that miR-361-3p
and miR-133a/b function as oncogenes in lung cancer cells by
downregulating expression of tumor suppressor genes. It is well
known that each miRNA targets hundreds of genes. However,
among these genes, we speculate that only a small fraction is
important to cell survival and drug response. In this study, in
order to identify target genes that are highly likely to mediate
the effect of the miRNAs on cell survival, we first combined
the miRmate algorithm developed in our lab and the public
TargetScan program® to identify the predicted targets of the
two miRNAs. We then annotated these target genes with Gene
Ontology terms and performed a comprehensive literature search
to identify those that have been suggested to function as tumor
suppressor genes that repress cancer cell growth. We consider this
group of genes (Table 1) high-confidence candidate targets that
mediate the growth-promoting function of these miRNAs. Since
the two miRNA inhibitors share common cellular mechanisms
that lead to decreased cell survival and growth (as shown in
Figs. 5 and 6), we speculate that miR-361-3p and miR-133a/b
share direct target(s) regulating lung cancer cell survival. We
therefore analyzed whether the two miRNAs share common
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Table 1. Predicted direct targets of miR-133a/b and miR-361-3p

Gene miRmate | TargetScan Biological process (GO) Function Implication Ref.
score P
PPP2CA 0.49 regulation of cell death cell proliferation; negatl}/g Fontrol tumor suppressor 51
of cell growth and division gene
cell cycle, differentiation, HUMOT SUDDIESSOr
SGMS2 83.0 -0.52 autophagy, apoptosis; PP 52
; gene
required for cell growth
SUMO1 525 -0.48 negative regulator of transcription cell proliferation, tumor growth tumorgs:ssressor 53
EDEM1 58.0 -0.66 antitumor immunity tumor suppressor | g,
gene
LRRFIP1 65.0 048 regulation of transcription from resistance to chemotherapy tumor suppressor 55
RNA polymerase Il promoter gene
RBMXL1 67.0 -0.55 mRNA processing N/A t””’”;ggé’ressor 56
miR-361-3p
negative regulation of apoptosis, proliferation, invasion, tumor suppressor
BTG2 103.0 ) B . . - 57
negative regulation of proliferation and apoptosis gene
C12orf5 105.5 proliferation, cell cycle tumor suppressor 58
gene
regulation of transcription, carcinogenesis, cellular tumor suppressor
CEBPA 97.0 -0.75 regulation of proliferation, R 9 L PP 59
differentiation gene
lung development
CPEB1 103.0 regulation of translation invasion, metastases tumor;:szressor 60
IKZF1 101.0 regu!atlon oftrahscrlptl'on., migration and invasion tumor suppressor 61
regulation of cell differentiation gene
MYT1 101.0 cell d|fferent|at|qn, .regulatlon apoptosis tumor suppressor 62
of transcription gene
NFE2L3 103.0 regulation of transcription (?X|dat|ve dam.a.ge,. tumor suppressor 63
carcinogen detoxification gene
PEG3 101.0 regulation of transcription, cancer growth tumor suppressor 64
programmed cell death gene
microtubule cytoskeleton . tumor suppressor
RANBP10 106.0 O tumor development, progression 65
organization gene
SLC36A1 104.0 transmembrane transport androgen receptor tumor;tejszressor 66
VAP 102.0 regulatlo[’\ of cell prollf.era}non, anoikis, metastasis tumor suppressor 67
regulation of transcription gene
SYNPO 725 0.65 regulation ofcytpskeleton cell migration tumor suppressor 68
organization gene
MGLL 70.0 -0.48 colony formation, cell growth tumor;::sressor 69
KDMS5C 63.0 047 regulation oftranscr.lpn.on, tumor growth tumor suppressor 70
chromosome organization gene
CADM4 92.5 -0.70 cell adhesion tumor formation tumorgs:szressor 71

Shown are gene names, TargetScan P scores, miRmate interaction scores, biological process terms (derived from GO), cellular functions, their role(s) in

cancer, and selected references.
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direct target(s). As shown in Table 1, however, no target was
identified in common for the two miRNAs. These results
indicate that the effect of the two miRNAs on lung cancer cell
survival is mediated by distinct “targetomes.”

