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ABSTRACT

Thereis an urgent need for novel noninvasive prognostic biomarkers for monitoring
the recurrence of breast cancer. The purpose of this study is to identify circulating
microRNAs that can predict breast cancer recurrence. We conducted a microRNA
profiling experiment in serum samples from 48 breast cancer patients using Exiqon
miRCURY microRNA RT-PCR panels. Significantly differentiated miRNAs for recurrence
in the discovery profiling were further validated in an independent set of sera from
20 patients with breast cancer recurrences and 22 patients without recurrences. We
identified seven miRNAs that were differentially expressed between breast cancer
patients with and without recurrences, including four miRNAs upregulated (miR-21-
5p, miR-375, miR-205-5p, and miR-194-5p) and three miRNAs downregulated (miR-
382-5p, miR-376¢-3p, and miR-411-5p) for recurrent patients. Using penalized logistic
regression, we built a 7-miRNA signature for breast cancer recurrence, which had
an excellent discriminating capacity (concordance index=0.914). This signature was
significantly associated with recurrence after adjusting for known prognostic factors,
and it was applicable to both hormone-receptor positive (concordance index=0.890)
and triple-negative breast cancers (concordance index=0.942). We also found the
7-miRNA signature were reliably measured across different runs of PCR experiments
(intra-class correlation coefficient=0.780) and the signature was significantly higher
in breast cancer patients with recurrence than healthy controls (p=1.1x105). In
conclusion, circulating miRNAs are promising biomarkers and the signature may
be developed into a minimally invasive multi-marker blood test for continuously
monitoring the recurrence of breast cancer. It should be further validated for different
subtypes of breast cancers in longitudinal studies.

INTRODUCTION no acceptable method for monitoring patients who are
likely to progress. Recent advances in the identification
While nearly 5% of breast cancer patients are of druggable targets based on molecular pathways, which
diagnosed at stage I'V (de novo metastatic breast cancer) in represent the “Achilles heel” of cancer cells, could provide
the United States [1], approximately 20-30% of early stage unique opportunities to treat patients with early recurrence
breast cancer cases will eventually experience recurrence before they become symptomatic [4]. Therefore, there
and develop distant metastasis [2]. Inability to control is an urgent need to identify novel biomarkers that can
disease at sites of metastasis is the cause of all breast predict which patients will progress, either at diagnosis or
cancer related deaths. In the United States, it is estimated before clinical manifestation of recurrence.
that nearly 40,000 women per year or 108 women per MicroRNAs (miRNAs) in circulation have
day die from breast cancer [3], but there is currently good potential to serve as prognostic and predictive
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biomarkers for breast cancer. MiRNAs are small, non-
coding RNA molecules, ~22 nucleotides in length.
They bind to complementary sequences in the 3’UTR
of multiple target mRNAs, usually resulting in their
silencing, and thus regulating gene expression in a
wide range of biological and pathological processes
[5]. Dysregulation of miRNA expression has been
linked to carcinogenesis [6-8]. Because circulating
miRNAs are stable after sample collection and can
be uniformly amplified and quantified, they represent
a class of emerging biomarkers for breast cancer
prognosis [9, 10]. Expression of miRNAs in serum
or plasma have been examined in breast cancer, but
most previous studies often started with few candidate
miRNAs and have generated inconsistent results
[11-15]. Two previous studies have investigated
whole miRNA profile in circulation using microRNA
arrays; one study compared metastatic breast cancer
with healthy controls, and found circulating miRNAs
can indicate status of circulating tumor cells in
patients with metastatic breast cancer; another study
identified a miRNA signature for predicting relapse in
triple-negative breast cancer patients [16, 17]. In this
study, we used a discovery/validation approach and
systematically examined human miRNome in serum
samples to identify a panel of circulating miRNAs that
can differentiate patients with breast cancer recurrences
from those without recurrences. We developed a
miRNA signature for recurrence and examined its
reproducibility.

RESULTS

Expression profiling of microRNA in serum
among patients with or without recurrences

The study design and sample flow are shown in
Figure 1. Serum samples from 126 women were processed
to extract RNAs and five samples were excluded because
of low RNA quality. Of the remaining samples, 90 women
were breast cancer patients and 31 women were non-
cancer controls. Of the 90 breast cancer patients, 28 had
recurrences, including eight patients with locoregional
recurrences and 20 with distant metastases (Table 1).
Demographic and clinical factors were similar between
the two groups except that the recurrent group had higher
grade and higher proportion of HER2+ disease than
patients without recurrence. For the 62 patients without
recurrence (the “NoRec” group), sera were collected at
median of 26 days after diagnosis. They were randomly
divided into the discovery phase (40 patients) and
validation phase (22 patients). For the 28 patients with
recurrence, the median time from diagnosis to recurrence
was 2.3 years. Of them, 18 patients contributed sera
collected around the time of recurrence (the “Rec-A”
group, median = 35 days around recurrence) and were
divided into the discovery phase (8 patients) and validation
phase (10 patients). There were 10 recurrent patients who
contributed serum samples around cancer diagnosis (the
“Rec-B” group, median = 70 days after diagnosis) and
they were included in the validation phase. There were

126 serum samples
0.2 ml each

microRNA
QC Panel

RNA extraction

5 RNA samples
failed

v

40 breast cancers, no rec
8 breast cancers, rec
31 non-cancer controls

v

22 breast cancers, no rec
20 breast cancers, rec

Discovery Validation
y y
miRCURY PCR panel 22 miRNAs Individual miRNA
[+11 (752 miRNAs) = F PCR primer sets
Figure 1: Study design and diagram of sample flow.
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Table 1: Characteristics of breast cancer patients

Characteristic Levels Recurrence (n=28) No recurrence (n=62) P value*
Age, mean (SD) 47.5(11.5) 50.4 (11.7) 0.28
Race White American 11 39 0.057
African American 16 20
Asian American 1 3
T stage Tl 10 30 0.065
T2 9 20
T3 11
T4 4 1
N stage NO 8 34 0.10
N1 14 23
N2 2 4
N3 2 1
AJCC stage group I 6 19 0.23
11 9 29
1 9 14
v 1 0
Histology Ductal 24 44 0.38
Lobular 0 5
Ductal & lobular 2 6
Others 2 6
Grade Gl 0 5 0.035
G2 5 25
G3 20 31
Estrogen receptor (ER) Negative 18 29 0.17
Positive 10 33
Progesterone receptor Negative 20 32 0.11
(PR) Positive 8 30
HER2 Negative 21 58 0.031
Positive 7 4
Triple negative No 15 35 0.82
Yes 13 27
Mutation status BRCALI carrier 2
BRCAZ2 carrier 1
Type of recurrence Locoregional 8
Distant metastasis 20
Site of distant Bone 8
metastasis
Distant lymph nodes 8
(Continued)
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Characteristic Levels Recurrence (n=28) No recurrence (n=62) P value*
Lung 7
Brain 3
Liver 3
Pleura 2
Phase of the study Discovery 8 40
Validation 20 22

*t test or Fisher’s exact test for continuous and categorical characteristics, respectively

two BRCAI and one BRCAZ2 mutation carriers, and none
of them had recurrent disease during follow-up.

