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Abstract

Purpose The analysis of breast cancer residual tumors after neoadjuvant chemotherapy (nCT) may be useful for identifying new
biomarkers. MicroRNAs are known to be involved in oncogenic pathways and treatment resistance of breast cancer.
Our aim was to determine the role of miR-18a, a member of the miR-17-92a cluster, in breast cancer behavior and
outcome after nCT.

Methods Pre- and post-nCT tumor miR-18a expression was retrospectively assessed by qRT-PCR in 121 patients
treated with nCT and was correlated with survival outcomes and with clinical and pathological characteristics. Breast
cancer-derived MCF-7 and MDA-MB-231 cell lines were transfected with miR-18a and anti-miR-18a to evaluate the
biological effects of this molecule. In addition, whole-transcriptome expression analysis was performed.

Results High miR-18a expression in post-nCT residual tumors was found to be associated with a significantly worse
overall survival [hazard ratio (HR): 2.80, 95% confidence interval (CI): 1.01-7.76] and a strong trend towards a poorer disease-free
survival (HR: 2.44, 95% CI: 0.99-5.02) compared to low miR-18a expressing post-nCT residual tumors. Clinical and experimental
data were found to be in conformity with the proliferative effects of miR-18a, which showed a significant correlation with Ki67 and
MYBL2 expression, both in pre- and post-nCT tumors and in public databases. In vitro analysis of the role of miR-18a in breast
cancer-derived cell lines showed that a high expression of miR-18a was associated with a low expression of the estrogen receptor
(ER), a decreased sensitivity to tamoxifen and an enrichment in luminal B and endocrine resistance gene expression signatures.
Conclusions From our data we conclude that post-nCT miR-18a expression in breast cancer serves as a negative
prognostic marker, especially in luminal tumors. Clinical, in vitro and in silico data support the role of miR-18a in
breast cancer cell proliferation and endocrine resistance and suggest its potential utility as a biomarker for additional
adjuvant treatment in patients without a pathologic complete response to neoadjuvant therapy.
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1 Introduction

Breast cancer (BC) is the most common type of malignant
neoplasm among women worldwide [1]. Its high clinical het-
erogeneity is partially explained by its biological heterogene-
ity, even within well-characterized subtypes [2, 3]. Although
clinical classification according to hormone receptor (HR) and
HERR? status is the current basis for defining therapeutic strat-
egies, the complexity of BC treatment in both early and ad-
vanced disease is further increased by the lack of reliable
prognostic and predictive biomarkers. In fact, most new drugs
introduced in recent years have been administered according
to clinical criteria, and the identification of efficacy markers is
a difficult challenge. Neoadjuvant therapy is considered an
advantageous platform for clinical and translational research
[4], and pathologic complete response (pCR) to neoadjuvant
chemotherapy (nCT) is currently accepted as a surrogate end-
point for therapeutic benefit in HER2-positive and basal tu-
mors [5, 6]. Research on new mechanisms of resistance and
their related biomarkers has recently focused on the analysis
of post-treatment residual tumors, which may provide guid-
ance for biomarker-driven studies [7]. In luminal BC, addi-
tional prognostic classifications and accurate biomarkers, be-
yond the residual tumor burden [8], will be needed in the
future to guide the inclusion of new therapies, such as immune
therapy or targeted agents, as adjuvant treatment for patients
with a high risk of recurrence after nCT [9].

MicroRNAs (miRNAs) are a class of small noncoding
RNAs that can regulate coding genes through RNA transcript
degradation and/or translational repression. Since the discovery
of their important role in the pathogenesis of cancer [10-12], a
global effort has been made to understand how dysregulation of
miRNA expression levels can modulate the biological charac-
teristics of tumor cells (such as invasiveness, aggressiveness,
metastatic potential or resistance to antitumor agents) not only
during the development of a neoplasm but also in response to
treatment [13]. MiRNAs have been extensively studied in BC
in recent years, both from a functional point of view [14, 15]
and as biomarkers of therapeutic resistance [16], including the
pre- and post-treatment neoadjuvant setting [17].

MicroRNA-18a (miR-18a; hsa-miR-18a-5p;
MIMATO0000072) is a member of the miR-17-92 gene cluster
[18-23]. This cluster is initially transcribed as a long noncod-
ing RNA transcript (called pri-miRNA) that contains six
miRNAs (miR-17, miR-18a, miR-19a, miR-19b-1, miR-20a
and miR-92a-1), is processed by the Drosha enzyme in the
nucleus to form a large miRNA precursor (called pre-miRNA)
and is subsequently exported to the cytosol and processed by
an enzyme known as Dicer to yield mature products [24, 25].
MiR-17-92 and its paralogous gene clusters have been found
to play roles in a wide variety of diseases, including cancer.
The oncogenic potential of miR-17-92, sometimes referred to
as an oncomiR, was first identified in mouse viral
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tumorigenesis screens [26-28] and explained its overexpres-
sion in diverse cancer types, including BC [29]. Constitutive
activation of miR-17-92 in humans has been associated with
non-Hodgkin’s lymphoma [30, 31], while deletion of the clus-
ter is lethal in mice, producing lung and lymphoid cell devel-
opmental defects [32]. Specific overexpression of miR-18a
leads to silencing of the tumor suppressor PTEN [33], and a
high miR-18a level in normal breast tissue has been proposed
to serve as a cancer risk biomarker [34]. The contribution of
miR-18a to BC behavior seems to be complex: miR-18a is
overexpressed in triple negative BC (TNBC) compared to the
luminal A subtype [35, 36], and it represses estrogen receptor
alpha expression (ER-«) in the MCF7 luminal cell line [37].
In TNBC, miR-18a may repress lung metastasis by downreg-
ulation of HIF1 A [38], but it can also contribute to paclitaxel
resistance through enhancement of autophagy via inhibition
of the mTOR signaling pathway, as well as by silencing of
Dicer expression [39, 40]. The association of high miR-18a
expression with TNBC, proliferation markers and ER nega-
tivity has also been demonstrated in two series of untreated
node-negative BCs [41, 42], indicating its potential role as a
biomarker of basal-like tumors. Although its expression was
not prognostic in that node-negative BC population [41], a
bioinformatic approach suggested that miR-18a activity may
serve as a prognostic marker in TNBC [43].