Discussion

Many studies have demonstrated the critical role of
miRNAs in regulating cancer cell survival and drug response,
and manipulating miRNA levels has shown great promise as
a therapeutic tool to treat cancers, including lung cancer.?®%
However, there is still a lack of comprehensive studies of miRNAs
in regulating lung cancer cell survival and drug response, which
is a major obstacle to developing efficacious miRNA-based
therapeutics for lung cancer treatment. Here, we conducted the
first comprehensive analysis of miRNA inhibitors regulating
lung cancer cell survival and response to paclitaxel. Our study
uncovered a small group of novel miRNA inhibitors that are
potential universal modulators of lung cancer cell survival
and paclitaxel sensitivity, independent of genetic background.
These novel inhibitors have direct potential to be developed as
therapeutic agents for lung cancer treatment.

Our experimental design was based on the high-throughput
synthetic lethal siRNA screen used by Whitehurst, et al. to
identify chemosensitizer loci in non-small cell lung cancer cells.
In order to identify general sensitizers and regulators of drug
response in lung cancer cells, we expanded the screen along the cell
line axis and included three NSCLC cell lines—H1155, H1993,
and H358—representing common but distinct mutations found
in lung cancer as reflected in their KRAS and TP53 mutational
status. In general, the HTS approach described here could also
be used to identify miRNAs that regulate cell viability or drug
resistance in the context of a specific pathway by using several
cell lines that share a specific molecular characteristic, such as a
KRAS mutation, and comparing them to cell lines that do not
share that trait.

The follow-up investigations of the HT'S results presented here
are focused on the three miRNA inhibitors identified as most
potently cytotoxic to all three cell lines used in the screens. Our
investigation shows that, among the three, miR-133a/b has the
most potent effect. miR-133b has been shown to participate in
apoptosis pathways in lung cancer cells®® by targeting the BCL-2
family of anti-apoptotic genes. Crawford, et al. demonstrated
that two members of the BCL-2 family of pro-survival molecules
(MCL-1 and BCL2L2) are direct targets of miR-133b, with
overexpression of miR-133b inducing apoptosis of tumor cells
following gemcitabine exposure. These results suggest a tumor
suppressor function for miR-133b. Our results, however, indicate
that miR-133a/b inhibitor has a potent cytotoxic effect and that
miR-133b overexpression rescues the cytotoxicity of miR-133a/b
inhibitor, which is inconsistent with previous findings. There are
several possible explanations for this inconsistency. One possible
reason is that the cellular function of miR-133a/b is context-
dependent. Our target prediction analysis showed that miR-
133a/b targets both oncogenes and tumor suppressor genes; it
is therefore possible that the major effect of miR-133a/b in the
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lung cancer cell lines that we investigated is to downregulate
tumor suppressor genes, thereby functioning as an oncogene and
promoting cell survival. Another possibility is that the observed
cytotoxicity of the miR-133a/b inhibitor might be caused by off-
target effects of the synthetic oligos and not by downregulation of
miR-133a/b levels. Although our results show that miR-133a/b
mimic rescues the cytotoxicity of the miR-133a/b inhibitor,
further study is needed to completely exclude the possibility of
off-target effects.

Another miRNA that we identified as regulating cell survival
and proliferation is miR-361-3p. Two mature miRNAs, miR-
361-3p and miR-361-5p, are produced from the mir-361
precursor. Differential expression of miR-361-5p has been linked
to bleomycin-induced pulmonary fibrosis” and fatty acid-
mediated insulin resistance®® in mouse models. The function
of miR-361-3p, however, has not been characterized. We are
therefore the first to identify the novel oncogenic function of
miR-361-3p.