Of the 752 miRNAs measured in the discovery
phase, 226 could be detected in at least half of the
serum samples and thus included in further analysis.
Unsupervised clustering analysis showed that these
miRNAs self-organized samples into two clusters,
with one cluster mainly consisting of patients without
recurrences (Figure 2). To identify differentially expressed
miRNAs, we conducted moderated t tests and found
31 miRNAs were statistically significantly different
between patients with and without recurrences. There
was an enrichment of recurrence-associated miRNAs
with false discovery rate ranges from 0.35 to 0.0017 for
top 31 miRNAs. Again, the miRNA profile of the 31
miRNAs could organize patients into two clusters: one for
recurrence and the other for non-recurrence (Figure 3).

As illustrated in Figure 3, some of these 31
miRNAs were correlated with each other. To avoid
redundant information, we only chose one miRNA with
higher reliability if two were highly correlated for further
validation. For example, miR-221-3p and miR-744-5p was
correlated with r=0.70 and we chose miR-211-3p as it has
lower Cq values. Clustering analysis of the 19 selected
miRNAs showed that they can represent the main data
structure of the 31 miRNAs (Supplementary Figure 1). We
also added one miRNA (miR-411-5p) that was marginally
significant in our study but highlighted in a previous study
[14]. As a result, a total of 20 miRNAs were selected
for testing in the validation phase. In addition, two
miRNAs (miR-361-5p and miR-186-5p) were chosen as
endogenous controls for gqRT-PCR.

Replication of microRNA signature for breast
cancer recurrence

In the validation phase, we found that seven out
of the 20 miRNAs were significantly associated with
recurrence and the direction of association was consistent
with that in the discovery phase (Table 2). Figure 4 shows
the distribution of these 7 miRNAs in both discovery
and validation phase. For four miRNAs (miR-194-5p,
miR-205-5p, miR-21-5p, and miR-375), the expressions

in samples at recurrence (“Rec-B”) or samples at diagnosis
(“Rec-A”) for patients with recurrences were consistently
higher than that in patients without recurrence. For three
miRNAs (miR-376¢-3p, miR-382-5p, and miR-411-5p), the
expressions in samples at recurrence or samples at diagnosis
for patients with recurrences were consistently lower
than that in patients without recurrence. Therefore, we
combined samples at diagnosis and recurrence for patients
with recurrence together for further analysis. Another five
miRNAs (miR-19a-3p, miR-200a-3p, miR-221-3p, miR-
103a-3p, and miR-30b-5p) were not statistically significant
in the validation phase, but the directions of association
were the same as those observed in the discovery phase.
Consistent with the discovery phase, the expression of the
two endogenous control miRNAs that we chose (miR-361-
5p and miR-186-5p) were very similar between patients
with and those without recurrence in the validation phase.

There were weak to moderate correlation among
the seven validated miRNAs (Table 3). Using ROC
curve, we estimated the discriminating capacity of
individual miRNAs and the AUC ranged from 0.65 to
0.86 (Table 4). Using penalized logistic regression, we
developed a miRNA signature to discriminate breast
cancer patients with recurrences and without (Table 5).
After adjusting for age, race, tumor size, lymph node
status, histologic grade, and HER2 status, the miRNA
signature was still significantly associated with breast
cancer recurrences. In addition, excluding the 3 BRCA1/2
mutation carriers did not change the results substantially.
The AUC for the 7-miRNA signature was 0.872 in the
discovery phase, and 0.930 in the validation phase (Figure
5). The AUC of pooling samples from the two phases was
0.914, suggesting that the 7-miRNA signature has better
discriminating capacity than individual miRNAs. Using
a signature score of 4.2 as the cutoff point, the sensitivity
was 92.9% and the specificity was 77.4%.

Furthermore, stratified analysis showed that the
miRNA signature was applicable to both triple-negative
breast cancer (n=40) and other subtypes of breast cancers
(ER+/PR+/Her2-, n=39; ER+/PR+/Her2+, n=5; ER-/
PR-/Her2+, n=6) (Figure 6). The concordant indexes for
triple-negative breast cancer and other subtypes were not
statistically significant different.
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Figure 2: Unsupervised hierarchical clustering with Pearson distance metric, based on 226 detectable miRNAs in
serum (red: samples at recurrence from patients with recurrence; green: samples at diagnosis from patients without
recurrence).
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Compared with circulating microRNAs from
non-cancer women

In order to understand the baseline status of the
miRNA expression in healthy women, we measured
miRNA expressions in sera from 31 non-cancer
controls using Exiqon’s miRCURY microRNA Ready-
to-Use PCR Human panels I+II. We compared serum
7 miRNAs levels individually as well as the miRNA
signature between recurrent breast cancer patients and
non-cancer controls. We found the miRNA signature
in recurrent patients was 5.14-fold higher than non-
cancer controls (Figure 7, p=1.1x107%). At the cutoff
point of 4.2 for the miRNA signature, 28 women were
correctly classified as normal (specificity = 90.3%).
The individual miRNA levels between the two groups
were either statistically significant or trend towards
significant (Supplementary Table 1).

