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Abstract

Purpose—miRNAs regulate the expression of genes in both normal physiology and disease.
While miRNAs have been demonstrated to play a pivotal role in aspects of cancer biology, these
reports have generally focused on the regulation of single genes. Such single-gene approaches
have significant limitations, relying on miRNA expression levels and heuristic predictions of
mRNA binding sites. This results in only circumstantial evidence of miRNA-target interaction and
typically leads to large numbers of false positive predictions.

Methods—Here, we used a genome-wide approach (High-throughput sequencing of RNA
isolated by crosslinking immunoprecipitation, or HITS-CLIP) to define direct miRNA-mRNA
interactions in three breast cancer subtypes (estrogen receptor positive, Her2 amplified and triple
negative).

Results—Focusing on steroid receptor signaling, we identified two novel regulators of the ER
pathway (miR-9-5p and miR-193a/b-3p), which together target multiple genes involved in ER
signaling. Moreover, this approach enabled the definition of miR-9-5p as a global regulator of
steroid receptor signaling in breast cancer.

Conclusions—We show that miRNA targets and networks defined by HITS-CLIP under
physiologic conditions are predictive of patient outcomes and provide global insight into miRNA
regulation in breast cancer.

INTRODUCTION

Breast cancer is the most common malignancy and the second most common cause of
cancer related mortality among women in the United States. Despite recent advances in our
understanding of breast cancer biology, estrogen receptor (ER) expression remains the best
predictive and prognostic factor for therapy and patient risk stratification [1]. Over 70% of
breast cancers express ER, and its expression generally portends a favorable prognosis.
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However, there is wide variability in clinical outcomes among patients with ER+ breast
cancer, underscoring gaps in our understanding of ER+ breast cancer biology [2].

MicroRNAs (miRNAS) are a class of small non-coding RNAs with well-defined regulatory
roles in normal physiology and diseases such as cancer, including breast cancer [3, 4].
Conventionally, their study has been based on defining single mMiRNA-mRNA target
interactions using a combination of miRNA expression arrays and bioinformatic predictions
of binding to the 3’ untranslated regions (UTRS) of transcripts [5, 6]. This approach is
typically followed by miRNA overexpression and inhibition experiments in the relevant cell
type. Such approaches often use transient transfection of miRNAs, raising their expression
to non-physiologic levels, resulting in substantial off target effect [7]. In addition, they
present only circumstantial evidence for the regulation of a particular target by a given
miRNA, providing no evidence of direct binding, and typically do not allow the study of
global interactions [8, 9].

In order to capture miRNA-mRNA interactions under physiological conditions in breast
cancer, we used High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (HITS-CLIP) [10, 11]. The miRNA-mRNA interaction within the
RNA-induced silencing complex (RISC) occurs within the folds of the Argonaute (Ago)
protein. Hence cross-linking of RNA to adjacent protein moieties (Argonaute in this case)
by ultraviolet (UV) light allows for stringent isolation of the mMIRNA-mMRNA-Ago
complexes by immunoprecipitation. RNA isolated from the Ago-miRNA-mRNA complexes
is analyzed with massively parallel DNA sequencing to determine the miRNA-mRNA
interactome.

We performed HITS-CLIP on three well characterized breast cancer cell lines that represent
ER+ (MCF7; ~60-70% of all patients), Her2+ (BT474; ~20% of all patients) and triple
negative disease (MDA-MB-231; ~15-20% of all patients). We used these data to identify
individual miRNA-mRNA interactions, including those previously defined in the literature
as well as novel interactions not previously identified. Specifically, we focused on miRNAs
predicted to regulate ER signaling. Multiple downstream targets of ER were found to be
targets of miRNAs, suggesting that miRNAs regulate single targets as well as groups of
genes representing signaling networks. Finally, we tested the relevance of our observations
in the biology of ER+ breast cancer using gene expression profiles of primary breast cancer
tissue coupled with patient survival data. This integrated approach enabled us to uncover
novel miRNA-mRNA interactions and a program of hormone regulation that directs steroid
receptor expression and differentiation, which has direct relevance to tumor biology and
patient outcomes.

MATERIALS AND METHODS

Cell culture, transfection and treatment assays

The human breast cancer cell lines T47D and MCF7 were originally obtained from lafa
Keydar [12], and Sam Brooks, the Michigan Cancer Foundation, respectively. Cells were
maintained in MEM supplemented with 5% fetal bovine serum (FBS) and penicillin /
streptomycin. BT474, and MDA-MB-231 cells were obtained from ATCC (Manassas, VA)
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and maintained in DMEM medium supplemented with 5% FBS and penicillin /
streptomycin. HEK-293T cell line was obtained from ATCC (Manassas, VA) and
maintained in DMEM with 10% FBS. Cell line authenticity was confirmed by short tandem
repeat analyses in the University of Colorado DNA Sequencing Core Laboratory [13].