The third synthetic oligo that exhibited cytotoxicity in lung
cancer cells is the miR-346 inhibitor. A role has been suggested for
miR-346 in several pathological processes including rheumaroid
arthritis,® inflammatory response,*** and metabolic processes.**
In cancers, miR-346 has been shown to be significantly
overexpressed in follicular thyroid carcinoma (FTC).* However,
the function as well as the targets of miR-346 in the context of
FTC were not defined. Our results indicate that knockdown
of miR-346 inhibits cell survival and proliferation. Further
investigation, however, shows that the cytotoxic effect of the
miR-346 inhibitor is not rescued by miR-346 mimic, suggesting
that the cytotoxicity of the miR-346 inhibitor is likely due to off-
target effects. This conclusion is based on the assumption that,
if the cytotoxicity of the miRNA inhibitors is caused by their
depletion of endogenous miRNAs, transfection of exogenous
miRNA mimics should restore the intracellular expression levels
of these miRNAs and therefore rescue the cytotoxic effects of
the inhibitors; if the cytotoxicity of the miRNA inhibitors is
caused not by their depletion of endogenous miRNAs but rather
through targeting other sequences, the miRNA mimics are
unlikely to rescue the observed cytotoxicity, since transfection of
exogenous miRNA mimics will only restore the expression levels
of the miRNAs, and not the expression levels of other sequences
targeted by the inhibitor. Theoretically, for a complementary
mimic and inhibitor that are delivered together, the mimic
and inhibitor will bind to and sequester each other, canceling
each other out, even if the mimic doesn’t produce a functional
miRNA, assuming that the inhibitor has much higher binding
affinity with the corresponding miRNA mimic than with other
off-target sequence(s). A possible explanation for the failure of
the miR-346 mimic to rescue the cytotoxic effect of the miR-
346 inhibitor is that the miR-346 inhibitor has higher binding
affinity to sequence(s) other than the miR-346 mimic, letting
the miR-346 inhibitor escape, at least partially, sequestration by
the mimic—strongly supporting off-target effects of the miR-
346 inhibitor. Therefore, the function of miR-346 in lung cancer
cells is not clearly defined in the present study. Although this
observation needs further confirmation, our results do suggest
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that when using synthetic oligos to manipulate endogenous
expression of target genes, off-target effects of the synthetic oligos
might be more common than presently appreciated. Therefore,
each novel gene or molecular pathway identified using synthetic
oligo-based screening, including the miRNAs identified in
our current study, needs to be individually evaluated with the
potential off-target effects of each synthetic oligo investigated
through additional approaches.

In the current study, we also preliminarily investigated the
mechanisms underlying the cytotoxicity of the three miRNA
inhibitors. We assessed their ability to activate apoptotic pathways
and induce cell cycle arrest. We also identified potential direct
targets that mediate the cellular functions of miR-133a/b and
miR-361-3p. Well-defined mechanisms of anticancer agentaction
include cell cycle arrest, apoptosis, necrosis, and autophagy,*
among which caspase-dependent apoptosis is recognized as the
most common and central mechanism. Our results show that
caspase-3 activation plays an important role in miR-133a/b
inhibitor- and miR-361-3p inhibitor-induced cytotoxicity. Cell
cycle arrest is another critical mechanism in anticancer agent-
induced cell death and/or growth arrest. Our analysis of cell cycle
distributions shows that miR-133a/b and miR-361-3p inhibitors
induce significant S phase arrest, whereas miR-346 does not have
a significant effect on cell cycle distribution. S phase arrest has
been demonstrated to be one of the most important mechanisms
of cell cycle arrest in cancer cells.’” The mechanisms of S phase
arrest and the protein machinery involved in regulating the S
phase checkpoint have also been well defined.”! However,
our target prediction shows that miR-133a/b and miR-361-3p
do not directly target genes relevant to S phase progression
(Table 1), suggesting that the effect of these miRNAs on S phase
progression is through indirect regulation. The direct targets and
downstream signaling pathways mediating the effect of these
miRNAs on the S phase checkpoint need to be defined further.