In this work, we analyzed associations between miR-18a
expression in residual tumors and the clinical outcome of BC
patients after treatment with nCT, and we experimentally ex-
plored its contribution to luminal BC behavior and response to
treatment.

2 Materials and methods
2.1 Patients and clinical characteristics

A total of 121 consecutive patients with invasive BC (stages
II-1IT) who received nCT (sequential anthracyclines and
taxanes) were recruited in the Department of Hematology
and Medical Oncology, University Hospital Morales
Meseguer, Spain (Table 1). Clinical evaluation included phys-
ical examination, routine blood tests, chest X-ray, mammog-
raphy, ultrasound breast exam, breast MRI and core biopsy of
the primary tumor. Pre-nCT nodal status was determined by
axillary and/or supraclavicular ultrasound-guided fine-needle
aspiration. A sentinel lymph node biopsy (SLNB) was per-
formed before chemotherapy in cases with a negative initial
evaluation for nodal metastasis. In locally advanced tumors
(defined as cT3N1, cN2-3 or cT4), whole-body bone scintig-
raphy and chest and abdomen CT were added to the staging
workup. Dynamic breast MRI was performed after comple-
tion of chemotherapy and prior to surgery to determine the
clinical response. Pathological complete response (pCR) was
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Table 1  Patient characteristics
Characteristic N %
N 121 100%
Age (median; min-max) 56.4 (21-79)
Menopausal status
Postmenopausal 60 49.6
Premenopausal 61 50.4
Clinical stage
1A 19 15.7
1IB 34 28.1
1IVN 40 33.1
1B 8 6.6
Ic 20 16.5
Clinical stage of primary tumor
cT1-2 52 43.0
cT3+4 69 57.0
Lymph node clinical stage
cNO-1 75 62.0
cN2-3 46 38.0
Histological type
Ductal 113 934
Lobular 5 4.1
Others 3 2.5
Histological tumor grade
GI-II 46 38.0
GIII 61 544
Not available 14 11.6
Lymphovascular invasion
No 90 74.4
Yes 22 18.2
Not available 9 7.4
Prechemotherapy IHC subtypes
HR+ HER2- 61 504
HR+ HER2+ 16 132
HER2+ HR- 13 10.7
TNBC 26 21.5
Not available 5 4.1
Treatment scheme
ACx4 — Docetaxelx4 97 80.2
Anthracyclines & weekly paclitaxel 10 8.3
Scheme with anthracyclines & concomitant taxanes 8 6.6
Other schemes 6 5.0
Treatment with trastuzumab
No 99 81.8
Neoadjuvant and adjuvant 17 14.0
Only adjuvant 5 4.1
Pathologic complete response (pCR) (n=119)
pCR 21 17.6%
No pCR 98 82.4%
Posttreatment tumor stage in patients without pCR (n=97)
ypTO-Tis 5 5.1
ypT 1mic 4 4.1
ypTlac 21 21.6
ypT2 42 433
ypT3 20 20.6
ypT4 5 5.1
Posttreatment lymph node stage in patients without pCR (n=97)
ypNO 25 25.8
ypN I mic 6 6.2
ypN1 23 23.7
ypN2 21 21.6
ypN3 7 7.2
N/A* 15 15.5

*N/A corresponds to patients with pretreatment sentinel node biopsy with
pNO (sn) result, in whom a post-treatment lymphadenectomy was not
performed

defined as ypT0/Tis NO. Endocrine resistance was defined
according to established clinical criteria [44].

2.2 RNA extraction and RT-qPCR

Total RNA from formalin-fixed paraffin embedded (FFPE)
biopsies was extracted using a RNeasy FFPE Kit
(QIAGEN) following the supplier’s instructions. Total
RNA from cells was extracted using RNAzol (MRC) re-
agent and a Direct-zol RNA MiniPrep kit (ZYMO
Research). All miRNAs (without preamplification) and
mRNAs (with preamplification) were retrotranscribed and
amplified using TagMan® Gene Expression Assays (Life
Technologies) in a LightCycler® 480 Real-Time PCR
System. Relative expression was calculated by the 2ACt
method using U6 snRNA and ACTB as endogenous con-
trols for miRNAs and mRNAs, respectively.

2.3 Cell cultures

MCEF7 (ATCC: HTB-22), MDA-MB-231 (ATCC HTB-26)
and EA hy926 (ATCC: CRL-2922) cell lines were obtained
from Servicio de Apoyo a la Investigacion (SAI, University of
Murcia, Spain) and maintained and sub-cultured in DMEM-
GlutaMAX with 1 g/l glucose and 10% fetal bovine serum
(FBS, GIBCO). Mycoplasma security controls were carried
out using a Venor®GeM Mycoplasma PCR Detection kit
(Minerva Biolabs). Cell line authentication testing was per-
formed in our laboratory through analysis of the ATCC rec-
ommended STR loci (THO1, TPOX, vWA, CSFI1PO,
D16S539, D7S820,D13S317 and D5S818 plus Amelogenin).

2.4 Transient transfection assay

Transient transfection was carried out using siPORT NeoFX
Transfection Agent (Invitrogen) and mirVana™ miRNA
Mimics (Life Technologies) or miRCURY LNA™
microRNA Inhibitors (EXIQON) following the manufac-
turer’s protocol (including a negative control in each
transfection).

