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Introduction

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy. Platinum and taxane-
based drugs are used in combination as first-line chemotherapeutics for women newly diagnosed with
EOC, unfortunately approximately 20% do not respond to this treatment and have very poor
outcomes due to chemoresistance, making advanced ovarian cancer particularly difficult to eradicate.
Given the crucial importance to overcome chemotherapy resistance to platinum therapy, we
hypothesize that miRNA profiing in EOC cell lines and surgical specimens with varying
chemosensitivities will uncover a potential predictive “fingerprint” for individualized therapy, while
further biological validation of these miRNAs signatures will allow for the development of novel
therapeutic strategies to enhance chemosensitivity. The overarching goal of this project is to identify
miRNAs involved in the development of ovarian cancer chemoresistance and ascertain their
biological relevance using both in vitro and in vivo models of ovarian adenocarcinoma. To test our
hypothesis, we propose to: 1) Validate the clinical relevance of the miRNA signature we identified in
our in vitro model of chemosensitivity using a well-defined clinical cohort of ovarian cancer
specimens; 2) determine the biological and functional relevance of the miRNAs that correlate with
chemotherapeutic response; 3) explore whether in vivo targeting of miRNAs that are overexpressed
in chemoresistant cancer cells can sensitize chemoresistant ovarian tumors to platinum treatment
and inhibit ovarian cancer dissemination in a pre-clinical ovarian cancer mouse model. Our study, if
successful, will identify key miRNAs involved in the regulation of chemoresistance in EOC and
significantly contribute to the understanding of their biology and function in vitro and in vivo. Those
miRNAs may also serve as predictive markers for tailored therapy. Furthermore, targeting these
miRNAs using in vivo will provide a new paradigm for overcoming chemotherapy resistance clinically
and thus improve survival in late stage disease.



BODY

This report includes the data obtained in only 5§ months because | transferred to another institution
shortly after this award was issued. We are currently in the process of getting the remaining funding
transferred to my current institution were | will continue the studies.

Through miRNA array analysis of an in vitro model of acquired platinum resistance consisting
of an OvCa cell line sensitive to carboplatin, A2780, and its resistant variants, CP20 (moderately
resistant) and CP70 (resistant) which, we have identified a panel of miRNAs that are correlated with
carboplatin response (Tables 1&2)(abstract presented at SGO 2011 attached). Interestingly, the
majority of miRNAs were upregulated in the platinum resistant variants compared to the parental
sensitive cell line. Well-known miRNA clusters such as the miR-17-92 and the let7 family were some
the most significantly altered miRNAs. Additionally, we both the moderately resistant and resistant
cell lines had many of the same dysregulated miRNAs with only a few miRNA that were exclusively
changed in each cell line alone (Figure 1).

Table 1: miRNAs downregulated in platinum resistant ovarian cancer cells FC p-value FC p-value
FC p-value FC p-value (cP20/ (cP70/
(cP20/ (CP70/A2780) A2780) A2780)
A2780) let-7g 26.32 0.000026 50.97 0.000021
hiR-92a 0.42 0.008 0.25 0.0005 let-7b 6.11 0.000046 23.4 0.000568
18, 075 004 D15 2 00005 let-7i 2.9 0.000078 7.74 0.000072
: let-7e 8.18 0.001984 15.91 0.000152
mif-210 0.25 0.004 041 0.01 let-7a 6.42 0.003078 13.72 0.002556
wllits 03 9.008 0.2 QLO0% miR-132 15.73 0.000028 9.33 0.000391
miR-125b Q.45 0.01 0.14 0.003 miR-23b 15.94 0.000037 10.69 0.000328
miR-363 0.11 0.02 0.13 0.03 miR-9 36.04 0.00003 38.54 0.000007
miR-130a 0.4 0.002 0.73 0.08 miR-148a 8.64 0.000251 7.97 0.000083
miR-193a-5p 0.5 0.08 0.8 0.36 miR-7 9.57 0.000011 3.18 0.003136
miR-20a 0.56 0.06 0.15 0.005 miR-27b 8.03 0.001567 3.92 0.001501
miR-192 0.57 0.07 0.15 0.008 miR-148b 3.19 0.001814 3.69 0.005809
miR-17 0.61 0.11 0.16 0.01 miR-30c 3.23 0.001991 2.21 0.010526
miR-200c 7.79 0.002082 5.74 0.002728
miR-183 6.64 0.003117 9.07 0.000999
. miR-146b-5p 9.44 0.004059 4.52 0.020673
Figure 1 miR-196a 3.87 0.007077 3.45 0.005725
TR TS miR-128 3.86 0.016774 4.56 0.01578
miRNA miRNA miR-181c 2.81 0.006823 2 0.111084
miR-214 3.81 0.025935 2.18 0.361897
CP20 miR-181a 1.97 0.048522 1.54 0.127733
miR-181d 2.03 0.048564 1.08 0.953417
8 miR-181b 1.59 0.053891 1 0.89711
miR-199a-3p 2.2 0.000754 1.01 0.973468
miR-21 2.51 0.002247 1.2 0.15501
miR-126 1.65 0.053338 3.32 0.000606
miR-125a-5p 1.84 0.077812 2.05 0.041421
miR-100 3.03 0.08162 4.13 0.013408
miR-191 1.46 0.210084 1.83 0.034618
miR-29a 0.87 0.519884 1.86 0.032717
miR-15b 1.64 0.000377 2.79 0.000285
let-7d 2.21 0.477048 6.13 0.008461




In task 1 (months 1-3), we sought to confirm our array findings and validate the clinical
relevance of the panel of miRNA'’s identified using a well-defined clinical cohort of ovarian cancer
specimens.  Firstly, in order to confirm the miRNA array results several of the significantly
upregulated miRNAs which have not been previously associated with chemotherapy response were
analyzed in the panel of platinum-resistant ovarian cancer cell lines. Tagman PCR analysis confirmed
that 4 (miR-203, -183, -23b and -132) of the 5 (miR-203, -183, -23b, -132 and -7) miRNAs analyzed
were significantly upregulated in the platinum-resistant cells (Figure 2). In addition, rather then
comparing two distinct groups (i.e., sensitive vs. resistant), we directly correlated the level of each
miRNA expression with the IC50 of each cell lines which is a measure of the effectiveness of platinum
in inducing apoptosis. As shown in Figure 3, the expression of miR-203, -183, -23b and -132 reveal a
positive linear correlation with cell resistance. Strikingly, miR-132 expression displays an almost
perfect correlation with cell resistance (R?> 0.98).
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Next, in order to assess the clinical relevance of these miRNA we ascertained whether there was a
correlation between miRNA expression and several clinical parameters including progression-free
survival and overall survival. Total RNA

Figure 4 )
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We are currently looking to expand these studies and have obtained a second clinical cohort from Dr.
Stefanie Avril at the Technical University Munich in order to increase the power of the study by
including more patient samples. To date we have completed Task 1 but will continue to evaluate the
expression of other miRNAs that were found to be differentially expressed in platinum resistant cell
lines as well as determine whether there is a miRNA signature that correlates with patient outcome
rather then individual miRNAs. In task 2, we are going to determine the functional relevance of these
miRNAs that correlate with platinum resistance and patient outcome. Unfortunately, as we were
preparing to characterize ovarian cancer cells that exogenously express miR-183 my laboratory
transferred institutions and we were unable to complete the rest of the studies. We are currently in
the process of transferring this grant to my new institution and we plan on continuing to complete
tasks 2 and 3.



Key Research Accomplishments:
* Uncovered a miRNA signature that correlates with platinum resistance

* Majority of aberrant miRNAs are common among the moderately and completely resistant
ovarian cancer cell lines

* miR-203, -183, -23b and -132 directly correlate with platinum sensitivity in ovarian cancer cell
lines

* miR-183 is potentially novel prognostic biomarker for advanced-stage ovarian cancer



Reportable outcomes:

Abstracts:
1) Fishman D, Wang F, DiFeo A and Narla G Quantitative PCR array identification of
microRNA clusters associated with epithelial ovarian cancer chemoresistance. Gynecologic
Oncology 120 (2011) S2-S133

Manuscripts:

1) Parikh A, Lee C, Joseph P, Marchini S, Baccarini A, Kolev V, Fruscio R, Shah H, Mullokandov,
Fishman D, Romualdi C, D’Incalci M, Rahaman J, Kalir T, Redline RW, Brown BD, Narla G, and
DiFeo A miR-181a induces TGF-B-mediated epithelial-to-mesenchymal transition and promotes
epithelial ovarian cancer progression. Cell Reports, In revision

2) Purnell R, Lee C, Down JD, Menon N and DiFeo A. A Reflectance Based Method for Label
Free Detection of Low Abundance MicroRNA Biomarkers. Nano Letters, In review

Employment:

1) Promoted to a tenure-tracked Assistant Professor at the Case Comprehensive Cancer
Center, Case Western Reserve University, Cleveland, OH



Conclusion

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy. Platinum and taxane-
based drugs are used in combination as first-line chemotherapeutics for women newly diagnosed with
EOC, unfortunately approximately 20% do not respond to this treatment and have very poor
outcomes due to chemoresistance, making advanced ovarian cancer particularly difficult to eradicate.
The overarching goal of this project is to identify miRNAs involved in the development of ovarian
cancer chemoresistance and ascertain their biological relevance using both in vitro and in vivo
models of ovarian adenocarcinoma. In the 5 months that we had this grant, prior to transferring to
another institution we were able to complete Specific Aim 1 and uncover novel miRNAs involved in
ovarian cancer chemotherapy resistance. Specifically, we found that both the moderately resistant
and resistant ovarian cancer cells have similar miRNA profiles. Additionally, we validated several of
the dysregulated miRNAs found through the microarray platform and confirmed that the expression of
miR-203, -183, -23b and -132 directly correlate with platinum sensitivity. Lastly, through the analysis
of a well-annotated clinical cohort of advanced-stage ovarian cancer, we found that high expression
of miR-183 correlates with decreased patient survival, suggesting that it may be a potential prognostic
biomarker for advanced stage ovarian cancer.

Although numerous miRNA profiling studies including our own have uncovered miRNAs that
correlate with ovarian cancer patient outcome’™ or platinum resistance®® and suggest a link between
miRNA signature and chemoresistance, the discrepancy between reported resistance-associated
miRNA signatures, the lack of biological validation and functional targets represents major hurdles in
understanding miRNAs role in modulating ovarian cancer chemotherapy response. Therefore, in
Specific Aims 2 we will functionally validate all miRNAs that show a correlation with patient outcome
using both gain- and loss-of-function experiments in a panel of ovarian cancer cell lines with varying
sensitivity to platinum therapy. Lastly, in Specific Aim #3 we will access whether the miRNAs that
have a biological effect on ovarian cancer cells can be used as a therapeutic target using either
miRNA mimic or antigomers. Ultimately, upon receipt of this grant to my current institution we will (1)
continue to expand our miRNA signature with ultimate goal of uncovering a potential predictive
“fingerprint” for individualized therapy based on miRNA expression, (2) functionally validate the
miRNAs that are clinically relevant, and (3) therapeutically target miR-183 and other miRNAs that
correlate with patient outcomes.