Plasmids, viral constructs and DNA cloning

Luciferase reporter vectors were created by cloning of the miRNA Responsive Element
(MRE) sequences into the Xhol-Notl restriction site of psi-Check?2 vector (Promega,
Madison, WI) as previously reported [14]. Primers that were used for individual experiments
are detailed in Supplementary methods section. Retroviral constructs for stable
overexpression of miR-193 and miR-9 were constructed as previously reported [15].

HITS-CLIP protocol for Argonaute protein

HITS-CLIP was performed per Chi, et al’s original protocol adapted with minor
modifications (Supplemental Figure 1A, for full protocol see [16]).

Luciferase assays

Luciferase reporter vectors were made by cloning the 3 UTR or miRNA responsive element
(MRE), into the Xhol-Notl restriction sites of psiCheck?2 vector (Promega, Madison, WI) as
was reported previously (primers used are detailed in supplemental methods section).
HEK-293T cells were plated at approximately 40% confluence (50 000 cells per well) in 24
well plates. Sixteen hours later the psi-Check2 vectors and miR mimic / control mimic were
co-transfected using Lipofectamine 2000 as per manufacturer’s protocol. Cells were
harvested by passive lysis and assayed for firefly and renilla luciferase activity using Dual
Luciferase Reporter Assay kit on a Glomax luminometer (Promega) following
manufacturer’s instructions. The student’s t-test was used to determine significance.

Western Blotting

Cell lysates were quantitated for protein content, and approximately 25 mg lysates were
resolved by standard SDS-PAGE and transferred to PVDF membrane. Blots were probed by
antibodies against ER, (Cell Signaling Technology, Danvers, MA), and an appropriate HRP-
conjugated secondary antibody. Blots were then stripped and reprobed for alpha tubulin
(Sigma-Aldrich, St. Louis, MO) or beta actin (Applied Biological Materials, Richmond, BC,
Canada) to ensure equal protein loading. The blots were then visualized using enhanced
chemoluminescence using the Odyssey Infrared Imaging System (L1-COR Biosciences,
Lincoln, NE).

Immunocytochemistry

Cells were fixed onto glass coverslips in ice-cold 70% acetone/ 30% methanol for 5 min and
stained by immunocytochemistry (ICC) with antibodies to TFF1, NCOA3 (Cell Signaling
Technology, Danvers, MA). Secondary antibodies were anti-mouse and anti-rabbit Alexa
Fluors 488 (green). Nuclei of cells were counterstained with DAPI. A Nikon E600
microscope (Nikon Corporation, Tokyo, Japan) was used for photography. Images were shot
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in black and white using ImagePro software (Media Cybernetics, Rockville, MD) and
merged in Adobe Photoshop CS3 (Adobe Systems, San Jose, CA).

Cell Growth Assay

Growth effects were determined using the sulforhodamine B assay [17] after treatment with
either either vehicle alone (0.1% ethanol), 4-hydroxytamoxifen (100nM) or 17-beta estradiol
(10nM).

Next generation sequencing data analysis

First, raw reads from next generation sequencing were processed by alignment (Novoalign,
Selangor, Malaysia) to the human genome 19 (hg19, UCSC). Aligned reads were filtered to
exclude those with significant similarity to the 3” adapter sequence. Statistics of aligned
reads were generated using custom Python scripts. Peaks were determined using MACS
[18]. Summits of peaks were determined by ascertaining the highest point of the peaks, and
a peak footprint was determined by incorporating a 30 bp sequence up and downstream from
the summit. Seed sequences of annotated mature human miRNAs (positions 2—7 and 2-8)
were generated from mirbase-18. Seeds were mapped to consensus peaks and their
interactions were visualized using Cytoscape (http://www.cytoscape.org/). Scatter plots and
coefficient of determination were generated using R statistical packages (corrplot function)
and Python-based data analysis toolkit Pandas. Custom software packages developed for this
project are available for download and use at https://github.com/jayhesselberth/peaktools.

Analysis of microarray data and clinical correlates and network analysis

Publicly available normalized datasets were downloaded from GEO (http://
www.ncbi.nlm.nih.gov/geo/, data sets GSE22219, GSE22220) [19] and TCGA (http://tcga-
data.nci.nih.gov/tcga/; BRCA Hi-Seq mRNA and Hi-Seq miRNA datasets) [20]. Individual
miRNA expression levels were divided into high and low based on their median within the
entire data set. Survival package within R was used for plotting of patient outcomes based
on individual miRNA used for supervised outcomes analysis. Kaplan Meyer plots were
generated with R software.

RESULTS
HITS-CLIP defines miRNA-mRNA targets in breast cancer subtypes

We hypothesized that miRNAs contribute to subtype specific regulation of cellular functions
in breast cancer. We used Ago-HITS-CLIP to determine miRNA targets in three major
subtypes of breast cancer: ER+, Her2+ and triple negative[10]. Each subtype was
represented by a well-characterized breast cancer cell line (MCF7, BT474 and MDA-
MB-231, respectively) [21]. Our objectives were to define miRNA-mRNA interactions in
each breast cancer subtype, to identify specific miRNA-mRNA targeting events unique to
and shared between each subtype, and to characterize clinically relevant targets related to
the response of cancer cells to hormonal cues. The above cell lines also have a wealth of
genome-wide datasets including mRNA and miRNA expression profiles, which we have
incorporated in this study.