2.5 Proliferation assays

Proliferation was assayed by cell counting using a TC10
Automated Cell Counter (Bio-Rad) and an XTT Cell
Proliferation kit II (Roche). Evaluation was performed after
transient transfection with miR-18a mimic or silencer (50—
200 nM) plus controls in 96-well plates (eight wells per con-
dition) from 0 to 72 h in a Biotek Synergy HT reader.
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2.6 Immunohistochemistry (IHC) from biopsies
and cell blocks

Evaluation of ERx expression in tumor biopsies from clinical
samples was carried out by pathologists at University Hospital
Morales Meseguer using clinically standardized methods. To
evaluate ERo expression in MCF7 cells by IHC, we fixed
centrifuged cell pellets in formalin solution for at least 24 h
after which we paraffin embedded the samples. IHC was per-
formed in an AutostainerLink 48 using a FLEX Monoclonal
Rabbit Anti-Human Estrogen Receptor « antibody (IS151).

2.7 Apoptosis assay

Apoptosis was evaluated using an Apo-ONE® Homogeneous
Caspase-3/7 Assay following the manufacturer’s instructions
in 100 nM miR-18a/control-transfected MCF7 cells after 48 h
of incubation. Fluorescence was measured in 96-well black
plates in a Biotek Synergy HT reader.

2.8 Electrophoresis and Western blotting

After cell lysis using RIPA buffer with phosphatase and protease
inhibitors (Thermo-Fisher), protein concentrations were deter-
mined by bicinchoninic acid assays. SDS-PAGE was carried out
with 25 pug of whole protein lysates per well in a Bio-Rad
electrophoresis system. Protein transfer was performed using
Amersham TE 77 PWR for one hour. Western blotting was
performed using 5% milk in PBST as a blocking agent and
anti-ER o (ab32063) and anti-(3-actin (A5441-2ML) primary
antibodies. PVDF membranes were evaluated using
Amersham™ ECL™ Prime in ImageQuant LAS4000 (GE
Healthcare).

2.9 Angiogenesis assays

A total of 15,000 EA.hy926 endothelial cells and 100 pl con-
ditioned medium from growing MCF7 cells transfected with
miR-18a mimic/silencer and controls were added (in
octuplicate per condition) to 96-well plates containing BD
Matrigel™ Basement Membrane Matrix. After 24 h of incu-
bation, the length of the formed vessels was measured by
image analysis using the Angiogenesis Analyzer plugin for
Imagel (http://image.bio.methods.free.fi/Imagel/).

2.10 Whole-transcriptome expression profiling
and gene-set enrichment analysis (GSEA)

After 48 h of transient transfection, triplicates of MCF7 cells
with miR-18a overexpression or silencing (100 nM) plus con-
trols were lysed using RNAzol, and the total RNA extracted
was assessed for integrity and quality before microarray anal-
ysis. Whole transcriptomic expression analysis was carried
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out on an Affymetrix platform (SAI-UM) using Human
Gene 2.1 ST Array Strips. Microarray data analysis was per-
formed using Partek and GSEA software [45, 46]. The molec-
ular signatures in the GSEA were used to test for endocrine
therapy resistance [47] and BC luminal B subtype [48]. The
microarray data sets used in this work are deposited in the
Gene Expression Omnibus (GSE102121).

2.11 Effects of hormone therapy
on miR-18a-transfected cells

After 24 h of transient transfection (50 nM scrambled or miR-
18a mimic) in charcoal serum-supplemented medium, cells
were seeded at a density of 25,000 cells per well (24-well
plates). After attachment, the cells were stimulated with
10 nM estradiol and treated in parallel with 1 pM 4-OH-ta-
moxifen, 1 uM everolimus, 1 uM palbociclib, and their com-
binations. After treatment, the cells were detached and count-
ed at 24, 48 and 72 h.

2.12 Analysis of validation series

A series of frozen tumors (n=100) from the University
Hospital Santa Lucia, Cartagena, Spain, was used as internal
validation for biological correlations (Cartagena series)
(Electronic supplementary material, Table S1). Public biolog-
ical and clinical data from TCGA [49], Oxford (GSE22220)
[16] and Oslo (GSE19536) [14] series were used for external
validation.

2.13 Functional enrichment analysis

For functional enrichment analysis, GeneMANIA software
was employed [50]. Using TCGA BC data [49], we construct-
ed two sets of different genes based on the top genes directly
correlated with miR-18a expression and the top inversely re-
lated genes. Genes with a high significant Pearson correlation
coefficient (positive or negative) were chosen, and the limit of
genes introduced in the application was based on the capacity
limit of the application.

2.14 Statistical methods

Quartiles of expression were selected as cut-off points. The
normal distribution of each variable was analyzed using one-
sample Kolmogorov-Smirnov tests with Lilliefors signifi-
cance correction. The association of miR-18a levels with clin-
ical, pathological or biological data was evaluated using non-
parametric tests (Mann-Whitney U test, Wilcoxon signed rank
test, Kruskal-Wallis test and Spearman’s rank correlation co-
efficient). For multiple comparisons, a post hoc correction
method (Dunn’s test or FDR for gene expression data) was
applied. Kaplan-Meier curves, log-rank test, Wilcoxon test
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(for early differences between survival curves) and Cox pro-
portional hazard regression multivariate models were used for
disease-free survival (DFS), distant relapse-free survival
(DRFS) and breast cancer-specific overall survival (OS) anal-
yses. MiR-18a median pre-nCT and post-nCT expression was
arbitrarily chosen as a predefined cut-off point for survival
comparisons. Statistical analysis and graphics were performed
using SPSS 21 and GraphPad Prism 4.0. All experiments were
replicated at least 3 times.