Our study, if successful, will identify key miRNAs involved in the regulation of chemoresistance
in EOC and systemically validate their biology and function in relevant cell culture and in vivo models
of the disease. Targeting these miRNAs using lentiviral based sponge vectors may provide a new
paradigm for overcoming chemotherapy resistance clinically and thus improve survival in late stage
disease.
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untreated cells from each using high-resolution mass spectrometry.
Raw mass spectrometric data were processed and analyzed for
variations in the spectral counts of peptides between sample sets and
bioinformatics was accomplished using Ingenuity Pathways Analysis
(IPA).

Results: The total numbers of proteins and peptides identified are
listed in the table. Cisplatin-treated UWB1.289 cells had 458
upregulated and 748 downregulated proteins compared with un-
treated cells, with a spectral count difference >2. A group of
molecules associated with an oxidative stress response pathway
were noted to be significantly upgraded compared with the untreated
line. This pathway includes nine molecules involved in cellular
defense responses to oxidative stress, and two molecules in this
pathway are inhibited by cisplatin. It is not significantly upregulated
within the BRCA1l-restored cell line after treatment. Following
cisplatin treatment of the UWB1.289 + BRCA cell line, there was a
significant upregulation of caspase signaling factors, which are
involved in apoptosis and cleavage of DNA damage sensors. This
pathway is downregulated in UWB1.289-treated cells.

Conclusions: BRCA1 dysfunction is an important factor in the
response to treatment with platinum for patients with EOC. Our
results indicate that a number of auxiliary protein signaling pathways
are activated in BRCA1-deficient EOC cell lines in response to cisplatin
exposure. Specifically, upregulation of oxidative stress pathway
molecules and inhibition of caspase-induced cleavage of DNA damage
sensors within the BRCA1-deficient cell line may represent mechan-
isms of compensation for inadequate DNA repair.

UWB1.289 UWB1.289  UWB1.289 + BRCA1 UWB1.289 +

No treatment Cisplatin No treatment BRCA1 Cisplatin
Proteins 2,482 2,221 2,438 2,160
Peptides 23,964 21,980 22,395 21,199

doi:10.1016/j.ygyn0.2010.12.130
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Quantitative PCR array identification of microRNA clusters
associated with epithelial ovarian cancer chemoresistance

D. Fishman, F. Wang, A. DiFeo, G. Narla

Met. Sinai School of Medicine, New York, NY

Objective: Despite improved chemotherapy regimens, chemoresistance
remains a challenge for the treatment of epithelial ovarian cancer (EOC).
Meanwhile, effective biomarkers to predict an individual's response to a
distinct therapy are lacking. In the present study, we aimed to identify
chemoresistant EOC-associated microRNA (miRNA) signature and
explore the possibility of developing a miRNA-based novel therapeutic
strategy to overcome chemoresistance.

The expression profile of 88 cancer-related miRNAs was
determined using a 96-well plate cancer RT2 miRNA PCR array
from SA Biosciences in an in vitro cell culture model composed of
ovarian cancer cell line A2780 (sensitive) and its cisplatin-resistant
variants CP20 (moderately resistant) and CP70 (resistant) (Fig. A).
Total RNA was extracted using the TRIzol reagent (Invitrogen) and
reverse transcribed using the RT2 miRNA First Strand Kit from SA
Biosciences.The resulting cDNA was then diluted, mixed with 2x
RT2 SYBR Green PCR Master Mix (SA Biosciences), and loaded into
the wells of a PCR array plate to allow real-time PCR amplification
and detection. Data analysis was performed with the Web-based
software package for the miRNA PCR array system. Cells undergoing

apoptosis were measured by FACS on cisplatin treatment to
determine the apoptotic index.

Results: Among the 88 miRNAs profiled, 15 were significantly
overexpressed in CP70 cells and 7 were significantly downregulated
in CP70 cells as compared with A2780 (absolute fold change >5,
P<0.05). Hierarchical clustergram analysis was performed to show
the cluster of those miRNAs (Fig. B). Correlation analysis of the
expression of those miRNAs with the apoptotic index of A2780, and
its resistant variants, CP20 and CP70, revealed a panel of miRNAs
associated with cisplatin response. Of those miRNAs that are
overexpressed in cisplatin-resistant cell lines (CP20 and CP70) as
compared with A2780, 7 showed a positive linear correlation with
cell resistance (Fig. C) (R®>0.9). Of the 7 miRNAs that were
significantly downregulated in CP70 cells, 5 (miR-17, -18a, -19a,
-20a, and -125b) showed a negative linear correlation with
chemoresistance (Fig. D) (R*>>0.9), among which miR-17 displayed
a perfect correlation (R?=0.9999).

Conclusions: Our results suggest the complexity of miRNA regulation
in chemoresistance, and the miRNA panels identified in our
preliminary study open a new avenue for the study of miRNA biology
and function evaluation in chemoresistance.

& 3 W B m™m B ®» B
Samaniry bk (% o b bpbas ol s crbeplotin rsvmss)

v : w B ™ B % »
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Figure 1. Eighty-eight cancer-related miRNAs were profiled using the cancer-relatedmiRNA qPCR
amay from SA bioscience. A. Schematic view of our in vitro model for miRNA profiling in OvCa cell
lines of varied response to cisplatin. B. Ch view of ive miRNAs identified to be
differentially expressed in sensitive OvCa cells and its resistant variants. Note, miR-17-92 clustermiR-
125b and let-T/miR-98 are shown clustered together. C. miRNAs that are positively comelated with
EOC resistant phenotype to cisplatin D. miRNAs that are negatively comelated with EOC resistant
phenotype to cisplatin. The miRNA expressionin C. and D. was presented as fold of that in A2780 (y-
axis) against the sensitivity of eachcell line (x-axis).

doi:10.1016/j.ygyno.2010.12.131
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Stop and smell the volatile organic compounds: A novel
breath-based bioassay for detection of ovarian cancer

A. Nick, R. Stone, ]. Bottsford-Miller, P. Ramirez, C. Tung,

G. Armaiz-Pena, E. Felix, A. Sood

University of Texas M.D. Anderson Cancer Center, Houston, TX

Objective: The high mortality rate of ovarian carcinoma is attributed
in part to the lack of an adequately sensitive screening modality.
Breath analysis offers a painless, noninvasive technique of separating
and identifying volatile hydrocarbons using gas chromatography/
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ABSTRACT

Ovarian cancer is the most lethal gynecological cancer primarily due to advanced stage
of disease at diagnosis. Effective therapeutic targets and prognostic biomarkers are still
lacking due to insufficient knowledge of the pathways that regulate ovarian cancer
progression. Here, we identify miR-181a as a mediator of disease dissemination through
the induction of EMT and direct activation of the TGF-f signaling pathway via repression
of its functional target Smad7. High expression of miR-181a and phospho-Smad2 were
associated with poor patient outcome and were enriched in recurrent compared to
matched-primary tumors. Ectopic expression of miR-181a resulted in increased cellular
survival, migration, drug resistance, and in vivo tumor burden and dissemination.
Conversely, targeting this miRNA using a decoy vector resulted in significant decreases
in cell survival, migration, invasion, and MET in ovarian cancer cell lines. Combined, our
findings provide new insights into the molecular functions of miR-181a and reveal its

critical role in ovarian cancer pathogenesis.

Significance: Understanding the mechanisms that regulate EOC dissemination is
crucial in order to improve patient survival. Our data identifies miR-181a as a modulator
of ovarian cancer dissemination through the induction of EMT and highlights its role as a

potential biomarker and therapeutic target for aggressive late-stage ovarian cancer.



INTRODUCTION

In the United States, approximately 22,300 women are diagnosed with ovarian
cancer and approximately 15,500 die from the disease every year (1). Epithelial ovarian
cancer (EOC), which accounts for ~90% of all ovarian cancers, has the highest mortality
rate among all gynecological malignancies. This is primarily due to advanced stage at
diagnosis and the recurrence of chemotherapy resistant tumors, resulting in poor overall
survival in the majority of patients (1,2). An incomplete understanding of the molecular
pathways that regulate disease development poses one of the greatest challenges to
improving clinical outcome. Hence, elucidating functionally relevant molecular drivers of
ovarian cancer progression is crucial for the development of targeted therapy that can

help improve survival outcomes in affected patients.

Epithelial-to-mesenchymal transition (EMT) plays a critical role in metastasis and
is associated with chemotherapy resistance. EMT is characterized by loss of epithelial
morphology and reorganization of cytoskeleton rendering epithelial cells more motile and
invasive through up- and down-regulation of several molecules including tight, adherent
junction proteins and mesenchymal markers. Interestingly, several studies have
indicated TGF-B to function either as a tumor suppressor or as a promoter inducing
EMT, cell motility and invasion depending on cellular context. Understanding the
mechanisms of how TGF-g signaling is modulated could identify key molecular drivers of

dissemination and provide potential molecular targets for drug development.

microRNAs (miRNA) are small noncoding RNA molecules that negatively

regulate gene expression at the post-transcriptional level in a sequence-specific manner,



primarily via base pairing to the 3’ untranslated region (3’UTR) of the target mRNA
transcripts. Mounting evidence implicates miRNAs as regulators of the tumor phenotype
through their ability to modulate the expression of critical genes and signaling networks
involved in tumorigenesis and the downstream malignant processes (3,4). Numerous
miRNA profiling studies in EOC have identified miRNAs associated with chemotherapy
resistance and disease progression (5-10). In a study analyzing 443 advanced epithelial
ovarian cancer specimens from The Cancer Genome Atlas it was found that high
expression of miR-181a was associated with shorter recurrence time (23 months vs. 59
months, P=0.013), possibly implicating a significant role for this miRNA in ovarian cancer
pathogenesis (11). In addition, miR-181a expression has been shown to be regulated by
numerous signaling networks including TGF-B, MYC, estrogen, STAT3 and Wnt/g-
catenin, indicating a potential role in regulating cancer relevant signaling pathways (12-
15). Lastly, miR-181a-1 resides in the 1q "hot spot" region of gain (1931.3-1q32.1) (16),
which is overexpressed in ovarian carcinomas compared to normal tubal epithelium and

ovarian surface epithelium (17).

In this study, we identify miR-181a as an inducer of TGF--mediated EMT via
suppression of Smad7 in ovarian cancer and define a unique mechanism by which the
TGF-B signaling pathway is activated in EOC tumors. Our data highlights a novel
functional role of miR-181a in ovarian cancer biology and uncovers a potential

prognostic biomarker and molecular target for the treatment of EOC.