Reproducibility of individual microRNAs and
microRNA signature

In the validation phase, expression of miRNAs
was measured in quadruplicates so we can examine
measurement reliability of the 20 candidate miRNAs
and two endogenous control miRNAs. All miRNAs had
ICC above 0.5 and nine miRNAs had ICC above 0.9. As
expected, ICC was negatively correlated with mean Cq
value, i.e. abundant miRNAs were more reliably measured
than less abundant miRNAs in serum (Figure 8). We also
evaluated the reliability of the 7-miRNA signature and
found that it can reproducibly distinguish recurrent from
non-recurrent patients (Figure 9). The ICC for the 7-miRNA
signatures was 0.780, which means that the reliability
coefficient for the 7-miRNA signature would be 0.934 if
the qRT-PCR experiments were done in quadruplicates and
0.914 if the qRT-PCR experiments were done in triplicates.
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Figure 3: Unsupervised hierarchical clustering with Pearson distance metric, based on the 31 miRNAs that were
differentiated expressed between breast cancer patients with and without recurrence in discovery phase (red: samples
at recurrence from patients with recurrence; green: samples at diagnosis from patients without recurrence).
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Table 2: Candidate miRNAs selected in discovery phase and their results in validation phase

Discovery phase Validation phase Pooled analysis

Mean Cq FC* Pvalue MeanCq  FC* FCt P value FCt P value
miR-103a-3p 28.0 0.43 0.0011 25.9 0.86 1.03 0.69 0.70 0.013
miR-107 29.5 0.68 0.0095 31.1 0.99 1.37 0.45 0.94 0.65
miR-1260a 32.8 1.57 0.021 31.2 0.73 1.47 0.11 1.21 0.20
miR-141-3p 36.3 2.73 0.044 353 1.05 1.52 0.58 1.70 0.071
miR-146b-5p 34.8 0.61 0.036 32.6 1.54 1.80 0.025 1.13 0.42
miR-194-5p 34.2 1.86 0.014 304 1.39 2.77 0.0025 1.92 0.00018
miR-19a-3p 27.7 0.68 0.020 25.1 0.82 0.86 0.47 0.77 0.013
miR-200a-3p 374 12.47  7.5E-06 36.4 1.22 2.37 0.10 3.69 7.1E-05
miR-200c-3p 354 2.48 0.05 34.5 1.57 0.79 0.18 1.52 0.108
miR-205-5p 36.4 7.04 0.0036 36.3 2.81 4.23 0.0071 4.55 8.5E-05
miR-21-5p 25.6 1.55 0.018 23.7 1.45 2.59 5.9E-07 1.78 5.2E-07
miR-221-3p 28.5 0.67 0.049 27.1 0.87 0.67 0.19 0.72 0.014
miR-301a-3p 32.8 0.68 0.043 30.5 1.01 1.33 0.53 0.94 0.69
miR-30b-5p 30.3 0.67 0.023 28.1 0.81 0.92 0.53 0.78 0.026
miR-320a 29.2 1.44 0.05 26.1 0.76 0.84 0.35 1.01 0.96
miR-375 34.1 221 0.05 33.9 3.15 3.40 0.0038 2.81 0.00014
miR-376¢-3p 33.9 0.41 0.027 31.5 0.38 0.36 0.024 0.38 0.00051
miR-382-5p 34.7 0.27 0.0020 33.2 0.37 0.33 0.026 0.32 7.6E-05
miR-411-5p 38.0 0.49 0.15 35.6 0.36 0.46 0.038 0.44 0.006
miR-424-5p 34.7 1.89 0.027 29.4 0.57 0.59 0.015 0.88 0.11

Note: quantitation cycle (Cq); fold change (FC) = 2-2% ; significant, consistent validated results are in bold
*FC: fold change comparing samples at recurrence for patients who had recurrent diseases vs. samples at diagnosis for

patients without recurrence

1FC: fold change comparing samples at diagnosis for patients who had recurrence vs. samples at diagnosis for patients

without recurrence

1FC: fold change comparing samples from patients with recurrence vs. patients without recurrence

Pathway Analysis of Significant MicroRNAs

In the KEGG pathway analysis of the union
of targeted genes of the 32 miRNAs identified in the
discovery phase, we found that 72 pathways were
enriched, with the top pathway being the “microRNAs
in cancer” pathway (FDR = 4.0x10°%). The overall test
for pathways of cancer was also significant (FDR = 1.1 x
10°). Note that “breast cancer pathway” was not exist in
KEGG database and two miRNAs had no experimentally
validated gene targets, but we found several pathways
related to breast cancer, such as “estrogen signaling
pathway” and “ErbB signaling pathway” (Supplementary
Table 2). In the pathway analysis of the intersection of
targeted genes of at least 8 miRNAs (out of 32 miRNAs),

we found 18 pathways were enriched, with the top
pathway being “pathways in cancer” (Supplementary
Table 3).

DISCUSSION

In this study, we have identified seven miRNAs (miR-
194-5p, miR-205-5p, miR-21-5p, miR-375, miR-376¢-3p, miR-
382-5p, and miR-411-5p) in serum that can distinguish patients
with recurrence from those without among breast cancer
patients. We have developed a 7-miRNA signature, which
provided an excellent discriminating ability with a concordance
index of 0.914. These microRNAs can be quantified reliably
using a qRT-PCR method with less than 0.2 ml of serum.
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Of the seven miRNAs identified in this study, two
miRNAs (miR-21-5p, miR-375) in circulation have been
found to be associated with prognosis of breast cancer.
Candidate miRNA studies found that elevated miR-
21-5p expression in serum was correlated with poor

A

prognosis in breast cancer [11, 18], which is consistent
with our finding that serum miR-21-5p was related to
recurrence. Furthermore, miR-21-5p in breast tumors
was also associated with poor survival in breast cancer
[19], and circulating miR-21-5p predicted poor survival
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Figure 4: Box plots of the 7 circulating miRNAs associated with tumor recurrence in A. the discovery phase and B. the

validation phase.
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Table 3: Matrix of correlation coefficients among the 7 validated miRNAs

miR-194-5p  miR-205-5p miR-21-5p miR-375 miR-376¢-3p miR-382-5p
miR-194-5p 1
miR-205-5p 0.34%* 1
miR-21-5p 0.08 0.29%* 1
miR-375 032+ [L0508 T 032+ 1
miR-376¢-3p -0.41%* -0.34%* -0.14 -0.33* 1
miR-382-5p -0.49* 2028 20.10 NEVLEN 1
miR-411-5p -0.52%* -0.09 -0.00 -0.27 0.51%* 0.44%*
*p<0.05
Table 4: Area under ROC curve for individual miRNAs
Discovery phase Validation phase
miR-194-5p 0.763 0.730
miR-205-5 0.813 0.759
miR-21-5p 0.688 0.864
miR-375 0.694 0.814
miR-376¢-3p 0.716 0.741
miR-382-5p 0.819 0.743
miR-411-5p 0.653 0.700
Table 5: Penalized logistic regression of 7 miRNAs and the distribution of miRNA signature
Log odds ratio P value
Penalized logistic regression
miR-194-5p 0.431
miR-205-5p 0.261
miR-21-5p 0.788
miR-375 0.198
miR-376¢-3p -0.176
miR-382-5p -0.160
miR-411-5p -0.154
miRNA signature (unadjusted) 1.275 2.0E-06
miRNA signature (adjusted*) 1.261 3.6E-05
Distribution of miRNA signature mean + SD
Recurrent group 593 +£1.67
No recurrent group 2.94+1.31