3 Results

3.1 miR-18a expression associates with poor
clinicopathological BC features

The expression of miR-18a was examined in pre- and post-
treatment paraffin-embedded core biopsies from a series of
121 BC patients treated with nCT (Table 1). A pCR rate of
17.6% was obtained for the whole group, and the pCR for pri-
mary breast tumors was 21.0%. At the time of the last follow-up,
after a median follow-up of 116 months for the whole group (n =
119), 35 recurrences and 27 deaths occurred. The median OS,
DFS and DRFS were not reached. The two-year OS, DFS and
DRFS were 95%, 88.1% and 88.1%, respectively. The five-year
OS, DFS and DRFS were 87.4%, 75.1% and 77.1%,
respectively.

MiRNA and RNA quantification was possible in 95 pre-
and 100 post-treatment BC biopsies. In both settings, miR-18a
expression was found to be associated with aggressive clinical
features: grade 3 (p=0.016 and p=0.008; Fig. 1a) and the
triple negative phenotype (p =0.001 and p = 0.034; Fig. 1b).
A significantly lower expression of miR-18a was also ob-
served in HR + HER2- tumors, both before and after treat-
ment, compared to other tumor subtypes (Electronic supple-
mentary material, Fig. S1). An association with extensive
lymph node metastases was also observed in post-
chemotherapy biopsies (p =0.004), with a nonsignificant
trend in pretreatment samples (p = 0.054; Fig. 1¢). No associ-
ation was found between baseline miR-18a expression and
tumor size. Treatment with nCT consistently increased the
overall miR-18a expression (p =0.001) (Fig. 1d), and no as-
sociation was observed between pre-nCT miR-18a expression
and pCR [odds ratio (OR) =2.185; 95% confidence interval
(CDH=0.783-6.097; p=0.136; Fig. le], suggesting that miR-
18a expression is not involved in resistance to chemotherapy.
When miR-18a expression was analyzed according to immu-
nohistochemical surrogate subtypes, pre-nCT expression was
found to be significantly increased in triple negative tumors
compared to that in HR + HER2- tumors (p =0.0004) (Fig.
1f), an association that was maintained in post-
chemotherapy samples (Electronic supplementary material,
Fig. S2). These findings were replicated in an external

validation cohort (Electronic supplementary material,
Table S1) and in public databases (Electronic supplementary
material, Fig. S3). Additional in vitro analysis showed that
miR-18a expression was significantly higher in the triple neg-
ative MDA-MB-231 cell line than in the MCF7 luminal cell
line (Electronic supplementary material, Fig. S4).

3.2 High post-chemotherapy miR-18a expression
affects BC survival

Next, we analyzed whether post-nCT miR-18a expression in
breast residual tumors was associated with patient prognosis.
Median miR-18a post-nCT expression was arbitrarily
predefined as the cut-off point to distinguish two groups of
patients: the miR-18a high and miR-18a low groups. We
found that a high miR-18a expression in the residual tumors
of patients without pCR predicted a significantly worse OS
(p=0.03), DFS (p =0.026) and DRFS (p =0.047) in the uni-
variate analysis (log-rank test; Fig. 2a). The prognostic impact
of miR-18a expression in the residual tumors after chemother-
apy was confirmed in multivariate Cox proportional hazard
regression models that also included other clinical and patho-
logical variables that were significant or nearly significant in
previous univariate analyses: tumor subtype (TNBC vs. oth-
er), post-nCT node involvement (ypN+ vs. ypNO) and grade 3
(vs. grades 1-2) for DFS (Table 2). For DRFS and OS, only
miR-18a expression, post-nCT node involvement and grade 3
were included in the multivariate model. By doing so, high
miR-18a expression in the residual tumor was found to serve
as a significant marker of worse OS (HR 2.80, 95% CI: 1.01-
7.76; p = 0.048), whereas a nonsignificant trend toward worse
DFS and DRFS was observed (Table 2). Survival analysis
according to post-nCT subtypes showed that the main impact
of high miR-18a expression on prognosis occurred in HR+
tumors (n=58) (Fig. 2b), although statistical significance
was not reached, and the effect was more evident in the early
follow-up (log-rank test: 0.07, 0.05 and 0.11 for OS, DFS and
DRFS; Wilcoxon test: 0.03, 0.04 and 0.08 for OS, DFS and
DRFS). An exploratory comparison of the type of recurrence
according to clinical definitions of endocrine resistance
showed that 9/10 recurrences in the group with high miR-
18a expression fulfilled the criteria for primary or secondary
endocrine resistance compared to only 2/6 recurrences in the
group with low miR-18a expression (Fisher’s exact test; p =

0.04). No prognostic differences were found for post-nCT
miR-18a expression in HR- tumors (n=17) (log-rank test:
p=0.61,0.53 and 0.53 for OS, DFS and DRFS). In contrast
to the results obtained in the post-chemotherapy setting, pre-
treatment expression of miR-18a was not found to be associ-
ated with different prognoses: no significant survival differ-
ences were found between patients with low and high pretreat-
ment miR-18a levels (log-rank; OS: p =0.18, DFS: p=0.48,
DREFS: p=0.26) (Fig. 2¢).
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Fig. 2 Survival analysis according to low or high tumor miR-18a expres-
sion. (a) Kaplan-Meier survival curves for DFS, DRFS and OS according
to post-chemotherapy (post-nCT) expression of miR-18a (high vs. low
using the post-nCT median value as the cut-off point) in patients with
residual breast tumors (n=_80). (b) Kaplan-Meier survival curves for
DFS, DRFS and OS according to post-chemotherapy (post-nCT)

3.3 MiR-18a expression is associated
with proliferation in BC

To explore potential mechanisms to explain the association of
miR-18a expression with a poor prognosis, we used those cases
with miR-18a information (r = 685) from the publicly available
TCGA BC database [47]. Using a cut-off point of = 0.4 for the
Pearson test, we built two gene sets based on the top miR-18a
correlated genes (positive and negative), after which we per-
formed a functional enrichment analysis using GeneMANIA
software [48]. Genes associated with miR-18a expression were

Time (months)

Time (months)

expression of miR-18a (high vs. low) in patients with residual breast
tumors and hormone receptor expression (HR+) (n=58). (¢) Kaplan-
Meier survival curves for DFS, DRFS and OS according to pretreatment
(pre-nCT) expression of miR-18a (high vs. low using the pre-nCT median
value as the cut-off point) in the whole group (n=94). p values corre-
spond to the log-rank test

mainly found to be related to mitotic features and cell cycle
checkpoints. A nonsignificant trend towards an inverse associ-
ation between miR-18a expression and estrogen response was
also observed (Table 3). The gene sets used as inputs are de-
posited as Electronic supplementary material (Spreadsheet S1).