Results

Elevated expression of miR-181a in advanced stage EOC



In order to assess the clinical relevance of miR-181a in EOC, we analyzed its expression
in a clinically annotated patient cohort of high-grade stage Ill primary papillary serous
ovarian cancer by Tagman-based quantitative real time PCR (qRT-PCR). Using the
median expression value of miR-181a as a cut-point, the cohort was dichotomized into
miR-181a-high or miR-181a-low expressing tumors. The median progression-free
survival (PFS) was 59.9 months for patients with low miR-181a expression, whereas in
patients with high levels of miR-181a the median PFS was 7.1 months (Fig. 1A).
Furthermore, patients with low miR-181a levels exhibited a median overall survival (OS)
of 66.6 months in contrast to a median OS of 24.9 months in patients with high
expression levels of miR-181a (Fig. 1A). Given the association of miR-181a and clinical
outcome, we next sought to determine if other miRNAs that have been previously
reported to be overexpressed in EOC, specifically miR-183 and miR-203, had similar
correlations with outcome in our clinical cohort (18). Kaplan-Meier analysis revealed that
neither miRNA correlated with disease progression (Fig. S1). In addition, tumors of
patients with PFS<6 months (clinically described as platinum resistant) had higher
expression of miR-181a (P=0.01) when compared to patients with PFS>6 months
(platinum sensitive) (Fig. 1B). Taken together, these data support the association

between high miR-181a expression and poor patient outcome.

miR-181a promotes epithelial-to-mesenchymal transition (EMT)

Given the clinical evidence of its association with both poor progression-free and overall
survival, we assessed the functional role of miR-181a in ovarian cancer biology. We
stably expressed miR-181a (p181a), an empty vector (pBABE), and a vector expressing

a mutant form of miR-181a (p181a mut) in the A2780 cell line (derived from



chemotherapy naive primary epithelial ovarian tumor), which expresses the lowest
relative levels of miR-181a in a panel of ovarian cancer cell lines (Fig. 1C). The miR-
181a expression in the two independently derived polyclonal pools of miR-181a-
transduced cells (p181a#1 and p181a#2) was comparable to its basal expression in the
other ovarian cancer cell lines as well as patient samples (Fig. 1C). Functional
assessment of the exogenous miR-181a was achieved using a lentiviral-based miRNA
sensor vectors carrying the mCherry reporter gene with either four miR-181a binding
sites in the 3'UTR or no binding site, serving as a transduction control (Fig. S2). Only
p181a#1 and p181a#2 cells exhibited strong down-regulation of reporter expression
when infected with the mCherry-based miR-181a sensor, confirming enhanced
expression of functionally active miR-181a (Fig. S2). Ectopic expression of miR-181a
resulted in a fibroblast-like mesenchymal appearance of cells with loss of epithelial
features consistent with EMT (Fig. 1D). These morphological features were consistent
with defined molecular alterations that occur during the induction of EMT as
demonstrated by decreased expression of epithelial markers, E-cadherin and Keratin 8,
and a concomitant increase in the expression of mesenchymal markers, N-cadherin,
fibronectin, and Col3A1 (Fig. 1E). The miR-181a-induced EMT-like features were also
observed in an additional ovarian serous adenocarcinoma cell line, HEY (Fig. S3). EMT
plays an important role in cell motility, cellular survival, drug response, and tumor
dissemination in vivo; therefore, we next assessed whether miR-181a-induced EMT
affected these biological processes. Colony formation assay revealed that enhanced
miR-181a expression increased cellular survival and conferred platinum resistance
without affecting cell proliferation (Figs. 1F, 1G, and Fig. S4). Additionally, both trans-
well migration and wound healing assays showed that miR-181a overexpression
significantly increased cellular motility (Figs. 1H and 11). Lastly, we examined the effects

of miR-181a on ovarian cancer dissemination in a pre-clinical intraperitoneal mouse



model of late stage disease. Three weeks after intraperitoneal injection of miR-181a-
overexpressing or pBABE cells, miR-181a-overexpressing cells formed a greater
number of disseminated nodules within the peritoneal cavity (Fisher’'s Exact test, P=0.01;
OR: 47.67; 95% CI: 1.6-1424) which correlated to increased overall tumor burden
(P=0.03) (Fig. 1J), indicating that tumor cells with elevated levels miR-181a had acquired
a propensity to disseminate and survive in vivo. gqRT-PCR confirmed overexpression of
miR-181a and transcriptional changes in EMT markers in these tumors (Figs. 1K and

1L).

Inhibition of miR-181a suppresses migration and cellular survival

A tough decoy (TuD) vector specific to miR-181a was utilized to determine the impact of
miR-181a inhibition on EMT-driven phenotypes (19,20). The SKOV3 ovarian cancer line,
which has relatively high expression levels of miR-181a, was stably transduced with
either the TuD-miR-181a (miR-181a Decoy) or TuD-miR-331.3p (control decoy) vector.
Cells transduced with TuD-miR-181a exhibited decreased expression levels of miR-181a
when compared to cells transduced with TuD-miR-331.3p (Fig. 2A). In addition, the
mCherry miR-181a sensor reporter vector confirmed a more than 80% inhibition of miR-

181a function (Fig. 2B).

Stable inhibition of miR-181a led to differences in morphology and marker gene
expression consistent with MET (mesenchymal-epithelial transition), wherein the cells
reverted from a more spindle-like morphology to an epithelial-like phenotype (Fig. 2C).
Western blot analysis confirmed a significant increase in the epithelial marker (E-

cadherin) and a decrease in mesenchymal markers (N-cadherin and Col3A1) (Fig. 2C).



Furthermore, miR-181a inhibition led to a decrease in cellular survival (Fig. 2D) and

rendered the cells less migratory (Fig. 2E).

miR-181a is a novel modulator of the TGF-B signaling pathway

To identify the cellular pathways modulated by miR-181a and define specific targets
driving the observed EMT phenotype, we performed high-throughput RNA sequencing
(Numina) on A2780 pBABE and p181a cell lines with a combination of computational
target prediction, global transcriptome- and pathway-based analysis. Using a threshold
of a minimum fold change = 5 or fold change < 5 (with P < 0.05), we identified a total of
739 differentially expressed genes: 705 downregulated and 34 upregulated (Table S1-2).
The high-throughput mRNA sequencing data revealed alterations in the epithelial and
mesenchymal markers consistent with global activation of an EMT-like genetic program
(Table 1). Interestingly, nearly 7% of significantly downregulated genes had a putative
miR-181a binding site(s) as predicted by TargetScan (Table S1). We next utilized the
Ingenuity Pathway Analysis (IPA) software (Ingenuity, Inc.) to further define potential
targets and the major pathways/networks driving the miR-181a-mediated EMT
phenotypes. The transforming growth factor-g signaling pathway was the most
significantly dysregulated pathway, among those with significant number of genes

altered by greater than 5-fold (P=1.1x10"*) (Fig. 3A).

TGF-B is among several growth factors that can act as inducers of EMT and has
been found to play an important role in cancer invasion and metastasis (21-23). Thus,
we sought to explore the role of miR-181a in the regulation of TGF-g signaling in ovarian

cancer. Given that the R-Smads, Smad2 and Smad3, are key intracellular mediators of



cellular responses to TGF-p signaling, we assessed the effects of miR-181a expression
on the phosphorylation of Smad2 (P-Smad2) and Smad3 (P-Smad3). In both stable cell
lines expressing miR-181a, P-Smad2 and P-Smad3 expressions were increased with a
concomitant decrease in the inhibitory Smad, Smad7 (Fig. 3B). Consistent with the
activation of the TGF-g signaling pathway, the activin receptor (ACVR2A) and the type |
TGFp receptor (TGFB-RI), which are also putative targets of miR-181a, were also
increased in miR-181a expressing cells (Fig. 3B). Next, we utilized both a TGF-p /activin-
responsive p3TP reporter and the artificial SBE4-luc reporter in order to assess TGF-$
transcriptional response (24). We found that miR-181a overexpression induced both
p3TP and SBE4 reporter activities and conversely, stable inhibition of miR-181a led to a
decrease in SBE4 reporter expression by >20% (Figs. 3C and 3D). Furthermore, the
addition of a TGF-B RI kinase inhibitor, SB431542, blocked miR-181a-induced

phosphorylation of Smad2 (Fig. 3E).

Activation of the TGF-B signaling pathway correlates with poor patient outcome

Given that our data supports a role for miR-181a in regulating TGF-g signaling in
ovarian cancer, we next sought to assess whether TGF-B activation and miR-181a
expression correlates with EOC disease progression and recurrence in patient samples.
The distribution of P-Smad2 positive cells, as well as the intensity of staining, varied
depending on PFl and were mainly localized to the nuclei of cancer cells (a marker of
activated TGF-g signaling) (Fig. 3F). Overall immune scores in our patient cohort, which
were calculated using the Allred scoring system (25), ranged from 0-7 with an overall
median score of 2. There was a significant enrichment of P-Smad2 in tumors with

shorter time to recurrence (PFI<6 months) (Fisher Exact test; *P=0.016, Table 2).



Furthermore, higher levels of P-Smad2 significantly correlated with shorter median PFI
and survival (Fig. 3G) (PFIl: P-Smad2 low vs. P-Smad2 high, 55.9 vs. 6.3 *P=0.01, OR
8.9; 95% CI: 8.3 to 9.4 and survival: P-Smad2 low vs. P-Smad2 high, 79.0 vs. 12.6

**p=0.007, OR 6.3; 95% Cl: 5.7 to 6.8) (Fig. 3G).

Additionally, Kaplan-Meier analysis revealed that a concomitant decrease in miR-
181a and P-Smad2 expression resulted in a significantly prolonged progression-free
interval (P=0.0007) and overall survival (P=0.0006) compared to each biomarker alone
(Fig. 3H). Specifically, patient tumors that either had low miR-181a or low P-Smad2
expression had median PFI's of 56 and 53 months, respectively, while in patient tumors
with both low miR-181a and P-Smad2 expressions the median PFI doubled to 123
months (***P=0.0007, OR 18.7; 95% CI: 9.2 to 37.8) (Fig. 3H); differences for OS were
similar. Patient tumors expressing either low miR-181a or low P-Smad2 had median
survival of 66.6 and 72.8 months, respectively, compared to patient tumors that had both
low miR-181a and P-Smad2 expressions in which the median survival doubled to 132.2

months (***P=0.0006, OR 5.8; 95% Cl: 2.6 to 12.8) (Fig. 3H).

In order to further validate the observations that increased miR-181a expression
and TGF-B pathway activation correlate with disease progression and recurrence in
EOC, we utilized a second clinical cohort of high-grade serous ovarian cancer patients.
The expression of miR-181a was assessed in patient- matched tumor biopsies that were
taken at primary surgery (PS-O: chemotherapy naive ovarian tumor) and at secondary
surgery (SCR: after tumor has recurred and after at least two lines of chemotherapy). In
the SCR tumors, miR-181a expression was upregulated 2.51 fold compared to PS-O
(P=0.0006) (Figs. 4A and 4B). Additionally, hierarchical bootstrap clustering on the

differentially expressed genes (DEG) and analysis of altered biological networks in this

10



cohort revealed that a subset of SCR tumors (Group A) had a molecular signature
indicative of an EMT phenotype driven by TGF-B pathway activation (26), thus making
this an ideal cohort to assess whether miR-181a expression was enriched in recurrent
tumors specifically with a TGF-g-induced EMT signature. In accordance with all previous
data, we observed that the SCR tumors with distinct molecular features of TGF-g-
activated EMT (Group A) had elevated miR-181a expression (P=0.0006, Figs. 4A and
4B). Interestingly, in recurrent tumors lacking a distinct EMT signature (Group B), miR-
181a was not significantly upregulated (Figs. 4A and 4B). Additionally, in these same
tumors there was a significant correlation between the expressions of miR-181a and
several EMT markers. Notably, the mesenchymal markers Col5A1 and Col3A1 drew a
positive correlation (Col5A1; R=042, p<0.047 and Col3A1; R=0.45, P<0.033) and the
epithelial marker, E-cadherin, had a significant inverse correlation with miR-181a

expression (E-cadherin; R=-0.44, P<0.03) (Fig. S5).