*adjusted for age, race, tumor size, lymph node status, histologic grade, and HER?2 status

in other cancers [20]. As miR-21-5p overexpression
increased cell growth, invasion and migration, and
reduced apoptosis [21, 22], through downregulation of
several tumor suppressor genes such as PTEN, TPMI,

and PDCD4 [23-25], miR-21-5p is likely to be a true
prognostic factor for breast cancer and other cancers.
Madhavan et al found that plasma level of miR-375 was
higher in circulating tumor cells (CTC)-positive metastatic
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breast cancer patients than healthy controls [16]. Wu et al
found lower serum level of miR-375 was associated with
recurrence among locally advanced breast cancer patients
in the discovery cohort but could not confirm this finding
in their validation cohort [26]. In line with Madhavan et
al but different from Wu et al, we found that serum miR-
375 was positively associated with recurrences. A recent
study showed that miR-375 was involved epithelial-to-
mesenchymal transition in breast cancer cell lines, and
thus related to metastasis [27].

To the best of our knowledge, the other five
circulating miRNAs have not been reported to be
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205-5p was considered a tumor suppressor [28], its role
in breast cancer development and progression is unclear;
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Figure 5: Box plots of the 7-miRNA signature in the discovery and validation phases (top two panels) and receiver
operating characteristic curves for penalized logistic regressions (bottom two panels) show the discriminating capacity
of the 7-miRNA signature. Rec, recurrence; NoRec, no recurrence.
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study showed that miR-411-5p was lower in serum progression [34], and esophageal cancer [35], although

of breast cancer patients than that of healthy controls the direction of association varied by cancer sites. Taken
[14]. Lastly, circulating miR-194-5p was associated together, all seven miRNAs identified in our study are
with colorectal cancer diagnosis [33], prostate cancer biologically plausible biomarkers.
1.00
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0.25 __ Other subtypes
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0.00 |' T T T T
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o -
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N -
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Figure 6: Receiver operating characteristic curves for the 7-miRNA signature and box plots of the 7-miRNA signature
by breast cancer subtypes. Rec, recurrence; NoRec, no recurrence; TN, triple-negative subtype; Non-TN, other subtypes.
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In this study, we demonstrated that the 7-miRNA
signature has better performance in predicting breast
cancer recurrence than individual miRNAs. Recently,
Sahlberg et al reported a 4-miRNA signature (miR-18b,
miR-103, miR-107, and miR-652) that predicted relapse
and overall survival for triple-negative breast cancers,
with a concordance index of 0.810 [17]. Similar to our
study, the study used serum samples of 60 breast cancers
with Exiqon’s RT-PCR array. In the discovery phase of
our study, high expression of miR-103 and miR-107
were associated with recurrence, which is consistent
with Sahlberg et al, though the miRNAs were no longer
significant in the validation phase of our study. One
possible reason for lack of overlap in miRNA signatures
between the two studies is that breast cancer is a
heterogeneous disease. Our study included both estrogen
receptor (ER) positive and negative cancer. Although we
found the 7-miRNA signature had prognostic capacity
in both triple-negative breast cancers and other subtypes
of breast cancers (mainly ER+/HER2-), the study was
underpowered for comparing different subtypes. Another
possible reason is that neither study is large enough to
find all important prognostic miRNAs in circulation. The
origin of tumor-associated miRNAs in circulation is not
very clear [36]. They may be secreted by tumor cells in
the primary site, circulating tumor cells, or metastatic
lesions; they may also originate from immunocytes in the
tumor microenvironment. Different sources of circulating
miRNAs may reflect every aspect of tumor progression
[36-38]. In the KEGG pathway analysis, we found that

the 29 miRNAs we identified in the discovery phase were
highly enriched to regulate genes in the cancer pathways,
suggesting that they are biologically plausible candidates.
Therefore, larger confirmative studies and meta-analysis
of published data on circulating miRNAs hold a promise
to generate better, reproducible prognostic signature for
breast cancer.

This study has several strengths, including systematic
miRNome discovery and validation approach, sensitive qRT-
PCR assays, stringent quality controls in sample collection
and processing, and blinded manner in experiments. The
concentration of miRNAs in serum and plasma are highly
concordant among different individuals [9, 10, 39], but
proper operating procedures for blood collection should be
followed to avoid hemolysis and disturbance of platelets. We
used gel-separation method for serum collection, which can
minimize cellular contamination.

Several limitations should be considered in
interpreting our study findings. First, it is challenging to
quantify miRNAs in serum because of the low abundance
of miRNA in circulation and this may be an important
reason why previous high-throughput miRNA profiling
studies of circulating miRNA are inconsistent [40]. The
reliability of measurement is less optimal for miRNAs
less representative in serum (e.g. mean Cqg>34). For
example, we found that 3 members of the miR-200 family
(miR-200a, miR-200c, and miR-141), all less abundant
in serum, were significant in the discovery phase but
were not statistically significant in the validation phase
(the directions of association remained the same). These
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Figure 9: Box plots of the 7-miRNA signature in 4 repeated experiments show that the signature can reproducibly
distinguishes patients with and without breast cancer recurrence.
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3 miRNAs have been found to be associated with CTC-
positive metastatic breast cancer [16]. So we may have
false negative results because of measurement error.
One simple solution is to increase the volume of serum/
plasma, e.g. increasing from 0.2 ml to 2 ml. Second,
there is no consensus in terms of normalization strategies
for cell-free RNAs in circulation [41]. Unlike cellular
RNAs from tumors, housekeeping genes such as small
nucleolar RNA U6 may not be consistently detectable
in serum. For instance, snRNA U6 was not detectable
in half the samples in our study. In the discovery phase,
we used global means to do the normalization as several
hundred miRNAs were profiled. In the validation phase,
we chose two miRNAs (miR-361-5p and miR-186-5p)
as endogenous controls using stringent criteria. We are
sure that the two endogenous control miRNAs have
no association with breast cancer recurrence and their
expression in the discovery and validation phase are quite
similar. However, the two endogenous control miRNAs
might be breast cancer specific, rather than universally
applicable to other circulating miRNA studies. Third, we
only assessed the reproducibility of qRT-PCR experiment
but there may be variation due to RNA extraction. Further
studies that have separately RNA extraction in different
days are desirable to evaluate reproducibility of circulating
miRNAs. Lastly, the study included diverse samples as we
considered this study still in the early phase of biomarker
development. We have carefully matched patients with
and with recurrence according to age and subtype, and we
adjusted for unmatched clinical factors in multivariable
analysis, so the results are less prone to bias. However, our
statistical power for detecting subtype-specific biomarker
is limited.