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 July 01.


http://www.cytoscape.org/
https://github.com/jayhesselberth/peaktools
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://tcga-data.nci.nih.gov/tcga/
http://tcga-data.nci.nih.gov/tcga/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pillai et al.

Page 5

Ago-HITS-CLIP was performed by isolating UV cross-linked RISC-miRNA-mRNA
complexes using immunoprecipitation, and analyzing isolated miRNA and mRNA
fragments by next-generation DNA sequencing as described [10] (Supplemental Figure 1A).
To ensure reproducibility, we performed at least three biological replicates for each cell line,
and two biological replicates were performed for both ER positive cells lines stimulated with
17-beta estradiol for 24 hours. A typical experiment yielded about 20 million alignable reads
(or 30 million total) matching the human genome reference sequence (hg19) (detailed
statistics shown in Supplemental Table 1A and Supplemental Table 1B). Aligned reads were
annotated as deriving from regions corresponding to mRNA, miRNA or other RNA (e.g.
ribosomal RNA, intergenic RNA and non-coding RNA). The reads were then distributed
between 3’ and 5’ untranslated regions (UTR), coding sequences (CDS) and intergenic
sequences. MiRNA reads represented on average 4% of the total read counts for each of the
experiments (Supplemental Figure 1B). These results are in agreement with previous studies
that used Ago-HITS-CLIP [22]. We assessed the technical reproducibility of this approach
by calculating the coefficient of determination for biological replicates (R? greater than 0.9).
The coefficient of determination between combined MCF7 samples with and without
estrogen treatment showed a slightly higher variability suggesting a small change in the
miRNA-mRNA interactome in response to estrogen exposure (Figure 1A). Higher
variability was evident in comparisons between MCF7 (ER+, PR+, Her2-) and BT474 (ER+,
PR+, Her2+) cell lines (Figure 1B) and maximum variability was evident between MCF7
and the triple negative cell line MDA-MB-231 (Figure 1C). This variability suggests that
significant differences in the miRNA-mRNA interactome exist between biological subsets
of breast cancer.

Given that HITS-CLIP libraries are prepared with two serial PCR amplification reactions,
significant quantitative biases are anticipated in the sequencing results. Next generation
sequencing based RNA quantification (RNA-Seq) is known to be very quantitative, and
HITS-CLIP relies on similar methodology for library construction [23]. We used
hierarchical clustering to determine whether qualitative assumptions about sequencing data
would hold true in HITS-CLIP datasets. Both miRNA and mRNA peaks in a particular
sample were normalized to total alignable reads in that sample and clustered in an
unsupervised fashion using Partek software. When miRNA reads were analyzed (Figure
1D), biological replicates were observed to cluster together. Ago-mRNA peaks did not
cluster similarly (data not shown). A potential explanation for this divergence between Ago-
miRNA and Ago-mRNA peaks is that the mRNA fragments isolated after RNase digestion
are of variable length with significant sample to sample variation, while the mature miRNAs
are not affected by RNase digestion, leading to variability in their amplicon abundance. The
observation that Ago-mRNA peaks are not quantitative needs to be considered while
predicting and validating targets of miRNA. The most abundant miRNAs for each cell line
are listed in Supplemental Table 2. These results are again in general agreement with
miRNA quantifications reported by other investigators, using microarray or miRNA-Seq
techniques. Importantly, our data sets also demonstrated previously noted difference
between ER positive and negative breast cancer, such as the differential expression of
miR-200c/141 and miR-221/222 between MCF7 and MDA-MB-231 cell lines [24, 25]
(Figure 1E).

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 6

Global regulation of genes in breast cancer under physiologic conditions

We hypothesized that miRNA-mRNA interactions contribute to regulatory networks that
define biological differences between breast cancer subtypes. To test this, we constructed a
miRNA-mRNA interactome for each breast cancer subtype using Cytoscape software [26].
Individual nodes in this interactome were defined by the miRNAs or mRNAs that they were
predicted to bind. Further hypothesizing that such networks might be best observed in highly
abundant miRNAs, we started with analysis of 10 most abundant miRNAs by breast cancer
subtype found in our data set (Supplemental Table 2). Based on seed-pairing predictions we
generated a list of target mMRNAs for these miRNAs. We then used Ingenuity Pathway
Analysis (IPA, Ingenuity Systems, www.ingenuity.com) to organize the gene set and
visualize its contribution to cellular activity. The 10 most abundant miRNAs in each cell line
were predicted to regulate several basic cellular mechanisms such as metabolism,
proliferation and DNA synthesis, (Supplemental Figure 2). As expected, in both MCF7 and
BT474 cells, the estrogen receptor pathway was among the most overrepresented networks
targeted by the top 10 most abundant miRNAs (p<0.001), with high overlap of target genes
among both cell lines (Table 1). In contrast to ER+ cell lines, the total number of miRNA-
regulated genes was considerably lower in triple negative breast cancer cells (3413 for
MDA-MB-231, compared to 9 978 and 10 785 for MCF7 and BT474, respectively). The top
regulated pathways in the ER negative cells were cell proliferation and cell death, with far
fewer ER regulated genes appearing in the target set (Table 1). This observation is in
agreement with prior data describing dysregulation of miRNA biogenesis in triple negative
disease [27]. Our data shows that the ER pathway is regulated by highly expressed miRNAs
in both ER+ cell lines.