Next, we validated the association of miR-18a expression
with proliferation in our cohort of patients. The mRNA expres-
sion of MKI67 and MYBL2, two well-known genes involved in
proliferation, was found to significantly correlate with miR-18a
expression, both in pre- and post-chemotherapy biopsies
(Table 4). We subsequently validated the association with
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Table2  Univariate and multivariate survival analysis of patients with post-nCT breast residual tumors according to miR-18a expression (high vs. low)

(n=280)
Variables* Univariate analysis Multivariate analysis
HR (95% CI) p HR (95% CI) P
DFS miR-18a 2.54 (1.09-5.96) 0.03 2.44 (0.99-6.02) 0.053
ypN+ 6.37 (2.22-18.28) < 0.001 7.10 (2.06-24.41) 0.002
Grade 3 2.23 (1.03-4.83) 0.04 1.83 (0.71-4.71) 0.21
TNBC 2.14 (0.98-4.68) 0.056 2.91 (1.16-7.30) 0.02
DRFS miR-18a 2.33(0.98-5.51) 0.053 2.44 (0.98-6.04) 0.054
ypN+ 13.08 (3.10-55.22) <0.001 9.05 (2.10-39.00) 0.003
Grade 3 1.92 (0.87-4.23) 0.11 2.15(0.87-5.34) 0.10
(0N miR-18a 2.72 (1.05-7.05) 0.039 2.80 (1.01-7.76) 0.048
ypN+ 9.71 (2.28-41.39) 0.002 7.31 (1.69-31.73) 0.008
Grade 3 2.32(0.98-5.48) 0.054 2.35(0.90-6.16) 0.08

*Variables: miR-18a post-nCT high expression (over the median), ypN+ (post-nCT nodal involvement), histological grade 3 (vs. grade 1-2), TNBC

(triple negative breast cancer vs. other breast cancer subtypes)

MKI67 using an external series of untreated frozen BC samples
(n=100) from another center (Hospital Universitario Santa
Lucia, Cartagena, Spain). In this cohort, we found that miR-
18a expression was significantly increased in patients with high
IHC Ki67 scores (using both 14% and 20% as cut-off points)
(Electronic supplementary material, Fig. S5). Additional valida-
tion for both MKI67 and MYBL2 was obtained in three public
external series (Table 4). An exploratory analysis of the correla-
tion between ESR1 and miR-18a expression in the same

databases showed an inverse correlation between both markers
(Table 4).

3.4 miR-18a induces in vitro changes in proliferation,
gene expression and other cellular processes

To better understand the processes by which miR-18a induces
proliferation in luminal BC, we employed expression micro-
array analyses after transient transfection of MCF7 cells with

Table 3  Functional annotations (GeneMANIA analysis [48]) of genes with the strongest associations with miR-18a in TCGA (n = 685) [47]

Feature FDR Genes in network Genes in genome

Direct correlation (Pearson’s > 0.4)
M phase of mitotic cell cycle <0.001 42 238
Mitosis <0.001 40 227
Nuclear division <0.001 40 227
Cell cycle checkpoint < 0.001 39 230
Organelle fission <0.001 40 246
Interphase of mitotic cell cycle < 0.001 38 258
Interphase < 0.001 38 263
Condensed chromosome <0.001 23 82
Chromosome segregation < 0.001 26 118
G1/8 transition of mitotic cell cycle < 0.001 30 184
Microtubule-based process <0.001 36 284
DNA replication <0.001 31 204
Chromosome, centromeric region < 0.001 21 87
Microtubule cytoskeleton organization < 0.001 29 201

Inverse correlation (Pearson’s < —0.4)
Response to estradiol stimulus 0.259 5 18
Phospholipid binding 0.316 12 161
Microtubule motor activity 0.316 6 37
Response to estrogen stimulus 0.323 6 39
Intracellular steroid hormone receptor signaling pathway 0.549 8 86
Motor activity 0.549 7 65
Phosphatidylinositol phosphate binding 0.712 6 51
Response to steroid hormone stimulus 0.712 7 70
Branched-chain amino acid catabolic process 0.712 4 19
GDP binding 0.762 5 35
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Table 4  Association of miR-18a expression with proliferation-associated genes MKI167 and MYBL2 and with ESR1

Series HMM (neoadj.) Cartagena TCGA Oxford Oslo Validation in

Method RT-qPCR RT-gPCR RNA-seq Microarray Microarray —
preCT PostCT - - - - -

MKI67 6/6

r 0.280 0.341 0.309 0.536 0.498 0.405

P 0.014 0.007 0.002 <0.001 < 0.001 <0.001

n 77 62 98 685 207 99

MYBL2 5/6

r 0.317 0.292 0.084 0.639 0.629 0.618

P 0.005 0.021 0411 <0.001 < 0.001 <0.001

n 77 62 98 685 207 99

ESR1 6/6

r —0.439 -0.293 —0.200 —0.467 —0.535 -0.375

)4 <0.001 0.011 0.048 < 0.001 < 0.001 <0.001

n 84 75 98 685 207 99

100 nM miR-18a mimic, anti-miR-18a and two controls.
Efficient miRNA transfection was confirmed by RT-qPCR
(Electronic supplementary material, Fig. S6). Hierarchical
cluster analysis showing the best up- or downregulated
markers after miR-18a overexpression is depicted in Fig. 3a,
and the protein-coding genes with the strongest alterations are
shown in Fig. 3b. Analysis performed at the exonic level re-
vealed that miR-18a may be involved in biogenesis and cel-
lular component organization in MCF7 cells (Fig. 4).