There are several models of cancer metastatic
process, including (a) the traditional model that
the metastatic capacity is a late, acquired event
in tumorigenesis, (b) the model that the ability to
metastasize is an early, inherent property of the breast
tumors, (¢) the model that metastasis is a mechanical,
random process, and (d) the model that tumor DNA
in circulating plasma transfects to susceptible cells
in distant organs [42]. Each model had its supporting
evidences from experimental or observational studies,
suggesting that the cancer metastatic cascade is a
complex process [42]. The clinical implication of these
distinct models is related to when we can predict cancer
metastasis: at diagnosis or later. An accurate prediction
of prognosis at diagnosis is critical for clinicians to tailor
the treatment plan to maximize efficacy and reduce
unnecessary toxicities from treatments, while early
detection of metastasis after initial treatment provides
an important window of opportunity because new
targeted therapies may be more effective in treating early
recurrent cancer before the cells have had the chance
to acquire additional mutations leading to resistance.
In this study, we included serum samples at diagnosis

and at time around metastatic recurrences, and we
found that circulating miRNAs at both time points were
associated with recurrences, providing some supporting
evidence for the theory that metastasis is an early event.
Biomarkers such as miRNAs in tumor samples could
provide complementary information to circulating
miRNA. On the other hand, the prediction at baseline
is not perfect so it is necessary to continue monitoring
cancer progression after treatment.

In conclusion, our pilot study findings suggest that
microRNAs in circulation can provide a less-invasive,
inexpensive “liquid-biopsy” method to monitor breast
cancer metastasis. We envision that our miRNA signature
for recurrence is promising in clinical application as we
have demonstrated its excellent discriminating capacity,
good reproducibility, and difference from healthy controls.
However, further prospective, longitudinal studies are
desirable to evaluate the clinical potential of circulating
miRNAs as continuous cancer recurrence surveillance.
Another direction of further research is to assess the
relationship between circulating miRNAs and other
biomarkers such as circulating tumor cells and circulating
tumor DNAs.

MATERIALS AND METHODS

Sample collection and processing

The study was approved by the Institutional Review
Board of the University of Chicago. Breast cancer patients
were selected randomly from the consecutive series of
nearly 2700 patients enrolled in the Chicago Multiethnic
Breast Cancer Epidemiologic Cohort at the University
of Chicago. We used a case-control study nested within
the cohort. Cases were histologically confirmed invasive
breast cancer patients who developed locoregional or
distant recurrences and there are two groups of cases
according to the time of serum collection; One group
of cases had sera collected after cancer diagnosis and
before surgery (labeled as “Rec-B” group), whereas the
other group of cases had sera collected around the time
of recurrence (labeled as “Rec-A” group). Controls were
invasive breast cancer patients who had no recurrence
during a median follow-up of 36 months (labeled as
“NoRec” group) and were matched to cases with respect
to age and proportion of triple-negative cancer subtype.
For patients in the control group, sera were collected after
diagnosis and before surgery. We purposely included
two groups of recurrent cases and both triple-negative
and hormone receptor positive subtypes, in order to
have a wide spectrum of tumors, as suggested in the
guideline for the early phase of biomarker development
[43]. Demographic and clinopathological characteristics
were collected in these patients. Histological grade was
determined by modified Bloom-Richardson grading
system [44].
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In order to understand the “baseline” status of
miRNA expression, we also included 31 non-cancer
controls who did not have a breast cancer. These non-
cancer controls were also recruited at the University of
Chicago hospitals for mammographic screening or breast
lumps which were diagnosed as benign breast diseases.

After informed consent, whole blood was collected
in red/gray SST Serum Separator Tubes (BD Vacutainer).
Collected blood were allowed to clot at room temperature
for 30 minutes, and then centrifuged at 4°C at 2500 rpm
for 10 minutes. Serum layers were collected, separated
into 3 aliquot tubes, and immediately frozen at —80°C
until use. Total RNA were extracted from 200 ul serum
using miRNeasy Serum/Plasma kit (QIAGEN) following
the manufacturer’s protocol. We used 1 pg of MS2
bacteriophage rRNA (Roche) as the carrier RNA to
increase yield. Three 22nt synthetic RNAs (UniSp2,
UniSp4, and UniSp5) from Exiqon were added to each
reaction after lysis and before phase separation. RNA
quality was evaluated using the miRCURY microRNA
QC PCR Panel (Exiqon) and samples that did not meet
the quality control measures were excluded. In particular,
we excluded hemolysed samples as indicated by high
ratio of hsa-miR-451a to hsa-miR-23a (ACq>7), because
circulating, cell-free miRNAs mainly come from blood
cells in hemolysis samples [45].

MicroRNA Quantification by Quantitative
RT-PCR

The study was conducted in two phases. In the
discovery phase, expression of miRNAs from sera was
evaluated using miRCURY LNA Universal RT microRNA
Ready-to-Use PCR Human panels I+II V3.M (Exiqon),
which contains assays for 752 human microRNAs.
Reverse transcription (RT) was performed using the
Universal ¢cDNA synthesis kit II (Exiqon) with the
addition of two spike-ins (UniSp6 and cel-miR-39-3p) to
the RT reaction. For quantitative PCR (polymerase chain
reaction), 1:80 water diluted cDNA products were mixed
at a 1:1 ratio with the ExiLENT SYBR Green Mastermix
(Exiqon) that had Rox Reference Dye (Life Technologies)
previously added to it. For quality control purpose, one
RNA sample was measured twice and a sample containing
nuclease-free water and carrier RNA was profiled as
negative control. GenEx software (Multi-D) was used
for data pre-processing including inter-plate calibration,
evaluation of isolation and reverse transcription efficiency,
setting specific cut-offs for negative control microRNA Cq
values, and duplicates averaging. We performed global
mean normalization with the assumption that the majority
of miRNAs were not related to disease status so can reflect
overall quantity of RNA added. MicroRNAs with a Cq
value > 37 were deemed to be not detected.