Smad7 is a direct target of miR-181a and its re-expression can rescue the miR-

181a driven phenotypes

We next sought to identify the functional target(s) driving miR-181a-mediated TGF-$
pathway activation. The expression of Smad7, a key negative regulator of TGF-g
signaling, was decreased ~30-fold in miR-181a-expressing cells (Fig. 5A). Additionally,
correlation analysis using miRConnect revealed that Smad7 expression was significantly

negatively correlated with miR-181a levels (sPCC = -6.2, Fig. 5A).

To verify that Smad7 is a direct target of miR-181a, a luciferase-based reporter
assay using the Smad7 3’'UTR was performed (Fig. 5B). Enhanced expression of miR-

181a significantly decreased luciferase reporter activity while no change in luciferase
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expression was evident in the p181a mut cells as compared to the pBABE control cells
(Fig. 5C). Consistent with these results, endogenous levels of Smad7 were also
significantly downregulated at both the RNA and protein levels in cells stably expressing
miR-181a compared to pBABE or p181a mut cells (Figs. 5D and 3B); this
downregulation was also observed in our in vivo intraperitoneal tumor tissue (Fig. 5E).
Consistent with the notion that miR-181a regulates Smad7 expression, analysis of the
matched primary and recurrent ovarian tumors revealed a significant negative correlation
(Fig. 5F) (r =-0.96, P<0.0001) between miR-181a and Smad7 expression, which could
reflect our finding that both parameters correlate with tumor recurrence. Conversely,
sequestration of miR-181a by the aforementioned decoy vectors abrogated the inhibitory
effect of the miRNA on the Smad7 3'UTR reporter constructs and led to an increase in

both Smad7 mRNA and protein expression (Figs. 5G and 5H).

Next, we assessed whether Smad7 was the miR-181a target gene that mediated
the EMT phenotypes observed. Stable re-expression of Smad7 lacking the 3’UTR was
able to attenuate miR-181a-induced EMT as demonstrated by morphological changes,
and the relative expression of epithelial and mesenchymal cellular markers E-cadherin,
Keratin 8, N-cadherin, and Col3A1 on both the mRNA and protein levels (Figs. 6A, 6B,
and 6C). The ability of miR-181a to increase cellular survival and to activate TGF-p

signaling was also abrogated (Figs. 6D and 6E).

DISCUSSION

The issues of tumor recurrence, drug resistance, enhanced invasion and

metastasis remain a challenge in the treatment and the clinical management of EOC.
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Despite a better understanding of EOC genetic alterations in the recent years, our ability
to translate these findings into more effective treatments have been limited by the
difficulty in identifying functionally relevant drivers of the disease. Because of the
inherent heterogeneity and complex nature of EOC (27), known common and highly
mutated genes, such as in TP53 or BRCA1/2, have not been successfully exploited in
the clinical setting. Hence, identifying molecular drivers of EOC will be crucial to a better
understanding of its biology and ultimately for a therapeutic target in advanced stage

disease.

Herein, we have identified a single miRNA, miR-181a, that can modulate TGF-8
signaling to induce and maintain EMT, and effect further downstream events of tumor
cell survival, altered response to chemotherapy, migration, and dissemination in
vivo. Several studies have demonstrated that TGF-g signaling contributes to ovarian
cancer cell plasticity through the regulation of cellular adhesion to the extracellular
matrix, thereby increasing cell motility and invasion (28-30). Additionally, ovarian tumors
and paired ascites fluid secrete significant amounts of TGF-g (31,32), thus making it
imperative to understand the effects of TGF-B on the ovarian tumor biology and the
factors that regulate this signaling pathway. In addition, the importance of further
understanding the molecular underpinnings involved in TGF-g-induced EMT in EOC was
recently highlighted in a comprehensive analysis, which demonstrates that tumors which
display a TGF-B-induced mesenchymal signature correlate with poor overall survival (4).
Additionally, they uncovered that a miRNA regulatory network, which consisted of a set
of 19 miRNA’s that were downregulated and inhibited EMT, governed the ovarian cancer
mesenchymal phenotype. However, this study does not explore miRNA’s that are
upregulated in the more aggressive mesenchymal subtype. Our present study provides

an understanding of how enhanced expression of miR-181a can confer malignant and
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invasive traits through the modulation of a canonical signaling pathway and a
consequent maintenance of a mesenchymal state. Furthermore, inhibition of miR-181a
led to a reversion of EMT and subsequent events through decreased TGF-f signaling.
Our data confirmed Smad7 as a functional target through which TGF-g-mediated EMT
occurs; re-expression of Smad7 lacking its 3'UTR was able to rescue miR-181a-
mediated phenotypes, deeming Smad7 as a critical mediator of miR-181a-induced EMT.
Other recent studies support the crucial role(s) that miRNAs play in mediating EMT and
consequent aggressive disease traits. For example, the miR-106b-25 cluster has also
been shown to target Smad7 and mediate TGF-g-induced EMT downstream to Six1 in
breast cancer (33). MiR-9 directly targets E-cadherin and inhibition of miR-9 had led to
an inhibition of metastasis (34). Conversely, the miR-200 and -205 family was shown to
target transcriptional repressors of E-cadherin, ZEB1 and SIP1, and re-expression of
these miRNAs led to a mesenchymal-to-epithelial transition and prevented TGF-8 -

induced EMT (35).

The clinical relevance of EMT in ovarian cancer development and progression is
not fully understood in part due to conflicting results with EMT marker gene expression
patterns and clinical outcomes. For examples, the loss of E-cadherin may correlate with
poor survival (36,37) but in an additional large-scale study, the opposite correlation in
high grade EOC was observed (38). Our study suggests that the use of biomarkers that
regulate EMT, such as miR-181a or P-Smad2, may provide a more functionally relevant
prognostic marker. In fact, miRNA expression may be a more accurate classifer of tumor
origin and stage than mRNA profiing and standard histological procedures (39).
Consequently, we show that the expressions of miR-181a and activated TGF-p
signaling, as measured by P-Smad2 expression, significantly correlate with progression-

free and overall survivals in a well-annotated advanced stage EOC patient cohort.
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Stratifying patients by miR-181a and/or pSmad2 expression in their primary tumor prior
to chemotherapy treatment predicted clinical response and survival. Our intraperitoneal
in vivo model of late stage EOC also supports that miR-181a increases overall tumor
burden with a significantly higher incidence of metastatic nodules in the peritoneum.
Importantly, mRNA analyses showed the maintenance of EMT in vivo as well as
decreased levels of Smad7. The analysis of a second clinical cohort of patient-matched
primary and recurrent EOC tumors revealed a significant enrichment of miR-181a
expression in recurrent tumors compared to primary chemotherapy naive tumors. This
cohort also confirmed the significant association between miR-181a, Smad7, and TGF-
B-induced EMT in recurrent tumors (25) with a striking inverse correlation between miR-
181a and Smad7 expression. These observations strongly suggest that the pathways
that activate miR-181a and in turn leading to Smad7 inhibition are involved in disease
progression. Given that enhanced miR-181a expression resulted in activation of other
Smad-dependent protein such as TGF- R1 and potentially non-canonical TGF-g-related
pathways, further studies are warranted to explore the functional and clinical relevance
of other miR-181a regulated pathways in EOC.

Furthermore, we were able to therapeutically target miR-181a using a decoy vector
system and this resulted in significant decreases in cell survival, migration, invasion, and
MET in ovarian cancer cell lines highlighting the therapeutic potential of miR-181a
silencing in EOC. Additionally, the mechanistic and clinically relevant link between
aberrant TGF- B signaling and the SMAD7-miR181 interaction allows for an additional
level of targeting with the use of mRNA target protect molecules which block miR-181a
binding to the SMAD7 3'’utr directly. Ultimately, the development of therapeutics in the
context of the miR-181a-TGF-B-Smad7 axis may serve as an efficacious treatment of

late stage EOC.
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Methods

Analysis of primary human ovarian cancer samples

A de-identified and blinded cohort of 53 primary stage Ill papillary serous ovarian
cancers with long term clinical follow-up was provided by Dr. Jamal Rahaman (Mount
Sinai School of Medicine) from an Ovarian Cancer database established with an
Institutional human ethics review board approval (IRB # 02-0783, IRB# 02-0668). Total
RNA was isolated from duplicate unstained paraffin-embedded sections, which were
provided by Dr. Tamara Kalir (Mount Sinai School of Medicine) using the RecoverAll™
Total Nucleic Acid Isolation Kit for FFPE (Life Technologies). Real-time PCR analyses
for mMRNA and microRNA were performed as described in the RNA extraction and real-
time PCR section below. The second patient cohort of EOC was selected from a tumor
tissue collection of snap-frozen biopsies recruited at the San Gerardo Hospital in Monza
(Italy) and routinely stored at -80°C at the Mario Negri Institute in Milan, (Italy). The
cohort comprises 23 stage IlI-IV patients from whom tumor biopsies were taken at ovary
at primary surgery (PS-0O), and thus naive to chemotherapy, and at second surgery for
relapse after several lines of chemotherapy (SCR). All clinical and pathological features

were recently published (Marchini et al., 2012).

Cell Culture.

We obtained A2780 cells from Dr. Paul Modrich (Duke University), the HEY cells from
Gloria S. Huang (Albert Einstein College of Medicine), and SKOV3 cell lines from the
American Type Culture Collection and cultivated them in DMEM supplemented with 10%

FBS and 1% Penicillin-Streptomycin (recommended media). Cells were cultured in a
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humidified atmosphere with 5% CO, at 37°C. Trypsin (0.25%)/EDTA solution was used

to detach the cells from the culture flask for passaging.

RNA extraction and real-time PCR.

Total RNA was extracted using the miRNeasy kit (Qiagen) according to manufacturer’s
instructions. For mRNA analysis, complementary cDNA was randomly primed from 1 ug
of total RNA using the Fermentas cDNA Synthesis kit. Real-time PCR was subsequently
performed in triplicate with 1:15 dilution of cDNA using SYBR green PCR system on the
7900HT Fast real-time PCR machine (Applied Biosciences). Data were collected and
analyzed using SDS 2.3 software accompanying the PCR machine. Relative expression
levels were determined using the comparative quantification feature of the SDS 2.3
software. All mMRNA quantification data were normalized to Actin and 18S. For miRNA
analysis, real-time PCR was performed as above using TagMan microRNA Assay
(Applied Biosystems) according to the manufacturer’s instructions. TagMan probes for
hsa-miR-181a, miR-16, and RNU6B were purchased from Applied Biosystems. All
miRNA data are expressed relative to a RNU6B and/or miR-16, which displayed had

stable expression profile throughout all experiments and patient samples.

Generation of A2780 stable cell lines.