Pathway analysis also showed that miR-18a may be in-
volved in proliferative pathways, such as the cell cycle
(p <0.001), estrogen signaling (p =0.001), DNA replication
(p=0.002), PI3K-Akt signaling (p =0.02) or p53 signaling
(p =0.04) pathways (Table 5). These results were substantiat-
ed by GO enrichment analysis, showing that miR-18a acts in
biological processes such as the mitotic cell cycle (p < 0.001),
organelle fission (p < 0.001) and nuclear division (p < 0.001),
thereby suggesting a complex role and multiple associations
with proliferative networks, together with other altered path-
ways (Table 5). Finally, we conducted a search for expression
changes in other candidate genes that have previously been
reported to act in pathways mediating the effects of miR-18a
on cancer cells, without finding new associations (Electronic
supplementary material, Table S2).

To further understand the relevance of miR-18a in luminal
BC, we evaluated the direct effects of experimental overex-
pression of miR-18a in MCF7 cells. As predicted by in silico
analysis and by our data on MKI67 and MYBL2 expression,
overexpression of miR-18a increased the proliferation of
MCF7 cells in an XTT proliferation assay after 24 h
(Fig. 5a). In addition, we explored alternative mechanisms
of miR-18a-induced biological aggressiveness in luminal
BCs. First, no differences were observed in vimentin or E-
cadherin expression after transfection with miR-18a or anti-
miR18a, suggesting that epithelial-mesenchymal transition

(EMT) is not induced by miR-18a overexpression or silencing
(Electronic supplementary material, Fig. S7). Conditioned
medium from MCF7 cells overexpressing miR-18a did not
enhance angiogenesis, but decreased microvessel density
(MVD) in an in vitro angiogenesis assay using EA.hy926 as
an endothelial cell line model (»p = 0.001). With anti-miR-18a,
the effect in MCF7 cells was the opposite, with a slight in-
crease in the MVD of EA hy926 (p =0.027) (Fig. 5b), which
suggests a mild antiangiogenic effect of miR-18a. Western
blot analyses of angiogenic markers did not show any miR-
18a-related changes in angiogenic markers, such as VEGFA,
THBS1, PDGFBB or HIF1A (Electronic supplementary ma-
terial, Fig. S8). We also did not find any differences in the
apoptotic index after transfection of MCF7 cells with either
miR-18a or anti-miR-18a (Fig. 5c). Finally, no miR-18a-
related differences were observed in the low migration capac-
ity of MCF7 cells (p = 0.200) (Fig. 5d) or in its invasive ability
(p=0.506) (Fig. 5e¢). The same in vitro analyses were per-
formed on MDA-MB-231, a basal-like cell line with a high
expression of miR-18a, with similar results, although the in-
crease in proliferation was slight and occurred later
(Electronic supplementary material, Fig. S8). Together, these
results are consistent with induction of proliferation by miR-
18a expression without a substantial modification of apopto-
sis, migration and/or invasion.

3.5 MiR-18a represses ERa by blocking protein
translation and is associated with low ERa expression
in both untreated and nCT-treated BC samples

As previously reported, ERx is a target of miR-18a. To
elucidate its effect in BC, we first performed transient
transfection assays with miR-18a mimic and control mimic
in MCF7cells. By doing so, we found that overexpression
of miR-18a did not affect the estrogen receptor (ESR1)
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Fig. 3 Transcriptome analysis of MCF7 cells after overexpression and
silencing of miR-18a. (a) Microarray matrix comparing each condition
(two controls vs. overexpression vs. silencing; n = 3/group) and showing

mRNA levels (Fig. 6a). Second, we confirmed by Western
blot analysis that miR-18a inhibited protein expression of
both the 66 kDa and the 36 kDa Erx isoforms (Fig. 6b).
This result was confirmed by IHC quantification of the
same transfected cells (Fig. 6¢). We also confirmed an
inverse correlation between miR-18a and both ERax
mRNA and protein expression levels in pre-chemotherapy
and post-chemotherapy BC biopsies in our clinical series
(Electronic supplementary material, Fig. S9).

3.6 Luminal BC cells transfected with miR-18a show
in vitro resistance to tamoxifen and are enriched
in luminal B and endocrine resistance signatures

To determine the potential therapeutic relevance of miR-18a ex-

pression in luminal BC, we tested the effect of tamoxifen, as a
sole agent or combined with everolimus or palbociclib, on
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coding genes in our experimental model

MCF7 cells supplemented with estradiol (10 nM) after transfec-
tion with miR-18a. Compared to control cells (scrambled), we
found that miR-18a-transfected cells did not slow their growth
after exposure to tamoxifen (p =ns), while this resistance was
reversed by combination of tamoxifen with everolimus or
palbociclib (p =0.044 and p =0.024, respectively), which
showed a response pattern similar to that found in control cells
(Fig. 7). Additionally, GSEA of MCF7 cells transfected with
miR-18a showed enrichment in endocrine resistance (FDR <
0.001) (Fig. 8a) and luminal B (FDR =0.021) signatures (Fig.
8b).