In the wvalidation phase, miRNAs that were
differentially expressed between patients with and

without recurrences in the discovery phase were further
validated in independent serum samples using individual
microRNA LNA PCR primer sets (Exiqon). In brief, RNA
samples were reverse transcribed in duplicates. Then all
c¢DNA products were prepared in duplicate PCR reactions
following manufacturer’s instructions. It is not appropriate
to perform global mean normalization in validation phase
because only recurrence-differentiated miRNA were
chosen. Instead, we chose miR-361-5p and miR-186-5p
as endogenous control miRNAs for normalization because
the two miRNAs fulfilled the following criteria: a) high
expression in serum, b) expressed stably across samples
evaluated by Normfinder and geNORM [46, 47], ¢) not
differentially expressed between study groups in the
discovery phase, d) strongly correlated with the global
mean in the discovery phase, and e) not related to breast
cancer based on literatures of population studies.

Statistical analysis

In the discovery phase, we first excluded miRNAs
that were detectable in less than half of the samples as
these miRNAs are usually unreliably measured. Then we
normalized Cq values to global mean. Here, high Cq value
indicates low expression. When a miRNA was undetected
in a sample, its Cq value was set to the maximum Cq
across all samples plus 1 (usually set to 38). Moderated t
test was used to identify miRNAs differentially expressed
between patients with recurrence and those without
recurrence. The variances in calculating of the t statistics
were moderated using empirical Bayes approach [48].
Benjamini-Hochberg’s false discovery rate method
was used to correct for multiple testing. All miRNAs
with p<0.05 were candidate miRNAs and we chose
independent miRNAs among these candidate miRNAs for
further validation. Specifically, we only chose the miRNA
with low mean Cq value (i.e. the more reliable one in PCR
experiment) if two were highly correlated with correlation
coefficient>0.7. Hierarchical clustering analysis with
Spearman correlation as the similarity measure was
conducted to summarize the overall pattern of miRNA
expression.

In the validation phase, we first normalized Cq
values of each miRNA to endogenous control miRNAs.
Then we used linear models for microarray data followed
by moderated t test to validate which miRNAs were
differentially expressed among the three study groups:
samples obtained at diagnosis for patients without
recurrence (the “NoRec” group), samples obtained at
diagnosis for patients with recurrence (the ‘“Rec-B”
group), and samples obtained at recurrence for patients
with recurrence (the “Rec-A” group). As preliminary
analysis showed that the significant miRNAs were
similar between the last two groups, we conducted further
analysis combining the two recurrent groups. As the
significant miRNAs identified in the univariate analysis

www.impactjournals.com/oncotarget

55245

Oncotarget



may be correlated and high-dimensionality may cause
overfitting, we used an elastic net penalized logistic
regression to create a miRNA signature for recurrence
[49]. Cross-validations were used to tune the penalty

parameters. The miRNA signature score for subject i
K
W, Sy, where W,

is the multivariable-adjusted log odds ratio for miRNA
k from penalized regression and S, is the normalized
miRNA expression. Receiver operating characteristic
(ROC) curves were built for each miRNA and the
miRNA signature, and area under the ROC curve (AUC),
i.e. concordance index, was calculated to indicate the
discriminating capacity. Notably, we re-nomalized
miRNA expression in the discovery phase using the two
selected endogenous control miRNAs before pooling
data of the two phases in order to calculate pooled ROC
curve. We also examined the reproducibility of individual
miRNAs and the miRNA signature by calculating intra-
class correlation coefficient (ICC) using random effect
models. Using the Spearman-Brown formula [50, 51], we
calculated the reliability coefficient from ICC. Statistical
analysis was carried out using STATA v13 (Statacorp) and
Bioconductor packages including NormqPCR, HTqPCR,
Limma, and Penalized, based on open environment R
3.1.1 (www.r-project.org, www.bioconductor.org).

was calculated as follows: MSS; =)

Pathway analysis

In order to understand the biological significance
of miRNAs that were significantly associated with
breast cancer recurrence, we conducted KEGG pathway
analysis using DIANA-miRPath v3.0 (www.microrna.
gr/miRPathv3) [52]. We used experimentally validated
targeted genes of the miRNAs from TarBase v7.0 [53]
to examine the enrichment of biological pathways. We
calculated the union of targeted genes by at least one
selected miRNAs, and the intersection of targeted genes
by at least a quarter of all selected miRNAs.

CONFLICTS OF INTEREST

The authors declared that they had no conflict of
interest.

GRANT SUPPORT

This study was supported by the National Cancer
Institute at the National Institutes of Health (R21
CA159066 to D.H., P50 CA125183 to D.H. and O.1.0).

REFERENCE

1. Surveillance, Epidemiology, and End Results (SEER)

Program  (www.seer.cancer.gov)  Research  Data

10.

11.

12.

13.

14.

(1973-2011), based on the November 2013 submission.:
National Cancer Institute, DCCPS, Surveillance Research
Program, Surveillance Systems Branch) 2014.

Tevaarwerk AJ, Gray RJ, Schneider BP, Smith ML, Wagner
LI, Fetting JH, Davidson N, Goldstein LJ, Miller KD and
Sparano JA. Survival in patients with metastatic recurrent
breast cancer after adjuvant chemotherapy: little evidence
of improvement over the past 30 years. Cancer. 2013;
119:1140-1148.

Siegel R, Ma J, Zou Z and Jemal A. Cancer statistics, 2014.
CA Cancer J Clin. 2014; 64:9-29.

Santa-Maria CA and Gradishar WJ. Changing Treatment
Paradigms in Metastatic Breast Cancer: Lessons Learned.
JAMA oncology. 2015; 1:528-534.