MDH1-miR-181a-1-PGK-GFP, a retroviral construct utilized to generate miR-181a
overexpressing cell lines, was generously donated by Dr. Chen Z. Cheng (Stanford
University). Mutations in the miR-181a seed sequence were generated using Change-IT
Multiple Mutation Site-directed Mutagenesis kit (USB). Retrovirus was generated by co-
transfection of the above constructs with packaging plasmids into Phx cells. A2780 cells
were transduced and subsequently FACS-sorted for green fluorescent protein (GFP)-

positivity, which is co-expressed on a single transcript with the miR-181a. The
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pCDNA3.1-Smad7 construct was generously provided by Dr. Carl-Hendrik Heldin
(Ludwig Institute for Cancer Research, Sweden). The Smad7 cDNA lacking the 3'UTR
was excised out of the pCDNAS3.1 vector backbone using BamH1 and Xho1 (NEB) and
amplified by PCR; the purified cDNA was then ligated into the pBABE-puro vector
backbone post-digestion with BamH1 and Sal1 (NEB). The newly generated
pBABEpuro-Smad7 plasmid was then trasnfected into Phx cells as described above,

and selection of positively transduced cells was accomplished using 2.5 ug/mL

puromycin (Invitrogen).

microRNA sensor and decoy vectors.

The sensor construct was generated as previously described (44). A bidirectional
lentiviral vector, which expresses GFP and mCherry as two distinct transcripts, was
modified to contain four tandem copies of an imperfectly complementary target site for
miR-181a. A2780 and SKOV3 cells were transduced with the miR-181a sensor and an
empty control as described above. The FACS data were acquired using the BD LSR I
machine and analyzed using FlowJo 8.8.7 software. The microRNA decoy vector utilized
the tough decoy (TuD) configuration (18). Two semicomplementary target sites for miR-
181a were cloned into a lentiviral vector, which also encoded a GFP reporter gene
expressed from the PGK promoter. The vectors were produced and titered as previously

described (40).

Clonogenecity Assay.
Cell survival was assessed through seeding 250 cells/well in a 6-well plate and were
fixed in a 10% acetic acid/10% methanol (in diH20) solution and stained with 1% crystal

violet (in methanol) after 7 days of growth. Colonies were counted using ImageJ.

Cell migration assay.
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Cell migration was determined by means of wound-healing assay and transwell
migration assay. For the wound-healing assay, 4x10° cells were seeded into six-well
plates and were serum starved for 24h once they were fully confluent. A sterile 200 ul
pipette tip was used to scratch the cells to form a wound. The cells were washed with
PBS and cultured in serum-free medium. The assay was performed in complete media
with SKOV3-derived cells. Migration of the cells to the wound was visualized with an
inverted Nikon Eclipse TS100 phase-contrast microscope and measured using Nikon
NIS-Element Basic Research v3.2 software. The transwell migration assay was
performed in triplicate (Cell BioLabs, catalog no. CBA-100). 300,000 cells (in serum-free
media) were plated into the upper chambers that comprised of a polycarbonate
membrane (8 uM pore-size, ideal for epithelial cells) through which migratory cells would
penetrate. The cells were incubated in 37°C for 24 hours and were subsequently
harvested for quantification via a colorimetric absorbance reading (per Cell BioLabs
protocol) at 560 nm. It is important to note that all non-migratory cells were removed
from the upper chamber before assaying and quantifying the migratory cells on the

bottom chamber.

Gene expression analysis using RNA-sequencing (RNA-seq) data.

Total RNA was extracted from two polyclonal pools of A2780 cells expressing
exogenous miR-181a (p181a #1 and p181a #2) and an empty vector control expressing
pBABE-GFP (pBABE). The lllumina RNASeq kit was used to prepare sequencing
libraries. The method is as follows: 1 ug of high quality total RNA was incubated with
oligo(dT) magnetic beads (SeraMag) in order to enrich for mRNA with poly-A tails.
Eluted RNA was randomly cleaved by incubation at 94°C with a magnesium buffer; this
yields ~200 nt fragments. The RNA is ethanol-precipitated and then reverse transcribed

(Invitrogen SuperScript II). DNA polymerase is added to generate a second strand.
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dsDNA after second strand synthesis contains ends with 5" and 3" overhangs, and these
are filled in using T4 polymerase and T4 polynucleotide kinase resulting in a blunt-ended
DNA molecule. Then a deoxyadenosine (dA) 5 tail is added to DNA strands using the
Klenow fragment (exo-). dsDNA adapters with 3" thymidine overhangs are ligated to the
dA-tailed library using T4 ligase. The library was then size selected on a 2% agarose
gel, and amplified with 15 cycles of PCR (NEB Phusion polymerase). This procedure
adds the sequences needed for binding to the lllumina flow cell and sequencing primer-
binding sites. RNA-Seq libraries were sequenced using the lllumina HiSeq 2000 for a
100nt read length. Transcriptome raw reads from lllumina's GAllx were mapped to the
human reference genome (hg19). The coverage over the length of the gene is variable
due to various biases inherent to the sequencing and sample preparation process. To
avoid problems arising from this, we generated a density profile using windows of 50 bp
sliding over the length of each gene, and the median of this density profile was picked as
the representative coverage for the gene using an in-house mMRNA-seq expression
profile pipeline. The coverage is corrected using log-transformation and quantile
normalization. Putative miRNA targets were predicted using TargetScan

(http://www.targetscan.org) and miRConnect (http://mirconnect.org).

Smad7 3’'UTR Reporter Assay.

The 3'UTR of Smad7 was obtained from Switgear Genomics. Renilla luciferase reporter
plasmid (500 ng) and pGL3-control (100 ng for normalization) (Promega) were co-
transfected with Lipofectamine 2000 (Invitrogen) into cell lines seeded in 12-well plates
(1x10° cell/well). Cells were collected after 24h for assay using the Dual-Luciferase
Reporter Assay System (Promega). All experiments were done in ftriplicate with data

pooled from 3 independent experiments.
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p3TP Luciferase-based Reporter Assay.

All A2780 cell lines (controls and p181a#1, #2) were plated at 50,000 per well and were
serum-starved 6 hours pre-transfection. The firefly-based luciferase p3TP reporter
construct (AddGene) at 900 ng with a renilla-based tkrl control construct at 150 ng, with
Lipofectamine2000 (1.5uL/ug of plasmid). The cells were harvested 24 hours post-
transfection; all p3TP-based firefly-luciferase readout values were normalized to the tkrl

renilla values (FL/RL).

SBE4-luc Reporter Assay.

A reporter to detect TGF-g-signaling pathway activity was obtained from Addgene. For
the transfection, 1x10° cells were seeded 24h prior to co-transfection with pSBE4-luc
and TKRL (Renilla Luciferase control). Recombinant TGF-p ligand (eBiosciences) was
added 6h prior to harvest and the luciferase activity was determined using the Dual-
Luciferase Reporter Assay System (Promega). All experiments were done in triplicate

with data pooled from 3 independent experiments.

Immunoblotting.

Whole cell protein extracts were obtained with radio-immunoprecipitation assay buffer
following standard protocols. The protein extracts were denatured and 40-50 ug of each
sample were separated on 12% SDS PAGE gels and transferred to nitrocellulose
membranes. After blocking with 5% non-fat milk (Labscientific, Inc) in TBS-Tween
buffer, the membranes were probed with anti-E-cadherin (Santa Cruz), anti-N-cadherin
(Santa Cruz), anti-Smad7 (Santa Cruz), anti-ACTR-IIA (Santa Cruz), anti-ACTR-IIB
(Santa Cruz), anti-Actin (Santa Cruz), anti-Keratin 8 (Epitomics), anti-Col3A1 (Abcam),

anti-Smad2 (Cell Signaling), anti-PSmad2 (Cell Signaling), anti-Smad3 (Cell Signaling),
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anti-P-Smad3 (Cell Signaling), and anti-Fibronectin (BD Transduction Lab). Membranes

were exposed using ECL (Roche) method following manufacturer’s instructions.

Immunohistochemical staining for pSmad2 in human ovarian tumor tissue samples.

Paraffin-embedded ovarian tumor tissue samples were deparaffinized in Histoclear and
rehydrated in successive ethanol washes. Endogenous peroxidase was quenched using
10% 30%-Hydrogen peroxide in methanol for 15 minutes. Antigen retrieval was achieved
at 124 degrees Celsius for 5 minutes and the tissue were subsequently incubated in
normal goat serum (in PBS) for 1 hr at room temperature. The tissue was incubated in
primary anti-pSmad2 antibody (Cell Signaling) overnight in 4 degrees Celsius.
Incubation in secondary antibody (goat-derived anti-rabbit IgG) was followed by addition
of horseradish peroxidase (Invitrogen). DAB (Vectashield) was added for 5 minutes;
counterstaining was achieved in hematoxylin. Subsequently, the tissue were dehydrated
in successive ethanol washes and deparaffinized in Histoclear before mounting with
Permount. The diluent used for this protocol was 5% BSA in TBS-Tween. Overall
immune scores were calculated using the Allred scoring system (Allred et al., 1998).
Specifically, the immune score was determined by adding the intensity score 0-3 (0=no
immunoreactivity, 1=weak positive staining, 2=moderate positive staining and 3=strong
positive staining) and extent score 0-5 (0=0%, 1=1-25%, 2=26-50%, 3=51-75% and
4=76-100%) ranged from 0-7 and the median score for the cases was 2. After
dichotomizing the group at that median kaplan-meier analysis was performed and

Logrank test was utilized to assess the statistical significance.

In vivo studies.
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All in vivo experiments were performed according to approved protocols from the Animal
Research Committee at the Mount Sinai School of Medicine. A2780 pBABE and p181a
#1 cells (2x10°) were injected intraperitoneally in 6- to 8-week old female SCID mice. All
mice were sacrificed after 3 weeks to compare relative tumor burden. RNA from tumor

tissue was extracted as described above.

Statistical analysis.
Unless otherwise noted, data are presented as mean + SD from three-independent
experiments, and Student's t-test (two-tailed) was used to compare two groups (P<0.05

was considered significant) for independent samples.
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TABLES

Table 1

Gene symbol |RefSeq |FoId Change
Genes downregulated during EMT
KRT18* NM_199187 |-5.80
NUDT13 NM_015901 -4.97
OCLN NM_002538 |-2.16
KRT8* NM_002273 |-2.02
RGS2 NM_002923 |-1.21
Genes upregulated during EMT
CDH2* NM_001792 |7.3
TIMP1 NM_003254 4.6
COL3A1* NM_000090 4.0
TGFB2 NM_001135599/4.0
SNAI2* NM_003068 |3.2
ITGAV NM_001145000)2.7
SPARC NM_003118 |2.7
COL5A2 NM_000393 |2.2
ITGAS NM_002205 |2.1
TGFBR1 NM_001130916|2.1
TGFBR1 NM_004612 |2.0
VIM* NM_003380 |2.0
SNAI3* NM_178310 |2.0
COL1A2 NM_000089 1.8
TMEFF1 NM_003692 1.5
STEAP1 NM_012449 1.4
Table 2

<2 11 17
>2 14 4
N= 25 21

Fisher Exact test (*P=0.016)
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FIGURE LEGENDS

Fig. 1. miR-181a levels are associated poor outcome and shorter time to recurrence in

advanced epithelial ovarian cancer.