Our investigation of the predicted targets of the miR-133a/b
and miR-361-3p indicate that they have distinct “targetomes,”
suggesting that distinct signaling pathways are involved in
mediating their effects on lung cancer cell survival. The
diversity of the targets of these miRNAs suggests the potential of
developing combined therapeutic agent-based inhibitors of these
miRNAs. Because miRNAs have multiple regulatory targets and
can intervene in multiple oncogenic pathways simultaneously,
they may provide more effective therapeutic strategies than agents
that are currently in use.”? Recent studies have demonstrated that
tumor cells show significant intra-tumoral heterogeneity, with
somatic mutations and gene expression profiles indicative of both
good and poor prognosis found in different regions of the same
tumor and between the primary tumor and distant metastases.*?
This heterogeneity may be the primary contribution to tumor
adaptation leading to drug resistance and therapeutic failure,
and the multi-targeting feature of miRNAs might be a way to
overcome this obstacle to traditional strategies. The combination
of multiple cytotoxic miRNA inhibitors would hit an even
broader spectrum of molecular pathways, further addressing the
problem of heterogeneity. In addition, the combination would
allow smaller doses of each individual miRNA inhibitor while
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still inducing effective cell death and would therefore decrease
any toxic side effects specific to each inhibitor. The therapeutic
efficacy of such combinations of miRNA inhibitors, including
those previously identified, as well as those identified here,
certainly warrants further investigation.

Overall, our HTS identified novel miRNA inhibitors that
modulate lung cancer cell survival and response to paclitaxel.
Although the mechanisms by which the identified inhibitors
regulate cell survival and drug response need to be further
investigated, the universal effect of the identified inhibitors on
lung cancer cells with different genetic backgrounds highlights
the potential of applying these inhibitors as therapeutic agents
in lung cancer treatment. Future studies are certainly warranted
to explore the possibility of translating these laboratory findings
into clinical applications.

Materials and Methods

Reagents and materials

miRNA mimics and siRNA oligos were obtained from
Dharmacon. miRNA inhibitors were obtained from Exiqon.
Paclitaxel dissolved in Cremophor EL (polyoxyethylated
castor oil) and dehydrated ethanol was obtained from Teva
Pharmaceuticals. Aphidicolin was obtained from Sigma-Aldrich.

Cell lines

Cell lines beginning with “H” were established at the National
Cancer Institute. Cell lines beginning with “HCC” and the
immortalized human bronchial epithelial cells (HBECs) were
established by the Hamon Center for Therapeutic Oncology
Research at UT Southwestern Medical Center. All cancer cell
lines were grown in RPMI-1640 medium (Life Technologies)
supplemented with 5% fetal bovine serum (Atlanta Biologicals).
All cell lines were grown in a humidified atmosphere with
5% CO, at 37 °C. Total RNA was extracted using TRIzol
(Invitrogen).

High-throughput screen (HTYS)

The inhibitors, each of which targets one of the 747 known
human miRNAs, were arrayed in a one-inhibitor one-well format
in the central 60 wells of 96-well micro-titer plates. Transfections
of NSCLC cells were performed in quadruplicate (H1155) or
triplicate (H358 and H1993). After incubation for 120 h, cell
viability was assessed by measuring ATP concentration (Cell Titer-
Glo Luminescent Cell Viability Assay; Promega). Data from the
drug and carrier arms of the screens were collected in parallel,
with the same plate and well locations for each miRNA. Each
miRNA inhibitor was assigned a relative viability calculated
by normalizing replicate means to the mean of the central 60
wells on each plate to assess the effect of each inhibitor on cell
viability in the absence (V_ . ) or presence of paclitaxel (Vpacli[axel)'
Each miRNA inhibitor was also assigned a sensitivity ratio (S)
calculated as mean viability in the presence of paclitaxel divided
)

to assess the effect of each inhibitor on cell response to paclitaxel.
miRNA qRT-PCR
Total RNA was prepared using the mirVana™ miRNA
Isolation Kit (Ambion). mRNA and miRNA levels were assessed

by mean viability in the presence of carrier (S = Vp

aclitaxel’ * carrier
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by qRT-PCR using an ABI PRISM 7900 Sequence Detection
System using miRNA Expression Assay primer and probe sets
(Applied Biosystems). RNU19 expression was used as a control
for normalization of cDNA loading. Threshold cycle times (Ct)
were obtained and relative gene expression was calculated using
the comparative cycle time method.*

miRNA expression profiling

Total RNA from lung cancer cell lines was prepared as above.
miRNA expression profiling was done using the Agilent miRNA
expression platform following standard protocols.

Cell viability assay

Cells were plated in 96-well format and transfected with
oligos, and/or with drug added in different concentrations
after 72 h, followed by incubation for additional 48—72 h. Cell
viability was determined using the CellTiter-Glo® Luminescent
Cell Viability Assay (Promega).