miRNA regulation of the endocrine signaling axis

In addition to the global effects of miRNA on steroid receptor pathway, we also found that
ER mRNA itself is targeted by miRNAs in ER+ breast cancer cell lines. Prior studies have
reported on the role of several miRNAs in regulating the expression of ER at the individual
mRNA level, but no unbiased genome-wide biochemical studies have been reported [28-
30]. In our data set, statistically significant Ago footprints were present throughout the ER
mRNA, including several prominent peaks in the 3° UTR and coding regions (Figure 2A).
We presumed that each of the 8 peaks in the ER 3’UTR corresponds to a functional mRNA-
miRNA interaction, and that these could be narrowed down based on candidate miRNAs
with potential to bind to these peaks. Initially we examined our data set for previously
described miRNA-mRNA interactions, and confirmed a number of previously described
pairs in our data set. These included putative binding sites for miR-17~92 cluster [29],
miR-221/222 [6] and miR-26 [30] in the 3’UTR of ER (Figure 2A).

We then investigated an Ago-mRNA peak in the ER 3’ UTR, 1759 nt downstream of the
translational stop site (Figure 2A and B). Interestingly, it lies within a region that has been
annotated as important for maintaining ER mRNA stability [31]. Identification of miRNA
seed matches in the 60 nt Ago footprint using the predictive algorithms RNA22 and RNA
hybrid [32, 33] suggested that this Ago-mRNA peak likely represents a binding site for
miR-9-5p (Supplemental Figure 3). We confirmed that miR-9-5p binds to the sequence
representing the Ago footprint and that mutation in the binding sequence leads to a decrease
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in binding effectiveness by luciferase assay (Figure 2C). Both miR-9-5p and control mimics
were used and transfected into MCF7 cells and led to a reduction of ER protein expression
following miRNA overexpression starting at 24 hours following transfection and remained
decreased up to 72 hours later (Figure 2D).

In order to test the functional significance of miR-9-5p regulation of ER, we analyzed two
downstream estrogen-regulated genes, TFF1 (Trefoil Factor 1, an estrogen regulated tumor
suppressor [34]) and PR (Progesterone Receptor, another steroid receptor) [35], neither of
which were predicted to bind to miR-9-5p. Immunocytochemistry for both proteins was
performed on ER+ cell lines (MCF7 and BT474) with stable transfections of miR-9-5p or
the control vector (Figure 2E). Both TFF1 and PR proteins were upregulated in response to
estradiol treatment in control vector transfected cells. This effect was however ameliorated
when miR-9-5p was over-expressed in addition to the estradiol treatment (Figure 2E, PR
data not shown). Thus miR-9-5p affects downstream signaling of ER suggesting functional
relevance of this interaction.

MiR-9 targets multiple steroid receptor pathways

Given the involvement of miR-9-5p in ER mRNA regulation, we further hypothesized that it
may be involved in direct or indirect regulation of multiple nodes of the ER signaling
pathway. To test this, we used IPA to identify the pathway enriched in the Ago-mRNA
peaks predicted to be bound by miR-9-5p. Consistent with our hypothesis, ER signaling
pathway was the top canonical pathway targeted by miR-9-5p in ER+ cell lines, with
multiple predicted gene targets. In addition, miR-9-5p acted as a regulator of common nodes
of other hormone receptor signaling pathways, (androgen receptor (AR), retinoic acid
receptor (RXR/RAR)) and their co-factors (i.e. NCOA2, NCOA3 and NCOA4; Figure 3A,
Supplemental Figure 4A). These results support miR-9-5p as part of a control mechanism
for a coherent set of signaling components at the center of cellular response to hormonal
cues in ER+ breast cancer. As miR-9-5p and miR-221, which has also been reported to
regulate ER, share little sequence homology, we used IPA to determine the overlap between
their respective predicted targets and pathways. Among estrogen signaling pathway
components, only ER itself was found to have any overlap between the predicted targets,
suggesting a distinct physiologic role for both miRNAs (Supplemental Figure 3B).
Additionally, there was no enrichment for other hormone receptor pathways in the miR-221
target set, suggesting that the cellular role of miR-221 is distinctly different than that of
miR-9-5p. The expression level of miR-221 in ER+ disease is low [25], which may in part
explain its distinct role and targets.