(A) Kaplan-Meier curves for progression-free survival (PFS) and overall survival (OS) in
a cohort of patients (N=53) with stage Il primary ovarian serous adenocarcinoma
according to relative expression levels of miR-181a. Relative expression levels were
dichotomized at the median. Median PFS for patients with low miR-181a expression was
55.9 months compared to 7.1 months in patients with high expression levels (P=0.002,
OR= 7.8, 95% CI: 7.2-8.4). Median survival according to the miR-181a status also shows
divergent Kaplan-Meier curves which was statistically significant (log rank statistical test
P=0.002 for miR-181a). (B) Increased relative levels of miR-181a in patient tumor
specimens with short progression free survival (PFS<6 months) compared to the levels
in patients with PFS>6 months (P=0.01) as measured by Tagman qRT-PCR. Error bars
show mean + SD. Tagman gRT-PCR data was also normalized to miR-16. * P<0.05, **
P<0.01, *** P<0.001. (C) qRT-PCR analysis showing relative miR-181a expression
levels in a panel of ovarian cancer cell lines and in two polyclonal pools of A2780 cells
expressing exogenous mMiR- 181a (p181a #1 and p181a #2). miRNA expression
normalized to U6. (D) Phase contrast microscopic images of miR-181a-overexpressing
cells display morphological changes indicative of EMT. (E) Changes in the expression of
epithelial and mesenchymal markers in miR-181a-overexpressing cells as measured by
gRT-PCR and western blotting. (F) Clonogenic assay to assess the effects of miR-181a
on cellular survival in miR-181a-overexpressing cells (G) and their response to cisplatin.
Cells were plated in a 6-well plate and were treated every 3 days (d); colonies were
counted after 8d. (H) Wound healing assay to assess effects on cellular motility. miR-

181a-overexpressing cells and control cell lines (4x10°) were plated in a 6-well plate.
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Once the cells reached 100% confluency, these cells were serum-starved for 12 hours
(h) and the scraped wound was measured every 12h. (I) Additional assessment of the
migratory potential in 181a overexpressing A2780 cells. A traditional transwell migration
assay was utilized to assess motility of overexpressing cells across a polycarbonate
membrane; p181a#1 and #2 cells exhibited between a 50% increase (P>0.01) and
nearly 3-fold increase (P>0.0001) in migration. A colorimetric assay was used to
quantitate the number of migratory cells. (J) Total tumor burden in pBABE vs. p181a
mice at 3 weeks post-intraperitoneal injection (left panel). Fisher's Exact test correlating
the incidence of intraperitoneal (IP) nodules with (K) the enhanced expression of miR-
181a (L) Fold change in expression of epithelial and mesenchymal molecular markers in

vivo. Error bars show mean + SD. * P<0.05, ** P<0.01, *** P<0.001.

Fig. 2. Stable inhibition of miR-181a results in reduced cellular motility and survival.

(A) Fold change of miR-181a expression levels in SKOV3 cell line stably transduced
with miR-181a tough decoy vector and a control decoy vector for stable knockdown. (B)
Monitoring functional activity of miR-181a in SKOV3 using sensor vectors as described
above (Fig. 1) via mean fluorescent intensity measurements using flow cytometry. (C)
Morphological changes indicate the reversion of miR-181a-induced EMT upon functional
inhibition as confirmed by western blotting for epithelial (E-cadherin) and mesenchymal
markers (Col3A1 and N-cadherin). (D) Clonogenic assay to assess cellular survival in
miR-181a decoy cells. Control decoy cells show >8-fold higher number of colonies in
formation when compared to the miR-181a decoy cells (P>0.0001). (E) Wound healing

assay to evaluate cell motility in SKOV3 decoy cell lines. Cells (4x10°) were plated in a
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6-well plated; a scratch was made when cells reached 100% confluency. Error bars

show mean + SD. * P<0.05, ** P<0.01, *** P<0.001.

Fig. 3. miR-181a overexpression results in a significant enrichment of TGF-g signaling

associated genes and is a novel modulator of the TGF-g signaling pathway.

(A) Global Canonical Pathway Analysis. RNA-sequencing datasets from A2780 pBABE
and p181a #1 cell lines were analyzed using the Ingenuity Pathways Analysis software

(Ingenuity® Systems, http://www.ingenuity.com). Significance is expressed as a p-value

calculated using the right-tailed Fisher's Exact test. (B) Western blotting for the TGF-p
Receptor proteins, Activin Receptor proteins and Smad proteins assessing TGF-g
signaling pathway activity in miR-181a-overexpressing and control cells. (C) TGF-p
transcriptional activity was assessed using both the firefly luciferase-based p3TP-lux
(left) and SBE4 (right) reporter constructs. miR-181a overexpressing cells exhibit up to
7-8-fold higher p3TP reporter activity (P>0.0001); and SBE4 reporter activity was
increased ~2-fold in both miR-181a stable cell lines (P>0.0001). Firefly luciferase
readouts were normalized to renilla values as determined by TKRL co-transfection. (D)
Decreased responsiveness to TGF-g ligand in SKOV3 cells transduced with miR- 181a
decoy compared to the control decoy as measured by relative luciferase activity using
Smad-binding element luciferase construct as described above. (E) The TGF-g RI
inhibitor, SB431542, blunted miR-181a activation of the TGF-p signaling as measured by
phospho-Smad2. (F) Immunohistochemical assessment of pSmad2 expression in
advanced EOC patients. Immune scores were established using the Allred scoring
system based on both the extent of staining and intensity of expression, which ranged

from 0-7. (G) Kaplan-Meier curves derived from dichotomizing pSmad2 expression at
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the median based on the immune scores show significant differences in progression-free
survival (PFS) and overall survival (OS). The median PFS for patients with low pSmad2
(1.S.=2) expression was 53.1 months compared to 6.7 months in patients with high
pSmad2 expression (1.S.22) (P=0.03, OR= 7.9, 95% CI: 7.4-8.5). Median overall
survival was 72.8 months in low pSmad2 expressing patients and 25.5 months in high
pSmad2 expressing patients (P=0.05, OR= 2.9, 95% CI: 2.3-3.4). (H) Kaplan-Meier
analysis revealed that combining the status of both miR-181a and pSMAD2 expression
had a highly significant difference in progression-free interval (PFI) and overall survival
(OS) compared to assessing these survival outcomes for each biomarker alone. Patients
with tumors that had both low miR-181a and pSMAD2 expression had a median PFI of
123 months (***P=0.0007, OR 18.7; 95% CI: 9.2 to 37.8). Similarly, in patients with
tumors that had both low miR-181a and pSMAD2 expression the median PFl was 132.2

months (***P=0.0006, OR 5.8; 95% CI: 2.6 to 12.8).

Fig. 4. miR-181a expression analysis in a second clinical cohort.

(A) Box plot diagrams showing the expression analysis of miR-181a in a second clinical
cohort of patient matched tumor specimens from PS-O, primary surgery, ovary (naive to
chemotherapy) and SCR, secondary surgery (after tumor has recurred and after two
lines of chemotherapy). Within each box the horizontal line indicates the median. The
top edge of the boxes represents the 75" percentile, the bottom edge the 25" percentile
(note the log scale on the ordinate). The range is shown as a vertical line ending above
and below the 75" and 25" percentile values, respectively. Individual dots represent the
outliers. (B) Table summarizing the median and inter-quantile range (IQ-range) of
fluorescent intensity normalized values for miR-181a in the validation set. All data are
10* transformed.). Group A and B represent the cohort of tumors with and without EMT

signature, respectively as reported (Marchini et al. 2012). R, is the ratio between SCR
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and PS-0O. p <0.05 according to Wilcoxon matched-pairs signed rank test. -,<0.05; **,

<0.01; ***, <0.001.

Fig. 5. Smad7 is a novel target of miR-181a.

(A) TGF-p -related genes that are putative miR-181a targets as predicted by TargetScan
and miRConnect analysis. Smad7 is downregulated by >30 fold with exogenous miR-
181a expression. (B) Conservation of the miR-181a-targeting sites in the Smad7 3'UTR
and the miR-181a mutant sequence that abrogates miR-181a binding to target mRNA.
(C) A Smad7 3'UTR renilla luciferase reporter plasmid was transiently co-transfected
into all the A2780 overexpression stables along with a firefly luciferase reporter (pGL3
control) for normalization. Luciferase activities (RL/FL) were measured after 24h post-
transfection. The data displays the means +/- SD of three separate transfections (data
shown as the relative ratio of RL activity to FL activity). (D) Endogenous Smad7 mRNA
expression as assessed by qRT-PCR in miR-181a-overexpressing and control cells. (E)
Relative Smad7 mRNA expression in tumor tissue extracted from athymic mice 3-weeks
post-intraperitoneal injection of miR-181a or control cells. (F) Analysis of the matched
primary and recurrent ovarian tumors revealed a significant negative correlation (r =-
0.96, P < 0.0001) between miR-181a expression and Smad7 expression, G) Smad7
3'UTR luciferase analysis in the SKOV3 ovarian cancer cell lines expressing miR-181a
or control decoy. (H) Smad7 expression in SKOV3 cell lines with stable miR-181a
inhibition as measured by real-time PCR and western blot. * P<0.05, ** P<0.01, ***

P<0.001.
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Fig. 6. Smad7 re-expression attenuates the miR-181a driven phenotypes. (A) Phase
contrast microscopy images of A2780 cells stably overexpressing miR-181a or pBABE
(control) in the presence and absence of Smad7 reconstitution. (B) gRT-PCR analysis
showing Smad?7, epithelial and mesenchymal marker gene expression. (C) Epithelial and
mesenchymal marker expression in the Smad7 rescue stable cell lines as measured by
western blotting. (D) Colony formation assays to assess attenuation of miR-181a-
mediated pro-survival phenotype in A2780 cells overexpressing Smad7 and pBABE’
control. (E) TGF- signaling pathway activity as measured by a TGF-p responsive firefly
luciferase reporter construct (SBE4-luc) as described above. Error bars show mean +

SD. * P<0.05, ** P<0.01, *** P<0.001.

Table 1. Enhanced miR-181a expression induces global changes in gene expression
consistent with TGF-f mediated EMT. Exogenous miR-181a expression leads to
differential transcriptomic changes of EMT markers, such as downregulation of Keratin

8/18, NUDT13, and others as well as upregulation of Col3A1.

Table 2. pSmad2 expression in advanced ovarian cancer patients negatively correlates

with progression-free interval.
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A Reflectance Based Method for Label Free Detection of Low Abundance MicroRNA

Biomarkers

Robert Purnell'*, Christine Lee?, Julian D. Down', Naresh Menon' and Analisa DiFeo”

1ChromoLogic LLC, 180 N. Vinedo Ave., Pasadena, CA 91107

*Case Comprehensive Cancer Center, 2103 Cornell Road Cleveland, Ohio 44106

A magnetic bead-based nucleic acid screening with Amplified Reflectometric Interference
Analysis (ARIA) for quantification of multiple microRNA biomarkers at unprecedented
sensitivity and specificity is described. The ARIA subsystem is an optically pumped ring fiber
laser coupled to a sensor that measures the concentration of microRNA as a change in the
resonance frequency of the optical cavity. This enabled detection of microRNA levels in
biological samples at subfemtomolar concentrations and surpassed the sensitivity of the standard

Tagman/RT-PCR assay.
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MicroRNAs (miRNAs) are non-coding RNAs of 18-22 nucleotides that regulate diverse
cellular processes including development, proliferation and differentiation [1]. They have been
detected in a range of body fluids such as blood plasma/sera and have been successfully used as
biomarkers for various physiological conditions, including pregnancy [2], diabetes [3], radiation
sickness [4], and numerous forms of cancer [5]. In cancer, circulating miRNAs will undoubtedly

play a significant role in clinical applications such as disease diagnostics, monitoring therapeutic
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effect and predicting recurrence in cancer patients. Numerous studies have established
correlation between abnormal levels of circulating miRNAs in the blood and the type of cancer,
its stage of development, and chemoresistance [5-11]. In addition, miRNA expression profiles
are altered at the earliest stages of cancer development, providing an opportunity to meet the
challenges imposed by difficult to diagnose malignancies such as ovarian and pancreatic tumors
[5-11]. Circulating miRNAs in blood plasma are easily obtainable for analysis and are
additionally protected in exosomes, microparticles, and nucleoprotein complexes [12], conferring
high stability at room temperature for days and even after several freeze-thaw cycles [6]. These
qualities make circulating miRNAs attractive biomarkers for early diagnosis and monitoring of
cancer patients, which could dramatically improve the quality of treatment and reduce mortality
rate. Unfortunately, the current methods used for evaluation of miRNA in body fluids such as
RT-PCR are labor intensive and have limited accuracy, mostly attributed to the requirement for

extensive pre-amplification cycles.