Pritchard CC, Cheng HH and Tewari M. MicroRNA
profiling: approaches and considerations. Nature reviews.
2012; 13:358-369.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D,
Sweet-Cordero A, Ebert BL, Mak RH, Ferrando AA, Downing
JR, Jacks T, Horvitz HR, et al. MicroRNA expression profiles
classify human cancers. Nature. 2005; 435:834-838.

Esquela-Kerscher A and Slack FJ. Oncomirs - microRNAs
with a role in cancer. Nature reviews Cancer. 2006; 6:259-269.

Calin GA and Croce CM. MicroRNA signatures in human
cancers. Nature reviews Cancer. 2006; 6:857-866.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman
SK, Pogosova-Agadjanyan EL, Peterson A, Noteboom J,
O'Briant KC, Allen A, Lin DW, Urban N, Drescher CW,
et al. Circulating microRNAs as stable blood-based markers
for cancer detection. Proc Natl Acad Sci U S A. 2008;
105:10513-10518.

Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J,
Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W, et al.
Characterization of microRNAs in serum: a novel class of
biomarkers for diagnosis of cancer and other diseases. Cell
research. 2008; 18:997-1006.

Wang G, Wang L, Sun S, Wu J and Wang Q. Quantitative
measurement of serum microRNA-21 expression in relation
to breast cancer metastasis in Chinese females. Annals of
laboratory medicine. 2015; 35:226-232.

Heneghan HM, Miller N, Lowery AJ, Sweeney KIJ,
Newell J and Kerin MJ. Circulating microRNAs as Novel
Minimally Invasive Biomarkers for Breast Cancer. Annals
of surgery. 2010; 251:505-511.

Zhu W, Qin W, Atasoy U and Sauter ER. Circulating
microRNAs in breast cancer and healthy subjects. BMC
research notes. 2009; 2:89.

van Schooneveld E, Wouters MC, Van der Auwera I,
Peeters DJ, Wildiers H, Van Dam PA, Vergote I, Vermeulen
PB, Dirix LY and Van Laere SJ. Expression profiling of
cancerous and normal breast tissues identifies microRNAs
that are differentially expressed in serum from patients with
(metastatic) breast cancer and healthy volunteers. Breast
Cancer Res. 2012; 14:R34.

www.impactjournals.com/oncotarget

55246

Oncotarget



16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

Roth C, Rack B, Muller V, Janni W, Pantel K and
Schwarzenbach H. Circulating microRNAs as blood-based
markers for patients with primary and metastatic breast
cancer. Breast Cancer Res. 2010; 12:R90.

Madhavan D, Zucknick M, Wallwiener M, Cuk K,
Modugno C, Scharpff M, Schott S, Heil J, Turchinovich A,
Yang R, Benner A, Riethdorf S, Trumpp A, et al. Circulating
miRNAs as surrogate markers for circulating tumor cells
and prognostic markers in metastatic breast cancer. Clin
Cancer Res. 2012; 18:5972-5982.

Kleivi Sahlberg K, Bottai G, Naume B, Burwinkel B,
Calin GA, Borresen-Dale AL and Santarpia L. A Serum
MicroRNA Signature Predicts Tumor Relapse and Survival
in Triple-Negative Breast Cancer Patients. Clin Cancer Res.
2015;21:1207-1214.

Muller V, Gade S, Steinbach B, Loibl S, von Minckwitz G,
Untch M, Schwedler K, Lubbe K, Schem C, Fasching PA,
Mau C, Pantel K and Schwarzenbach H. Changes in serum
levels of miR-21, miR-210, and miR-373 in HER2-positive
breast cancer patients undergoing neoadjuvant therapy: a
translational research project within the Geparquinto trial.
Breast Cancer Res Treat. 2014; 147:61-68.

Pan F, Mao H, Deng L, Li G and Geng P. Prognostic
and clinicopathological significance of microRNA-21
overexpression in breast cancer: a meta-analysis.
International journal of clinical and experimental pathology.

2014; 7:5622-5633.

Wang Y, Gao X, Wei F, Zhang X, Yu J, Zhao H, Sun Q, Yan
F, Yan C, Li H and Ren X. Diagnostic and prognostic value
of circulating miR-21 for cancer: a systematic review and
meta-analysis. Gene. 2014; 533:389-397.

Han M, Liu M, Wang Y, Mo Z, Bi X, Liu Z, Fan Y, Chen X
and Wu C. Re-expression of miR-21 contributes to migration
and invasion by inducing epithelial-mesenchymal transition
consistent with cancer stem cell characteristics in MCF-7 cells.
Molecular and cellular biochemistry. 2012; 363:427-436.

Chan JA, Krichevsky AM and Kosik KS. MicroRNA-21 is
an antiapoptotic factor in human glioblastoma cells. Cancer
Res. 2005; 65:6029-6033.

Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob
ST and Patel T. MicroRNA-21 regulates expression of
the PTEN tumor suppressor gene in human hepatocellular
cancer. Gastroenterology. 2007; 133:647-658.

Zhu S, Si ML, Wu H and Mo YY. MicroRNA-21 targets the
tumor suppressor gene tropomyosin 1 (TPM1). The Journal
of biological chemistry. 2007; 282:14328-14336.

Asangani 1A, Rasheed SA, Nikolova DA, Leupold JH,
Colburn NH, Post S and Allgayer H. MicroRNA-21 (miR-
21) post-transcriptionally downregulates tumor suppressor
Pdcd4 and stimulates invasion, intravasation and metastasis
in colorectal cancer. Oncogene. 2008; 27:2128-2136.

Wu X, Somlo G, Yu Y, Palomares MR, Li AX, Zhou
W, Chow A, Yen Y, Rossi JJ, Gao H, Wang J, Yuan YC,
Frankel P, et al. De novo sequencing of circulating miRNAs

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

identifies novel markers predicting clinical outcome of
locally advanced breast cancer. Journal of translational
medicine. 2012; 10:42.

Hong S, Noh H, Teng Y, Shao J, Rehmani H, Ding HF, Dong
Z, Su SB, Shi H, Kim J and Huang S. SHOX2 is a direct
miR-375 target and a novel epithelial-to-mesenchymal
transition inducer in breast cancer cells. Neoplasia. 2014;
16:279-290 €271-275.

Wu H, Zhu S and Mo YY. Suppression of cell growth and
invasion by miR-205 in breast cancer. Cell research. 2009;
19:439-448.