The responsiveness of ER+ breast cancer to anti-endocrine therapies depends on the
functional status of the entire ER signaling axis, including the activity of the downstream
regulators and co-factors. Downregulation of ER, decoupling of downstream response
elements [36],overexpression of ER co-activators (i.e. NCOAS3) [37, 38] and activation of
parallel pathways [39, 40] have all been implicated in the development of anti-endocrine
resistance. Among the direct predicted targets of miR-9-5p, we found multiple steroid
receptor co-factors including NCOA3 (Nuclear Receptor Coactivator 3; also known as
amplified in breast cancer 1 or SRC-3). NCOA3 is a nuclear cofactor that is either amplified
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(up to 10%) or overexpressed (up to 40-50%) in breast cancer, and is correlated with
resistance to anti-endocrine therapy in ER+ disease [38]. NCOA3 modulates ER activity and
mediates interactions with other signaling pathways including Her2 and Akt [39, 40].
Overexpression of NCOAS3 correlates with poor outcomes in patients with ER+ breast
cancer. As predicted, overexpression of miR-9-5p lead to downregulation of NCOA3 at the
protein level (Figure 3D). We therefore proceeded to further investigate NCOA3 regulation
by miRNAs and found it to be also a predicted target of not only miR-9-5p, but also
miR-193b-3p, one of the highly expressed miRNAs in ER+ cell lines (Supplemental Table
2). In addition, miR-9 and 193 were found to share another target in the ER pathway, several
members of the TAF gene family which are part of the TFIID complex [41] (Figure 3A).
Using seed-pair matching of NCOA3 and miR-193-3p (Supplemental Figure 3) we
identified an Ago-mRNA peak in the first coding exon of NCOAS3, 15 nt downstream of the
start codon (Figure 3B). We used a luciferase assay to confirm the binding of miR-193-3p to
the Ago-mRNA peak in the CDS (Figure 3C). Additionally, overexpression of miR-193-3p
led to a significant downregulation of NCOA3 protein 24 hours after transfection (Figure
3D). Together, these data establish that NCOAS3 is a direct target of miR-193-3p, and
confirm that targeting occurs through the site identified by HITS-CLIP.

Modulation of estrogen response by miRNAs

Based on the above results, we hypothesized that both miR-9-5p and miR-193-3p would
modulate the response of breast cancer cells to estrogen and anti-endocrine therapy. To test
this, we first determined growth rates of estrogen responsive cell lines MCF7and T47D cells
that we engineered to stably express miR-9-5p or miR-193-3p. 17-beta estradiol acts as a
mitogen, whereas tamoxifen inhibits growth in these cells. Based on our results, we
expected miR-9-5p to mitigate the response to estradiol by decreasing the target receptor
expression. Indeed, overexpression of miR-9-5p in multiple ER+ cell lines blunted the effect
of 17-beta estradiol during a 7-day period (Figure 4A and B). The miR-9-5p overexpressing
cells lost their rapid growth response to 17-beta estradiol, similar to the phenotype of ER-
breast cancers. We also measured the effect of miR-9-5p on pharmacological inhibition of
ER by addition of tamoxifen. As anticipated, increased expression of miR-9-5p caused
resistance to tamoxifen (Figure 4B). Since overexpression of NCOAZ3 in breast cancer is
correlated with resistance to anti-endocrine therapy in ER+ disease, we hypothesized that a
decrease in NCOA3 would enhance the responsiveness of ER+ cancer cells to estrogen and
tamoxifen. Indeed, the overexpression of miR-193-3p had an effect opposite to that of
miR-9-5p: an increase in miR-193-3p levels exaggerated the effects of both estradiol and
tamoxifen on ER+ breast cancer cells (Figure 4C), confirming the functional regulation of
NCOA3 by miR-193-3p.

HITS-CLIP analysis predicts patient outcomes in clinical samples from patients with ER+
breast cancer

Given that miR-9-5p is a direct regulator of both ER and down-stream regulators of ER
signaling, we hypothesized that expression levels of miR-9-5p in breast cancer samples
could predict clinical outcome. Specifically, we hypothesized that high expression levels of
miR-9-5p would decrease responsiveness of tumors to anti-endocrine therapies, thus
contributing to earlier disease relapse and subsequent poor overall outcome in patients with
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ER+ breast cancer. To test this hypothesis, we used data from previously published cohorts
of patient samples with corresponding clinical data, as well as matched miRNA expression
levels measured by RNA-seq [19]. We first classified each miRNA expression as either high
or low, based on the median expression for each individual miRNA within the whole data
set. Then we applied the survival package within R to determine whether expression levels
of a specific miRNA affected patient outcomes. Kaplan Meyer plots were generated with R
software (Figure 5). We then performed a supervised analysis of miR-9-5p expression and
found that high expression levels were predictive for early relapse (p=0.046, Figure 5A). In
agreement with our in vitro data, high miR-9-5p expression correlated with decreased levels
of ER mRNA, in ER+ patient tumors (p=0.025). MiR-221-3p has been previously described
as a direct regulator of ER, and the 3 UTR Ago peaks corresponding to the published
regulatory elements were seen in our datasets as well [6]. High expression level of
miR-221-3p also predicted for a worse outcome in the same complete cohort of 216 patients
(p=0.038, Figure 5B). The patient outcome predictions could be further refined by
combining the miR-9-5p and miR-221-3p expression levels in patients with ER+ breast
cancer (Figure 5C). MiR-221-3p level inversely correlated with ER mRNA expression,
similar to miR-9-5p. From these results we concluded that while miR-221-3p and miR-9-5p
share ER as a target, miR-9-5p is involved in the global regulation of the endocrine axis
under physiologic conditions in primary breast cancers.