Recent research has focused on development of electrically and optically-based “direct
detection” methods, including Arrayed Surface Plasmon Resonance Imaging (SPRI)[13][14],
Nanoparticle-Enhanced SPR [15], Nanoporous silicon [16], and Nanowires [17][18]. In these
schemes, targeted biomarkers present in low abundance are detected in a heterogenous sample
through binding to biochemical probes (e.g., cDNA, peptide nucleic acid (PNA), proteins)
chemically linked to a nanofabricated and biochemically active sensor substrate. Changes in the
optical or electrical characteristics of the sensor following binding of the biomarker and probe
are then used to quantify its concentration. These technologies have successfully demonstrated
attomolar (10™®) [15] to femtomolar (10"°) [18] sensitivity without the use of expensive and time

intensive preparation and enzymatic reaction steps. Importantly, eliminating the enzyme also



increases versatility of the assay, enabling implementation in microfluidic, lab-on-a-chip devices
for Point-of-Care diagnostics and high throughput screening applications; an example is Flow-

Injection SPR [19].

In spite of significant progress in this area, many of these platforms suffer several critical
limitations in sensitivity, user friendliness, and cost that preclude widespread implementation in
clinical diagnostics. To address these limitations and fully utilize the diagnostic potential of
miRNA biomarkers, we have developed and patented [20][21] a novel, label-free technique
based on Amplified Reflectometric Interference Analysis (ARIA). In the ARIA system, a narrow
line-width Erbium-doped single mode fiber ring laser [22] is coupled to a removable borosilicate
glass based substrate with a fiber-coupled micro-optic lens assembly. This substrate, henceforth
known as the ‘ARIA sensor’, is coated with ceramic layers with nanometer level precision in
order to make it a Bragg (partial) reflector. The ARIA sensor forms an integral part of the lasing
cavity and, based on the light coupled back into the resonating ring by reflection, determines the
lasing frequency of the fiber ring laser. The reflection properties of the ARIA sensor is designed
to be extremely sensitive to the refractive index (RI) and optical density of any analyte placed on
the surface of the ARIA sensor [22]. Since concentrations of free RNA and DNA correlate with
refractive index and optical density of a sample [23], changes in the concentration of RNA/DNA
biomarkers result in a predictable change in the wavelength of the reflected signal and a

corresponding change in the lasing frequency of the fiber ring laser.

In this study, we introduce the ARIA concept, verify subfemtomolar detection limits
using synthetic ssDNA standard solutions, and test the system on miRNA biomarkers correlated
with 1) cisplatinum resistance in human ovarian cancer cell lines and 2) ovarian tumor burden in

an in vivo human tumor xenograft mouse model.
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Figure 1. Diagram of CL’s patented ARIA detection platform. The ARIA is comprised of
Erbium-doped and single mode optical fiber arranged in a ring fiber laser configuration with
optical components. The ring fiber laser is optically pumped using a 980 nm laser diode, which
generates a lasing cavity with a resonant wavelength between 1500 and 1600nm (see text). The
ring fiber laser is optically coupled to a glass substrate (ARIA sensor, see Figure 2) so that
changes in the concentrations of biomarker induce changes in the resonance frequency of the

laser.

At its core, the ARIA system (Figure 1) is a ring fiber laser assembled from a 20m Erbium-doped
optical fiber (IsoGain4, Fibercore, Half Moon Bay, CA) and single mode fiber (SMF-28,
Fibercore, Halfmoon Bay, CA) arranged in a close-loop configuration. A 980nm diode laser
(Model PL980P330J, Thorlabs, New Jersey) is fiberoptically coupled to the ring, which optically
pumps the Erbium gain fiber causing it to produce stimulated emission at its characteristic
wavelength (1500nm — 1600nm) [22]. Light from the fiber-ring is coupled to the ARIA sensor
(discussed further below) using a Gradient Index (GRIN) lens (Edmund Optics, New Jersey).

The wavelength of the light reflected back from the sensing surface is modulated by the



refractive index (RI) and optical density of the analyte placed on the surface because of
reflectometric interference [23]. Since concentration of free RNA and DNA correlate with the RI
[24] and optical density of the solution, changes in the concentration of biomarkers result in a
predictable change in the peak wavelength of the reflected signal. Reflectometric interference is
a well-understood phenomenon and is partially responsible for the bright bands of colors seen on
water when a small drop of oil (thin-film) is placed on it. When the reflected light from the
sensing surface is coupled back into the closed loop ring it is further amplified by the optically
pumped Erbium gain fiber, forming a closed loop resonating cavity. The double pass gain of this
closed loop cavity is related to the single pass gain (G), wavelength reflectance (R), cavity length

(L) and passive loss (alpha) as shown in equation 1:

gain(l) =~ G(1)2Re(-22¢(WL) (Equation 1)

From Equation 1, we note that a closed-loop cavity begins to resonate and lase at a wavelength
(M) that corresponds to the wavelength at which the cavity has the lowest loss. The excited
emissions are reflected back by the ARIA sensing surface travel clock-wise along the single
mode fiber (SMF) in a direction set by the optical isolator (Figure 1). This causes the fiber-ring
to resonate at a wavelength reflected back from the base of the ARIA sensor, thereby amplifying
the peak signal at the lasing wavelength. To measure this wavelength, the fiber ring laser is
monitored using an optical 1% tap connected to an optical spectrum analyzer (Anritsu
MS9710B). While similar in concept/principle to the biocavity laser [20] developed by Gourley
et. al., in the ARIA system, the measurement region is placed outside the lasing cavity while still
perturbing the cavity by the extension of the evanescent field at the reflectors into the analyte

(interaction region).
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Figure 2. Conceptual Diagram of ARIA Concept. The base of the ARIA sensor is comprised
of a planar glass with alternating layers of SiO and SiO, deposited by cold-plasma sputtering.
Changes in concentration of miRNA biomarkers in the sample cause a response in the peak of
the raised-cosine Bragg reflected spectra local to each well. When combined with the fiber laser
resonating cavity (see Figure 1), this broad reflection results in a high signal to noise ratio (SNR)
laser peak output change that can be used easily for quantifying distinct miRNA samples A and

B.

To adapt the ARIA system for measurement of miRNA biomarkers, ARIA sensors were
fabricated by depositing alternating layers of layers of SiO, and SiO (see Figure 2) onto a
borosilicate glass microscrope slide by cold plasma sputtering (Schott North America Inc.,
Elmsford NY). This converts the glass slide into a partial Bragg reflector. The thicknesses of the
alternating layers are designed specifically to generate a wavelength dependent reflectance

response in the 1500-1600nm Er:Yb operating regime (reflectometric interference [18]), which is



highly sensitive to changes in the optical density and RI at the surface. The Bragg wavelength is
given by Equation 2:

Ay < 2AA(n,c) Equation. 2
where A is the period of the perturbation determined by the ceramic thin-film coating and A is
the optical length of the assay region that is a function of the refractive index (n) and optical
density (c) of an assay. Figure 2 shows a performance schematic of the Bragg reflector integrated
with the ARIA sensor. The combination of the lasing material and the reflector design on the
ARIA sensor enables the correlation of the lasing frequency to the concentrations of miRNA
biomarker A and B. The cost of the reflecting surface is of the order of a microscopic slide
making it extremely appealing for use as a disposable component in any miRNA diagnostic kit.

As a result, the ARIA sensor and ring fiber laser form a low-cost, highly sensitive detector.

ARIA calibration testing on ssDNA standards

To demonstrate the sensitivity of the ARIA system for detection of miRNA at
physiological concentrations (< 1 fM), we investigated the response of the ARIA system to
solutions of 30-base ssDNA oligomers (Integrated DNA Technologies, Coralville, IA) designed
to mimic miRNA (sequence (5°) ACATCGTTACCAGACAGTGTTA-(3’)). ssDNA solutions
were diluted in deionized water at concentrations of 100 M, 10 fM, 5 fM, and 0.01 fM - typical
concentrations of circulating miRNA cancer biomarkers [5] [21]. The ARIA response is highly
sensitive to the position of the sensor and micron scale non-uniformities in the sensor, as minute
changes to the properties of the lasing cavity (e.g., lasing cavity length (see Equation 1)) can
generate shifts in the peak wavelength. To compensate for these variations, we performed
background calibration measurements at each sample position by recording 50 spectra at each
sampling position before addition of ssDNA samples (see Figure 3A). After calibration
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measurements were complete, we deposited 1.3uL volumes of the ssDNA calibration standards
and DI water solutions in triplicate on the ARIA sensor as shown in Figure 3B. To prevent
evaporation over the course of the scan, measurements were taken in a humidity controlled

chamber positioned on top of the stage.

A B
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Figure 3. ARIA ssDNA calibration tests. A) 1.3uL samples are deposited on the ARIA sensor,
with concentrations indicated in (B). To extract the peak wavelength (w,), a Gaussian fit is
performed on each spectrum (C). A histogram of all ARIA values (D) indicates an unambiguous
value for w,. E) A graph of average, background corrected Aw, values (see text) for ssDNA
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samples ranging in concentration from 10 to 100,000 aM, with DI water measurement included
as a reference. Error bars were computed as the standard deviation of the 50 spectral

measurements on three samples for each concentration.

To extract ARIA measurements from spectral data, we developed a Matlab-based
program that algorithmically extracts the ARIA peak wavelength (w,) by performing a Gaussian
fit to each spectra and assigning the peak value as the ARIA response (Figure 3C). Background
adjusted measurements (Aw,) were computed by subtracting the average background
measurements (W) at each position from the average sample measurements (wy). Correction
factors were also developed to compensate for other sources of variation in the signal, including
mode hopping and drift due to changes in environmental conditions (see supplemental sections
S1 and S2). ARIA measurements for the ssDNA calibration standards, as shown in the semi-log
plot in Figure 3E, display a linear response with concentration (R* = 0.896) over 4 orders of
magnitude of ssDNA concentration, with a minimum detection limit of 10 aM. An ARIA
measurement of DI water is included on the graph for comparison. Importantly, unique
measurements responses at 100 fM (Aw, = 0.547 = 0.001 nm) and 10 fM (Aw, = 0.5407 = 0.002
nm) indicate the ARIA system is capable of resolving femtomolar changes at concentrations of

miRNA biomarkers in the blood circulation that typically range from 1000 to 100000 copies / pL

[S][21].

miRNA capture using magnetic microbeads and validation in ovarian cancer cell lines.