Zhang H, Li B, Zhao H and Chang J. The expression and
clinical significance of serum miR-205 for breast cancer
and its role in detection of human cancers. International
journal of clinical and experimental medicine. 2015;
8:3034-3043.

Shaker O, Maher M, Nassar Y, Morcos G and Gad Z. Role
of microRNAs -29b-2, -155, -197 and -205 as diagnostic
biomarkers in serum of breast cancer females. Gene. 2015;
560:77-82.

Cuk K, Zucknick M, Heil J, Madhavan D, Schott S,
Turchinovich A, Arlt D, Rath M, Sohn C, Benner
A, Junkermann H, Schneeweiss A and Burwinkel B.
Circulating microRNAs in plasma as early detection
markers for breast cancer. International journal of cancer.
2013; 132:1602-1612.

Mar-Aguilar F, Mendoza-Ramirez JA, Malagon-Santiago
I, Espino-Silva PK, Santuario-Facio SK, Ruiz-Flores
P, Rodriguez-Padilla C and Resendez-Perez D. Serum
circulating microRNA profiling for identification of
potential breast cancer biomarkers. Disease markers. 2013;
34:163-169.

Basati G, Razavi AE, Pakzad I and Malayeri FA. Circulating
levels of the miRNAs, miR-194, and miR-29b, as clinically
useful biomarkers for colorectal cancer. Tumour biology.
2015.

Selth LA, Townley SL, Bert AG, Stricker PD, Sutherland
PD, Horvath LG, Goodall GJ, Butler LM and Tilley WD.
Circulating microRNAs predict biochemical recurrence in
prostate cancer patients. British journal of cancer. 2013;
109:641-650.

Wu C, Wang C, Guan X, Liu Y, Li D, Zhou X, Zhang
Y, Chen X, Wang J, Zen K, Zhang CY and Zhang C.
Diagnostic and prognostic implications of a serum miRNA
panel in oesophageal squamous cell carcinoma. PLoS ONE.
2014; 9:292292.

Schwarzenbach H, Nishida N, Calin GA and Pantel K.
Clinical relevance of circulating cell-free microRNAs
in cancer. Nature reviews Clinical oncology. 2014;
11:145-156.

Pigati L, Yaddanapudi SC, Iyengar R, Kim DJ, Hearn SA,
Danforth D, Hastings ML and Duelli DM. Selective release
of microRNA species from normal and malignant mammary
epithelial cells. PLoS ONE. 2010; 5:e13515.

WWw

.impactjournals.com/oncotarget

55247

Oncotarget



38.

39.

40.

41.

42.

43.

44,

45.

Okada H, Kohanbash G and Lotze MT. MicroRNAs in
immune regulation—opportunities for cancer immunotherapy.
The international journal of biochemistry & cell biology.
2010; 42:1256-1261.

D'Alessandra Y, Devanna P, Limana F, Straino S, Di Carlo
A, Brambilla PG, Rubino M, Carena MC, Spazzafumo
L, De Simone M, Micheli B, Biglioli P, Achilli F, et al.
Circulating microRNAs are new and sensitive biomarkers
of myocardial infarction. European heart journal. 2010;
31:2765-2773.

Leidner RS, Li L and Thompson CL. Dampening
enthusiasm for circulating microRNA in breast cancer.
PLoS ONE. 2013; 8:¢57841.

Farina NH, Wood ME, Perrapato SD, Francklyn CS,
Stein GS, Stein JL and Lian JB. Standardizing analysis of
circulating microRNA: clinical and biological relevance.
Journal of cellular biochemistry. 2014; 115:805-811.

Weigelt B, Peterse JL and van 't Veer LJ. Breast cancer
metastasis: markers and models. Nature reviews Cancer.
2005; 5:591-602.

Pepe MS, Etzioni R, Feng Z, Potter JD, Thompson ML,
Thornquist M, Winget M and Yasui Y. Phases of biomarker
development for early detection of cancer. J Natl Cancer
Inst. 2001; 93:1054-1061.

Elston CW and Ellis 10. Pathological prognostic factors in
breast cancer. 1. The value of histological grade in breast
cancer: experience from a large study with long-term
follow-up. Histopathology. 1991; 19:403-410.

Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty
KJ, Miyaji MM, Tait JF and Tewari M. Blood cell
origin of circulating microRNAs: a cautionary note for
cancer biomarker studies. Cancer prevention research
(Philadelphia, Pa. 2012; 5:492-497.

46.

47.

48.

49.

50.

51.

52.

53.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy
N, De Paepe A and Speleman F. Accurate normalization of
real-time quantitative RT-PCR data by geometric averaging
of multiple internal control genes. Genome biology. 2002;
3:RESEARCH0034.

Andersen CL, Jensen JL and Orntoft TF. Normalization
of real-time quantitative reverse transcription-PCR data:
a model-based variance estimation approach to identify
genes suited for normalization, applied to bladder and colon
cancer data sets. Cancer Res. 2004; 64:5245-5250.

Smyth GK. Linear models and empirical bayes methods for
assessing differential expression in microarray experiments.
Statistical applications in genetics and molecular biology.
2004; 3:Article3.

Zou H and Hastie T. Regularization and variable selection
via the elastic net. Journal of the Royal Statistical Society:
Series B (Statistical Methodology). 2005; 67:301-320.

Brown W. Some experimental results in the correlation
of mental abilities. British Journal of Psychology. 1910;
3:296-322.

Spearman CC. Correlation calculated from faulty data.
British Journal of Psychology. 1910; 3:271-295.

Vlachos K, Paraskevopoulou MD,
Georgakilas G, Karagkouni D, Vergoulis T, Dalamagas T
and Hatzigeorgiou AG. DIANA-miRPath v3.0: deciphering
microRNA function with experimental support. Nucleic
Acids Res. 2015; 43:W460-466.

Vlachos IS, Paraskevopoulou MD, Karagkouni D, Georgakilas
G, Vergoulis T, Kanellos I, Anastasopoulos IL, Maniou S,
Karathanou K, Kalfakakou D, Fevgas A, Dalamagas T and
Hatzigeorgiou AG. DIANA-TarBase v7.0: indexing more
than half a million experimentally supported miRNA:mRNA
interactions. Nucleic Acids Res. 2015; 43:D153-159.

IS, Zagganas

www.impactjournals.com/oncotarget

55248

Oncotarget