MiRNA networks regulate the state of differentiation and disease severity in breast cancer

Expression of steroid receptors such as ER, PR and AR have been shown to define a more
differentiated breast cancer phenotype, which correlates with lower tumor grade and better
patient outcomes [42-45]. We speculated that if miR-9-5p was a global regulator of steroid
receptors (ER and AR) and its co-factors (NCOAZ2-4), we could verify such an association in
an independent data set. We used the Breast Invasive Carcinoma (BRCA) miRNA-seq and
mRNA-seq data from The Cancer Genome Atlas for our secondary analysis (n=597,
annotated patient samples) [20]. We again confirmed that miR-9-5p expression was
inversely correlated with ER status across all breast cancers (Figure 6A). Furthermore, in
ER-positive tumors, miR-9-5p expression was approximately 2-fold lower in those with 50—
100% of cells staining positive for ER by immunohistochemistry than in those with <50%
(data not shown). For miR-193a/b the inverse correlation with ER expression was less
striking, but still statistically significant (Figure 6B). The clinically relevant functional
steroid receptor in triple negative disease is AR, where its expression is inversely correlated
with aggressiveness of disease. Supporting the role of miR-9-5p as a universal steroid
receptor regulator in breast cancer, low AR mRNA expression correlated well with high
miR-9-5p levels in patients with triple negative disease (Figure 6C) and confirmed the
predictive value of a genome wide analysis.

DISCUSSION

Here we demonstrate that an unbiased genome-wide biochemical analysis of miRNA-
mMRNA binding based on HITS-CLIP for the Argonaute protein can define individual
miRNA-mRNA interactions and regulatory networks in breast cancer subtypes. More
importantly, the results can be placed into biological and clinical context when correlated
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with patient outcomes. Given the importance of ER regulation in breast cancer biology, we
initially focused on the regulation of the endocrine signaling axis in ER+ breast cancers by
miRNAs as proof of principle for this model. Multiple prior studies have reported on the
contribution of mMiRNAs to the biological differences between ER+ and triple negative
breast cancer [6, 28, 29]. While we found our results to be generally concordant with
published data, our unbiased genome-wide approach also uncovered multiple novel
regulators of the hormonal axis in breast cancer including miR-193 and miR-9-5p. We show
that miR-9 affects several key nodes in steroid hormone regulation of ER+ breast cancers,
further affirming that miRNAs are a part of larger regulatory network, fine tuning cellular
responses of complex pathways such as steroid receptor signaling.

We demonstrate that a CLIP peak in the 3° UTR of ER is a direct target of miR-9-5p, and
that overexpression of miR-9-5p reduces endogenous ER protein levels as well as that of
several ER target genes. We also establish that a CLIP peak in the coding sequence of
NCOAS, an ER cofactor, is a direct target of miR-193a/b-3p, and that overexpression of
both miR-193a/b-3p and miR-9-5p results in reduced NCOAS3 protein expression (the latter
likely through a separate exonic CLIP peak). As other ER pathway components and
downstream targets also contain CLIP peaks with seed matches to miR-9-5p and miR-193a/
b-3p, we propose that these miRNAs cooperate to regulate global estrogen signaling in
breast cancer. We further demonstrate that miR-9-5p and miR-193a/b-3p help regulate
responsiveness of breast cancer cells to estrogen/tamoxifen. While simultaneous repression
of both ER and NCOA3 by miR-9-5p leads to a decrease in response to estrogen, decrease
of NCOA3 alone by miR-193a/b-3p sensitizes ER+ breast cancer cells to tamoxifen. Thus,
miR-9-5p and miR-193a/b-3p allow for fine-grained regulation on the ER signaling
pathway, through a combination of shared and discrete targets.

The present analysis of the mMiRNA-mRNA interactome offers a detailed look at the post-
transcriptional regulation under physiological conditions. This is exemplified in the largely
non-overlapping set of targets for miR-9-5p and miR-221. Both miRNAs have been shown
to regulate ER, however their cellular functions are most likely different under normal
conditions. This observation is supported by the generally low expression of miR-221 in ER
+ breast cancers. Similarly, while many prior studies have linked expression profiles to
patient outcomes, we believe that taking a functional approach to target-miRNA
interactions, such as the one presented here, can add a functional dimension and help explain
the biological meaning of descriptive analyses. As evidenced by our results, Ago-HITS-
CLIP is a powerful tool that can be used to define novel miRNA-mRNA interactions as well
as functional regulatory networks.