Colony formation assay

One thousand cells were seeded on each 10 cm dish. After
14 d, colonies were visualized by staining with 1% crystal violet.
Colonies were counted using Image] (NIH), and differences
were assessed by two-tailed t-test.

Cell cycle analysis

Cells were detached by trypsinizing and collected by
centrifuging at 1000 rpm for 5 min. The cells were washed once
with 1X PBS and fixed with 1X PBS containing 1 mM EDTA
and 85% ethanol at 4 °C. After 1 h, the cells were harvested by
centrifugation at 1400 rpm for 5 min at 4 °C. The cells were then
re-suspended in 1X PBS, and treated with 50 pg/ml propidium
iodide and 100 pg/ml RNase A for 30 min at 37°C. Cell cycle
data were collected on a Cytomics FC 500 flow cytometer
(Beckman Coulter), with 20000 events collected per sample.
Data were analyzed using FlowJo version 7.6.5 (TreeStar).

Intra-S phase checkpoint activation

Cells were transfected with 10 nM miR-133a/b inhibitor, miR-
361-3p inhibitor, or scrambled control oligo for 12 h, followed
by serum starvation for 12 h. Cells were then treated with
aphidicolin (5 pg/ml) for 12 h for G1/S phase synchronization.
To release cells from synchronization, cells were washed with
PBS twice and medium was replaced with fresh medium. Cells
were then collected at 0, 2, 4, 6, 8, 10, and 12 h for cell cycle
analysis as above.

Western blots

Cell lysates were prepared using NP-40 buffer. Protein
concentration was determined using the Pierce BCA assay
(Thermo Fisher). For electrophoresis, equal amounts of cell
lysate were resolved by SDS-PAGE and transferred to Immun-
Blot PVDF membranes (Bio-Rad). Membranes were blocked and
probed with rabbit anti-Caspase-3 (Cell Signaling Technology),
anti-Chkl (Cell Signaling), anti-Chk2 (Cell Signaling), anti-
pChkl (Cell Signaling), anti-pChk2 (Cell Signaling), or goat

anti-calnexin (Santa Cruz Biotechnology). Bound antibodies
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were detected with secondary antibodies conjugated with
horseradish peroxidase (HRP) (Santa Cruz Biotechnology)
and visualized by enhanced chemiluminescent (ECL) substrate
(Pierce/Thermo Fisher).

miRNA target prediction

We combined the predictions from TargetScan and miRmate
to identify high-confidence targets for each miRNA. The
miRmate method® rewards complete complementarity of
the seed region at positions 2—8 of the miRNA, mismatches
and insertions in the central bulge at positions 9-11 of the
miRNA, some complementarity at the 3’ end, and specific
sequence composition at positions 1 (A) and 9 (A or C) of
the miRNA, according to the findings of Lewis, et al.”” Each
miRmate predicted miRNA:target interaction is given a
predicted interaction score based on the calculations of the above
parameters, with higher interaction scores indicating a higher
probability of miRNA:target interaction. For miRNA:target
interaction identified by TargetScan, we rank the prediction by
the probability of conserved targeting (P_..) score, with higher
scores considered to indicate a higher probability of miRNA:target
interaction.”®** We consider predicted targets that have either a
TargetScan P score > 0.1 or a miRmate interaction score > 90
as high-confidence targets of each miRNA.

Cell apoptosis and growth rate assays

Cells were plated in 96-well plates and treated with specified
conditions. After 18 h, CellPlayer Caspase 3/7 Reagent (Essen
BioScience) was added and apoptotic events were detected with
an IncuCyte live-cell imaging system (Essen BioScience). Cell
confluence was monitored at the same time. After 54 d, the
total number of cells in each well was determined by staining for
total DNA content using Vybrant DyeCycle Green DNA stain
(Invitrogen). The percentage of cells undergoing apoptosis was
determined from the ratio of apoptotic events to the total number
of cells, with the latter estimated by combining the DNA content
assay at the end point and the cell confluence at each time point.
Cell growth curves were derived from the observed confluence at
each time point.
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