Recent studies have uncovered miRNAs that are differentially expressed in chemotherapy

resistant ovarian cancer cell lines, suggesting miRNA biomarkers could be used to monitor



chemotherapy response and therefore guide chemotherapy treatment and/or screen for tumor
recurrence [8][9]. As shown in the survival curve in Figure 4A, CP70 cells display greater
resistance to cisplatinum treatment as compared to the parental A2780 cell line (see
supplemental section S3 for further details). A comparison of RNU6B-normalized RT-PCR
measurements (n = 3) of miR-181a in growth media and cell lysate (see Figure 4B) indicate
elevated expression levels of this miRNA are observed in both cell lysate and growth media.
This suggests miR-181a is an ideal blood-based biomarker for cisplatinum resistance, and
suitable for initial testing on the ARIA system. MiR-134, which is unrelated to cisplatinum
sensitivity, (data not shown) will serve as an ovarian cancer specific positive control.

A} 1 B)
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Figure 4. miR-181a expression in ovarian cancer cell lines. (A) Semi-log plot of the
surviving fractions of A2780 and CP70 as demonstrated through the MTT assay (see
supplemental S3 for further description), indicates enhanced cisplatinum resistance of the CP70
cell line, as observed previously [27]. (B) RT-PCR results for growth media and cell lysate are
expressed as a fold difference (normalized units, N.U.) between miR-181a and RNU6B, which is
invariant with cisplatinum resistance. Expression levels of miR-181a confirm an increase in this

biomarker with cisplatinum resistance is observed in both cell lysate and growth media.
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We developed a protocol based on magnetic microbead technology (Dynabeads, Invitrogen) to
capture, concentrate and elute miRNA targets from a heterogeneous biological fluid samples
(Figure 5) that can be directly dispensed onto an ARIA sensor with a pipette — thereby
eliminating the need for any micro-arrayer or other cDNA spotting techniques. In this
procedure, 2.8-um diameter, streptavidin-coated magnetic microbeads are functionalized with
cDNA probes specific to the miRNA target. To attach the cDNA probes, 500 uL. of a 10 mg/mL
microbead solution was mixed with 10 pL of a 10 pM solution of biotinylated cDNA probe
complementary to the miRNAs targets (Integrated DNA Technologies, Coralville, IA) and
dissolved in binding and wash buffer (BW buffer, composition: 2 M NaCl, 10 mM Tris, 1 mM
EDTA, pH 7.0). This solution was then mixed gently on a shaker for 1 hr to ensure complete
binding of microbeads with the cDNA. Binding efficiency of the beads was confirmed by
magnetically separating the beads from solution using a neodymium magnet and measuring the
change in the concentration of free cDNA in solution before and after binding using a Nanodrop
benchtop spectrometer (Thermofisher, Inc). The measurements before (1489.6 ng/ul) and after
(< 0.5 ng/uL, below background signal of the Nanodrop) this procedure indicate successful

functionalization of the beads with cDNA.
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Figure 5. Extraction of miRNAs with magnetic microbeads. (A) To activate microbeads for
targeting a specific miRNA, biotinylated cDNA probes are mixed with streptavidin coated
Dynabeads (Invitrogen). (B) Activated beads are then introduced into solution and bind with
complementary strands which enables separation with an external magnetic force (C). The beads

are then heated in elution buffer to recover the miRNA for spotting on the ARIA sensor (D).

To perform magnetic bead enrichment for miR-181a, total miRNA was extracted from
growth media collected from 70% confluent CP70 and A2780 cell lines using the mirPremier
microRNA isolation kit (Sigma, St. Louis, Mo). Briefly, conditioned growth media was spun
down at 16,000g for 1 minute to ensure removal of all cellular material and then mixed with 1.1

volumes of 100% Ethanol (Sigma, St. Louis, Mo). This mixture was then mixed by inversion,
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and centrifuged at 16,000g for 30 seconds in a silica column to bind all small RNA. The column
was then washed 3 times in an ethanol based wash solution (16,000g, 30 seconds), dried
(16,000g, 30 second) and eluted in DI water (16,000 g, 1 minute) by centrifugation, yielding 50
uL of total miRNA (2-4 ng/uL). To perform magnetic screenings for specific miRNAs from this
volume, 4uL volumes of total miRNA sample from each cell line were then added to 50 puL 1X
BW buffer solutions of microbeads functionalized with probes for miR-181a (3°-btn-
TTTTTTTTTT-ACTCACCGACAGCGTTGAATGTT-5") and miR-134 (3’—btn-
TTTTTTTTTT-CCCCTCTGGTCAACCAGTCACA-5’), vortexed for 2-3 minutes, and
incubated on a LabQuake rotator at 45-50° C for 50 minutes. A 50-uL solution of cDNA beads
mixed with a 4-pL of a 6.25 ng/uL solution of complementary synthetic ssDNA and a second
50-uL solution of cDNA-functionalized beads (no ssDNA) served as positive and negative
controls, respectively. To elute the captured ssDNA, the beads (bound with ssDNA targets) were
magnetically separated, resuspended in 50uL of 0.25x SSC buffer, and incubated at 68° C for 5
minutes to denature the ssDNA from the cDNA probe. Measuring the concentrations of free
ssDNA after elution, we find 2.5 ng/uL in the positive control (~40% recovery) and less than
background in the negative control, indicating recovery of the target strand and negligible loss of
cDNA from the microbead during elution. We note some of the target strand was in fact lost in
this procedure, which was most likely due to experimental conditions designed to minimize

nonspecific binding for ARIA measurements.

Since target miRNA concentrations for each cell line were well below the detection limit
of the nanodrop system, RT-PCR analysis was performed to validate the magnetic bead
enrichment procedure as specific to miR-181a and miR-134. To verify enrichment, we computed

the difference in fold change of Ct values (ACt) for miR-181a and RNUBG6 before and after
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enrichment and computed the ratio of ACt before and after enrichment; this is the enrichment
factor. RT-PCR results generated an enrichment factor of 6.4 (Figure 6A), confirming specificity
of the microbead extraction process. By contrast, miR-134 expression levels were undetectable

by RT-PCR (Ct > 40, data not shown).
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Figure 6. ARIA tests on ovarian cancer cell lines. (A) Relative fold change comparing
expression of miR-181a against non-targeted RNU6B during the magnetic bead process,
verifying enrichment of miR-181a extracted from CP70 growth media. Enrichment factor was
determined by computing the ratio of the fold change relative to RNUB6 before and after
magnetic bead extraction. (B) ARIA shifts for miR-181a normalized to the shift for miR-134
(normalized units, N.U.) and plotted against corresponding RT-PCR values for miR-181a
normalized against RNU6B. (miR-134 was undetectable (Ct > 40) by RT-PCR). All points
indicate averages of at least 3 samples and standard error bars represent the standard error in the

measurement.

Enriched miR-134 and miR-181a samples were then measured in triplicate on the ARIA

platform and Aw, values were extracted as described above. Normalized ARIA responses were
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computed by calculating the percentage change in Aw, for miR-181a relative to miR-134 for
CP70 and A2780 growth media extractions. A plot directly comparing the RT-PCR and ARIA
measurements, shown in Figure 6B, indicates a direct correlation for miR-181a and RT-PCR
data, which is consistent with RT-PCR results and therefore validates the ARIA concept for

detection of a miRNA biomarker linked to cisplatinum resistance.

Serum screening for tumor burden biomarker miR-9

Given the ability of the ARIA technology to detect sub-femtomolar amounts of miRNA at or
below the detection limit of RT-PCR, we next assessed whether we could detect serum miRNA
in a pre-clinical mouse model of ovarian cancer. In this procedure, SOpL serum samples were
collected from nu/nu immune-compromised mice which were intraperitoneally implanted with
the human SKOV3 ovarian cancer cell line (see supplemental S3 for details). All mice were
euthanized after 3 weeks and approximately ImL of blood was collected through cardiac
puncture from the posterior vena cava in order to isolate serum. Additionally, total tumor weight
of all intraperitoneal tumors was measured in order to assess total tumor burden in each mouse
and correlate that with miRNA’s known to be associated with increasing stage in patients (see

supplemental section S3 for additional information).
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Figure 7. ARIA measurements of miR-9 in mouse serum. (A) A plot comparing concentration
of miR-9 before and after magnetic bead extraction, indicating an enrichment factor of 98,000-
fold. Fold change was computed by comparing average Ct values (n = 3) to reference RNU6B
before and after extraction. (B) ARIA measurements on miR-9-enriched samples for no tumor,
low tumor (0.17g), and high tumor (2.5 g) burden indicate miR-9 circulating in serum can be
used as a biomarker for distinguishing mice with high human epithelial ovarian cancer tumor
burden from those with low tumor burden (p = 0.006) and normal mice (p = 0.03).
Measurements represent the normalized shift relative to the mouse with no tumor burden. Each
point represents the average of 3 ARIA screenings on a single serum sample and error bars
correspond to standard errors in the measurement. For Tagman miRNA analysis, real-time PCR
was performed using according to the manufacturer’s instructions. TagMan probes for miR-9

and RNU6B were purchased from Applied Biosystems.

ARIA measurements were performed for miR-9 (microbead probe: 3’ — btn-
TTTTTTTTT-TCATACAGCTAGATAACCAAAGA-5’), whose expression is known to change
with increasing ovarian cancer tumor burden [28] in 3 mice which had a tumor burden of 0,
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0.17g, and 2.5g. ARIA measurements were determined by performing measurements in triplicate
and computing average Aw, values computed as described in the previous section. Normalized
ARIA measurements were computed by calculating the percentage shift in ARIA measurement
for low and high tumor burden samples relative to serum sample measurements extracted from

the mouse with no tumor burden.

To confirm successful miRNA enrichment, Tagman RT-PCR was performed on miRNA
isolated from serum before and after enrichment of miR-9. Remarkably, when compared to a
highly expressed RNU6B, miR-9 was increased 98,000-fold after target enrichment (Figure 7A).
Although Tagman RT-PCR was able to detect miR-9 expression, the Ct values were near the
detection limit and therefore unable to discriminate between high and low tumor burden
determine (data not shown). However, ARIA was able to detect divergent concentrations of miR-
9 in the mice according to tumor burden (p=0.03) (Figure 7B). Taken together these data indicate

ARIA performance is superior in sensitivity to RT-PCR.

In conclusion, the results presented in this work successfully demonstrated ARIA as an
efficient method for assessing miRNA biomarkers in plasma serum that exceeds the sensitivity
of RT-PCR and enables rapid measurement without the use of enzyme based amplification and
expensive fluorophores. This system successfully demonstrated highly sensitive detection of
clinically relevant ovarian cancer biomarkers extracted from serum and growth media using
magnetic bead extraction technology and results were validated by and consistently exceeded
that of RT-PCR. The design of ARIA technology and the simplicity of extraction process will
enable integration into systems including microfluidic devices and robotic fluid handling
platforms permitting high-throughput analysis of multiple miRNA panels for various diagnostic
applications.
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