However, a few disadvantages were evident. First, while HITS-CLIP in its present form
remains a sophisticated method for the enrichment of sequences bound by Argonaute, target
validation still relies upon miRNA binding predictions and standard protein expression and
binding experiments. It should also be noted that not all targets could be directly validated
by such standard methods. An exciting refinement of the original HITS-CLIP protocol
termed CLASH (Crosslinking, ligation and sequencing of hybrids) was recently reported
[46]. CLASH relies on hybrid mRNA-mRNA molecules formed during a ligation step of the
CLIP library preparation and can thus reliably identify targets of at least some of the
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miRNAs directly from the sequencing data. A second is that the technique without further
refinements remains non-quantitative for mRNA levels. Our results show that while the
Ago-miRNA peaks maintain relative quantitation, Ago-mRNA peaks do not. Incorporating
quantitation during the library preparation steps (by adding degenerate primers called UMIs
or Unique Molecular Identifiers) is one way to circumvent this problem [47]. Finally, UV
cross-linking is very inefficient and the technique in its current form requires a large number
of cells for library preparation. Although addition of photoactivable nucleoside analogues
(PAR-CLIP) was reported to vastly improve cross-linking efficiencies, our experiments
failed to show such benefit (data not shown) and the technique was noted to be similar in
efficiency by other investigators [48]. As a result of this high cell number requirement,
HITS-CLIP and related techniques remain unusable for primary clinical samples.

Despite these limitations, our study highlights the importance and utility of unbiased
genome-wide biochemical approaches like HITS-CLIP that enable us to define novel
clinically relevant miRNA-based regulatory pathways of endocrine responsiveness and
resistance in breast cancer. In addition to identifying two miRNAs that play a key role in the
regulation of estrogen signaling in breast cancer, we have also generated three valuable
genome-wide miRNA-target interaction datasets. Further analysis of these data, particularly
in combination with other genome-wide approaches including profiling of primary tumor
samples, will undoubtedly reveal further insights into the role of miRNAs in breast cancer
biology.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ago HITS-CLIP analysis of breast cancer cells
A. Correlation of consensus peaks between combined MCF7 and 17-beta estradiol treated

MCF7 cells. Coefficient of determination (R?) calculated by Corrplot package. B.
Correlation of consensus peaks between MCF7 and BT474 cells. C. Correlation of
consensus peaks between MCF7 and MDA-MB-231 cells. D. Hierarchical clustering of
miRNA expression from three biological replicates for each breast cancer subtype.
MicroRNA read numbers were normalized to total aligned reads and analyzed with Partek
genomics suite to generate the heat map. Fifty highly expressed miRNAs in each of the cell
type were included in the analysis. E. Correlation of expression levels of individual miRNAs
as measured by HITS-CLIP between MCF7 and MDA-MB-231 cells.
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Figure 2. Mir-9-5p regulates ER in breast cancer
A. The 3’UTR of ER, showing HITS-CLIP coverage. Statistically significant Ago footprints

(peaks) are shown above the coverage (red peaks have been validated in this work).
Coverage scale (right) is in Reads per Million Mapped Reads (RPMMR). B. The 3’UTR of
ER, showing HITS-CLIP coverage at the miR-9-5p peak. Statistically significant Ago
footprints (peaks) are shown above the coverage. Coverage scale (right) is in Reads per
Million Mapped Reads (RPMMR). The sequence complementary to the miR-9-5p seed site
is shown below the coverage. C. Luciferase assay in HEK293 cells showing repression of
luciferase expression from the ESR1-MRE-containg luciferase plasmid upon co-transfection
with a miR-9-5p mimic. Mutation of the sequence complementary to the seed site abolishes
this repression. D. Western blot analysis of MCF7 cells transfected with miR-9 or control
mimic at 5 nM concentration. ER protein expression was downregulated in miR-9
transfected cells starting 24 hours after transfection. Same western blots were stripped and
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re-probed for actin to ensure equal protein loading. E. TFF1 (green), a downstream target of
activated ER, was not induced in miR-9-5p overexpressing breast cancer cells by 17-beta
estradiol. Nuclei were counterstained with DAPI (blue). Cells were transfected with either
Control (left column) or miR-9-5p (right column) miRNA mimics and treated with EtOH
(vehicle control; top row) or E2 (bottom row). Portions of this figure based on output from
the UCSC Genome Browser (http://genome.ucsc.edu).

Breast Cancer Res Treat. Author manuscript; available in PMC 2015 July 01.


http://genome.ucsc.edu

1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Pillai et al.