4 Discussion

In this work, we found that high miR-18a expression may be a
marker of a poor OS and DFS after nCT, especially in luminal
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Fig. 4 Exon level analysis of biological functions altered by miR-18a. Analysis of microarray data corresponding to overexpression of miR-18a (n=3)
in MCF7 breast cancer cells supports its involvement in functions such as the organization of cellular components, biogenesis and metabolic pathways

tumors. In silico and in vitro data suggest that this impaired
prognosis may be related to miR-18a involvement in in-
creased proliferation and loss of estrogen dependence in BC,
thereby suggesting the potential utility of miR-18a as a prognos-
tic and predictive marker. In our clinical series, we found that
miR-18a expression in post-chemotherapy residual tumors, a
likely representation of the resistant fraction of the primary tumor
[7], correlates with the expression of proliferation markers. This
finding does not seem to depend only on its association with
grade 3 or the triple negative subtype, both of which are well-
known tumor phenotypes characterized by a high proliferation
rate. In addition to these associations, exogenous overexpression
of miR-18a in the luminal MCF7 cell model, as well as in the
basal MDA-MB-231 cell model, significantly increased the pro-
liferation rate. Our approach does not allow for the identification
of a single target of miR-18a that is responsible for the activation
of proliferation processes, but since a single miRNA may regu-
late the expression of up to 200 genes [S1], we aimed to assess
global transcriptomic associations. Using a pathway-based ap-
proach [52] to evaluate changes in global mRNA expression,
we revealed the activation of some key pathways for proliferation
due to miR-18a overexpression in the MCF7 luminal model.

These results were consistent with a previous bioinformatic ap-
proach using TCGA data in which, by selecting the top correlat-
ed genes with miR-18a (directly or indirectly) and using pathway
and GO enrichment analysis, we found a direct correlation with
proliferation. We performed an additional search for expression
changes in other genes, such as PTEN, KLF4 and ATM, previ-
ously reported to be related to biological effects of miR-18a on
cancer, without finding further associations. The role of the miR-
17-92 cluster and miR-18a in proliferation has been extensively
studied in vitro and in vivo in some cancer types as well as in
normal tissues [53—56], and previous work also demonstrated an
association of its expression with a high proliferation rate in
untreated node-negative BC [41]. Our data, in addition to estab-
lishing further biological correlations, extend this association to
node-positive disease and post-treatment biopsies.

Importantly, in the luminal model, we found that miR-18a
induced an increase in proliferation without substantially mod-
ifying other relevant characteristics of tumor behavior, such as
invasiveness or migration. Only angiogenesis was partially im-
paired by miR-18a expression, a finding that is in agreement
with other reports [57], although we did not find any changes in
the expression of THBS1 or other angiogenic markers. These
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Table 5

Pathway and GO enrichment analysis (miR-18a vs. anti-miR-18a)

Pathway enrichment

GO enrichment

Pathway Database Enrichment Enrichment Function Type Enrichment  Enrichment
name score p value score p value
Cell cycle KEGG 123 < 0.001 Cell cycle process Biological process 42.2472 < 0.001
Ribosome biogenesis KEGG 8.1 < 0.001 Mitotic cell cycle process Biological process 40.7017 < 0.001
in eukaryotes
HTLV-I infection KEGG 7.8 < 0.001 Cellular component Biological process 38.4625 < 0.001
organization or biogenesis
Proteoglycans in cancer KEGG 7.6 < 0.001 Cellular component Biological process 38.0109 < 0.001
organization
Progesterone-mediated KEGG 64 0.001 Nuclear part Cellular 36.1152 < 0.001
oocyte maturation component
Estrogen signaling KEGG 6.4 0.001 Non-membrane-bounded Cellular 35.2118 < 0.001
pathway organelle component
Small cell lung cancer KEGG 63 0.001 Intracellular non- Cellular 352118 < 0.001
membrane-bounded component
organelle
ECM-receptor interaction KEGG 6.3 0.001 Organelle Cellular 32.4852 < 0.001
component
DNA replication KEGG 6.0 0.002 Cell cycle Biological process  30.0329 < 0.001
Axon guidance KEGG 55 0.003 Nucleolus Cellular 29.1604 < 0.001
component
Oocyte meiosis KEGG 4.6 0.010 Mitotic cell cycle Biological process 28.4114 < 0.001
Viral carcinogenesis KEGG 44 0.012 Intracellular organelle part Cellular 26.8683 <0.001
component
FoxO signaling pathway =~ KEGG 4.3 0.012 Organelle part Cellular 25.771 < 0.001
component
Toxoplasmosis KEGG 41 0.015 Nucleoplasm Cellular 24.8585 < 0.001
component
Fanconi anemia pathway ~KEGG 4.0 0.016 Mitotic nuclear division Biological process 24.4082 < 0.001
PI3K-Akt signaling KEGG 3.6 0.024 Intracellular organelle Cellular 23.8029 < 0.001
pathway component
Renin-angiotensin system KEGG 3.6 0.026 Organelle fission Biological process  22.7509 < 0.001
Fatty acid metabolism KEGG 32 0.038 Nuclear division Biological process 22.2391 < 0.001
p53 signaling pathway KEGG 3.1 0.040 Protein binding Molecular function 20.2643 < 0.001
Pathways in cancer KEGG 3.1 0.045 Organelle organization Biological process 19.1028 < 0.001
ErbB signaling KEGG 3.0 0.045 Membrane-bounded Cellular 17.7005 < 0.001

pathway

organelle

component

data suggest that the angiogenic role of miR-18a differs from
that found for other members of the miR-17-92 cluster, such as
miR-20a, which are associated with pro-angiogenic effects
[58]. A second relevant finding is that, although miR-18a ex-
pression was associated with increased expression of prolifer-
ation markers such as MKI167, a high miR-18a baseline expres-
sion was not associated with a different rate of pCR. This find-
ing is somewhat paradoxical since proliferation-related gene
expression signatures have been reported to be the main com-
ponents of predictive signatures of chemotherapy responses
[59, 60]. Taken together, these results suggest a role of miR-
18a in tumor behavior that goes beyond a pure increase in
proliferation and that is not clearly associated with sensitivity
to chemotherapy.