A

Ago-CLIP Peaks (MCF7)

FIH)(TIE)
TAD) TFIF)(TElA

IGFBP1  G6PQ PEPCK

Scale
NCOA3

Ago-CLIP Coverage (MCF7)
Ago-CLIP Peaks (BT474)

Ago-CLIP Coverage (BT474)

Page 18

Ago-CLIP Peaks (MDA-MB-231)
Ago-CLIP Coverage (MDA-MB-231)

hsa-miR-193a/b Seed Site

Cc

1.2 4

e
®
.

%RLc /gLuc

o
()
.

o
.

'S
.

P<0.0001
—

——

OControl

®hsa-miR-193a-3p

psi-NCOA3-MRE psi-NCOA3-mt-
MRE

NCOA3
Tub1

NCOA3

24hrs 48hrs 72hrs

miR-C miR-193 miR-C miR-193 miR-C miR-193

24hrs 48hrs 72hrs

miR-C miR-9 miR-C miR-9 miR-C miR-9

P TN S p ——

B-actin - e S e e S~

Figure 3. ER and NCOA3 areregulated by distinct miRNAs
A. Predicted targets of miR-9-5p contain multiple nodes of ER signaling. These include

ACTF (NCOAZ3) and TAF both co-regulated by miR-193a/b-3p (Figure base on output from
IPA). B. The first coding exon of NCOA3, showing HITS-CLIP coverage. Statistically
significant Ago footprints (peaks) are shown above the coverage (red peaks have been
validated in this work). Coverage scale (right) is in Reads per Million Mapped Reads
(RPMMR). The sequence complementary to the miR-193a/b-3p seed site is shown below
the coverage. C. Luciferase assay in HEK293 cells showing repression of luciferase
expression from the NCOA3-MRE-containg luciferase plasmid upon co-transfection with a
miR-193a/b-3p mimic. Mutation of the sequence complementary to the seed site abolishes
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this repression. D. Overexpression of miR-193a/b-3p (Top) or miR-9-5p (Bottom) leads to a
downregulation of the NCOA3 protein, with a maximum difference 72 hours after treatment.
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Figure 4. MiR-9-5p and miR-193a/b-3p modulate the response of ER+ breast cancer to estrogen
A. Response of control MCF7 cells and a single cell clone (clone 4 in this example) of

miR-9-5p overexpressing MCF7 cells were examined. Cells were treated with ethanol
(ETOH) or 17-beta estradiol (E2). MiR-9-5p overexpression blunted the response of ER+
cells to 17-beta estradiol (statistically significant difference p<0.05 marked with asterisk) on
days 6 and 7. B. Similar effect of decrease in sensitivity was observed on other ER+ cell
lines. Here, miR-9-5p overexpressing T47D cells show a decrease in response both to 17-
beta estradiol, as well as 4-hydroxytamoxifen (student t-test was used for statistical analysis,
p<0.05). C. MiR-193a/b-3p further exaggerated the response of ER+ cells (control and
miR-193a/b-3p overexpressing MCF7 cells) to both 17-beta estradiol (E2) and 4-
hydroxytamoxifen (Tam).
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Figure 5. Ago-HITS-CLIP definesfunctional regulatory networks and predicts patient outcomes

in breast cancer

A. MiR-9-5p expression level predicts disease recurrence in patients with breast cancer
(p=0.046). B. MiR-221-3p, a known regulator of ER, similarly predicts patient outcomes
and combination for both miR-9-5p and miR-221-3p further improves the predictive value
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Figure 6. MiRNA regulation of steroid receptorsin breast cancer
A. miR-9-5p expression inversely correlates with ER mRNA levels of patients with breast

cancer in the TCGA data set (p<0.001). B. ER expression is inversely correlated with
miR-193a/b-3p (p<0.01). C. miR-9-5p expression level is inversely correlated with AR
MRNA levels in ER- tumors in the TCGA.
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Table 1

ER Targets with CLIP peaks containing seed sites for the top 10 expressed miRNAs in each cell line. Targets
appearing in both ER+ lines are bolded and targets appearing in ER+ and ER- cell lines are underlined.

Cell Line ER Targets

BT474 AHNAK, CEBPA, CLEC2D, CYP1B1, DDIT4, EDN1, EFNAL,
ESR1, FAM102A, FOXA1, GATA3, GPAM, GREB1, HMGCR,
HOXCG6, IGFIR, INHBB, LDLR, MAP2K7, MDM2, MSX2,
NRCAM, PDCD4, PGR, PRKCD, PRLR, PTEN, SLC7A2
TNPO1, TP53, TXNIP, VIM, YPEL3

MCF7 CCND1, CCNG2, CDKN1A, CELSR2, CLEC2D, CREBBP,
CRKL, CYP1B1, DDIT4, ESR1, FOSL2, FOXA1, GATA3
ICOSLG, IGF1R, NOTCHS3, PGR, PRLR, SLC7A2, SLC7AS5,
TXNIP

MDA-MB-231 CAV2, CRKL, CYP1B1, DDIT4, SERPINE1, TXNIP
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