The miR-18a-related increase in BC proliferation also seems
to be independent of ER-associated stimuli, occurs both in

@ Springer

luminal BC and in TNBC, and has been confirmed in clinical
series without any selection for BC subtypes. However, the role
of miR-18a in ER expression and signaling seems to be com-
plex. First, our data together with previous work shows miR-
18a-mediated silencing of ER expression through a direct pro-
tein translation blockage. In fact, miR-18a expression has a
strong inverse correlation with ESR1 mRNA expression in
our series as well as in the TCGA BC database, while showing
a strong direct correlation with proliferative markers such as

Fig. 5 Analysis of the effects of miR-18a on MCF7 in vitro. (a)P>
Overexpression of miR-18a showed a slight but significant increase in
the proliferation index of MCF7 cells. (b) MiR-18a showed a slight but
significant antiangiogenic effect in the EA . hy926 endothelial cell model.
(¢) MiR-18a showed no effect on the apoptotic index of MCF7 cells. (d)
MiR-18a did not affect the migration of MCF7 cells. (e) MiR-18a did not
affect the invasive features of MCF7 cells
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Fig.6 MiR-18a affects ERx expression only at the protein level in MCF7
cells. (a). Overexpression or silencing of miR-18a in MCF7 cells did not
affect ESR1 mRNA levels. (b) MiR-18a impaired both ER66 and ER36
isoform levels of ERw. (¢) This result was confirmed using IHC in
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formalin-fixed, paraffin-embedded and previously transfected MCF7
cells. The proportion of ER« nuclei was significantly reduced after trans-
fection with miR-18a using a clinically validated antibody
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Fig. 7 Sensitivity of MCF7 cells transfected with miR-18a to hormone
therapy agents. MCF7 cells transfected with scrambled (a) or miR-18a (b)
were stimulated with estradiol (E2, 10 nM) and treated with tamoxifen

reported that pri-mir-17-92 expression is induced by ER after
17-B-estradiol stimuli in ER+ cells, but that these changes do
not correlate with increased levels of miR-18a or other
miRNAs in the cluster, which suggests inhibition during
miRNA biogenesis and different processing to miR-18a ac-
cording to the BC subtype [61, 62]. MiR-17-92 expression is
induced primarily by MYC in some cancer types [63, 64], as
well as by other proteins, such as VEGF, through ERK/ELK 1
activation in endothelial cells [65]. These mechanisms may
explain upregulation of miR-18a in TNBC [66, 67].
Independent of the precise mechanisms underlying these
changes, the prognostic impact on HR-positive tumors (all of
them with adjuvant endocrine treatment) and the significant
association of high miR-18a expression with clinical endocrine
resistance suggest a potential interaction of miR-18a with
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hormonal therapy. Additionally, our experimental data are con-
sistent with the hypothesis that MCF7 cells overexpressing
miR-18a are at least partially resistant to treatment with tamox-
ifen. These results seem to contradict other work showing par-
ticipation of miR-18a in UCA1-dependent tamoxifen resis-
tance [68], although our transcriptomic data on MCF7 further
support the induction of endocrine resistance signatures by
miR-18a. However, the combination of tamoxifen with evero-
limus, especially with palbociclib, showed a response similar to
that found in control MCF7 cells, which may suggest that pa-
tients with luminal tumors overexpressing miR-18a could de-
rive maximum benefit from schemes combining hormone ther-
apy and CDK4/6 inhibitors.

MiR-17-92 and specifically miR-18a expression is consid-
ered as a marker of TNBC [41]. Here, although the expression
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Fig. 8 Direct association of miR-18a expression with endocrine therapy resistance and luminal B subtype. (a) GSEA plot of miR-18a vs. control-
transfected MCF7 cells (n = 6) for endocrine therapy resistance signature (‘group 5 set’, [45]) and (b) for breast cancer luminal B subtype [46] (n=6)
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of miR-18a is low in luminal BC, we found that a relatively
high miR-18a expression was associated with a poor progno-
sis, especially in the luminal subtype. Unfortunately, the de-
velopment of new drugs for metastatic luminal BC has not
been paralleled with the introduction of validated biomarkers.
In the neoadjuvant setting, the burden of residual disease is the
only reliable prognostic marker [8], and new biomarkers to
guide therapeutic strategies are needed, especially when new
molecularly targeted agents such as CDK4/6 inhibitors finally
reach the adjuvant setting. Thus, the characterization of miR-
18a as a prognostic biomarker related to high proliferation and
endocrine resistance, if further validated, may be instrumental
for the identification of high-risk luminal BC patients with
residual disease after nCT. In addition to patient selection for
new adjuvant strategies, miR-18a may also be an interesting
target for silencing in aggressive luminal tumors.
Furthermore, a prognostic value of miR-18a plasma levels,
already proposed as a diagnostic tool for BC [69], may be
explored in the luminal BC population.

Our work has several limitations. First, the apparent prog-
nostic relevance of miR-18a in luminal tumors may be related
to the small sample size. Thus, our findings support the prog-
nostic impact of miR-18a in HR-positive tumors, but are prob-
ably not sufficient to exclude a similar effect in HR-negative
BC. Second, although our experimental results seem to be in
concordance with our clinical and pathological findings, fur-
ther insight may be obtained with a more wide-ranging anal-
ysis of activated or silenced miR-18a targets, with a more
comprehensive analysis of miR-18a relevance for endocrine
resistance or with a more precise classification of tumors ac-
cording to molecular subtypes.

In conclusion, miR-18a may serve as a new prognostic fac-
tor in luminal BC with residual tumors after nCT. Its relation-
ship with high proliferation, ER downregulation and
transcriptomic changes associated with luminal B signatures,
together with preliminary experimental data showing resistance
to tamoxifen without impaired sensitivity to mTOR or CDK4/6
inhibitors, indicates that it is also a potential biomarker for new
targeted agents, both in adjuvant and neoadjuvant settings.
Further insights into the biological mechanisms underlying
these findings and additional validation in larger clinical series
are needed to definitely establish the relevance and usefulness
of miR-18a in the management of BC.
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