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Abstract

Background: Triple negative breast cancer (TNBC) is the most aggressive subtype of breast cancer (BC). Treatment
options for TNBC patients are limited and further insights into disease aetiology are needed to develop better
therapeutic approaches. microRNAs’ ability to regulate multiple targets could hold a promising discovery approach
to pathways relevant for TNBC aggressiveness. Thus, we address the role of miRNAs in controlling three signalling
pathways relevant to the biology of TNBC, and their downstream phenotypes.

Methods: To identify miRNAs regulating WNT/β-catenin, c-Met, and integrin signalling pathways, we performed a
high-throughput targeted proteomic approach, investigating the effect of 800 miRNAs on the expression of 62
proteins in the MDA-MB-231 TNBC cell line. We then developed a novel network analysis, Pathway Coregulatory
(PC) score, to detect miRNAs regulating these three pathways. Using in vitro assays for cell growth, migration,
apoptosis, and stem-cell content, we validated the function of candidate miRNAs. Bioinformatic analyses using BC
patients’ datasets were employed to assess expression of miRNAs as well as their pathological relevance in TNBC
patients.

Results: We identified six candidate miRNAs coordinately regulating the three signalling pathways. Quantifying cell
growth of three TNBC cell lines upon miRNA gain-of-function experiments, we characterised miR-193b as a strong
and consistent repressor of proliferation. Importantly, the effects of miR-193b were stronger than chemical
inhibition of the individual pathways. We further demonstrated that miR-193b induced apoptosis, repressed
migration, and regulated stem-cell markers in MDA-MB-231 cells. Furthermore, miR-193b expression was the lowest
in patients classified as TNBC or Basal compared to other subtypes. Gene Set Enrichment Analysis showed that miR-
193b expression was significantly associated with reduced activity of WNT/β-catenin and c-Met signalling pathways
in TNBC patients.
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Conclusions: Integrating miRNA-mediated effects and protein functions on networks, we show that miRNAs
predominantly act in a coordinated fashion to activate or repress connected signalling pathways responsible for
metastatic traits in TNBC. We further demonstrate that our top candidate, miR-193b, regulates these phenotypes to
an extent stronger than individual pathway inhibition, thus emphasizing that its effect on TNBC aggressiveness is
mediated by the coordinated repression of these functionally interconnected pathways.
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Background
Triple negative breast cancer (TNBC) is a heterogeneous
subtype of breast cancer, histologically characterised by
absent expression of oestrogen- (ER), progesterone-
(PR), or HER2 receptor. Compared to other breast can-
cer subtypes, TNBC displays the lowest 5-year survival
rates, regardless of the stage at diagnosis [1]. Addition-
ally, TNBC patients’ 5-year survival dramatically de-
creases to 65 and 12.2% if the disease had already spread
to regional lymph nodes or at distal sites at the time of
diagnosis, respectively [1]. Metastatic recurrence has
remained the main cause of cancer-related deaths for all
breast cancer patients [2] and thus represents a major
challenge for TNBC patients. Indeed, they present the
highest percentages in both local and distant recur-
rences, with metastases more common in brain and
lungs [3]. As well, median duration of survival with dis-
tant metastasis is the lowest for TNBC (0.5 years) com-
pared to other subtypes (2.2 for LumA, 1.6 LumB, 0.7
Her2+) [4].
The intrinsic heterogeneity of TNBC tumours is a

double-edged sword, concomitantly underlying unpre-
dictable differences in response to chemotherapeutic
treatments while also presenting itself as potential
source of therapeutic vulnerabilities to explore. For the
majority of TNBC patients the only viable treatment op-
tion is chemotherapy, with responses ranging from
pathological complete response (pCR) associated with
high rates of survival (12 to 20% of patients), to residual
disease after neoadjuvant treatment. Importantly, the lat-
ter is associated with significantly worse survival, par-
ticularly in the first 3 years (68% vs 98% for patients
with pCR) [5]. More recently, four subtypes of TNBC
were identified, Basal-Like1 and 2 (BL1 and BL2), Mes-
enchymal (M), and Luminal Androgen Receptor (LAR).
BL2 patients have the lowest probability of reaching a
pCR among all TNBC subtypes, and the lowest distant
relapse free survival [3]. Thus, TNBC as a heterogeneous
disease and the BL2 subtype specifically require deeper
biological investigations to fully understand the patho-
logical mechanisms that underlie its clinical aggressive-
ness, as well as to identify viable novel therapeutic
avenues.
The prime function of microRNAs (miRNAs) is to

negatively regulate the expression of their target genes at

post-transcriptional level by interacting with their 3′ un-
translated regions (UTRs). The extent of this regulation
has been characterized both at the transcriptomic and
proteomic levels, indicating that while regulating a
multitude of targets, this happens in a mild fashion. In-
deed, various studies have used gain-of-function or loss-
of-function miRNA experiments that showed an effect
ranging between − 0.3 log2FC [6] and + 0.15 log2FC [7],
respectively. In more recent years, the scientific commu-
nity came to appreciate that miRNAs functionally rele-
vant for specific phenotypes regulate multiple targets
within the same signalling cascade [8]. Indeed, a high
throughput screening (HTS) at the proteomic level iden-
tified miR-193a, miR-124, and miR-147 as regulators of
proliferation dependent on their function on the EGFR
signalling pathway [9]. Additionally, members of the
miR-200 family were characterized to cumulatively affect
proteins involved in actin cytoskeleton remodelling,
regulating invasion and invadopodia formation [10]. As
well, in adult mouse neurons, miR-128 was identified as
a decisive regulator of neuronal excitability, due to its
ability to control the expression of various ion channels
and ERK2 signalling [11]. A comprehensive review has
revisited in depth all these phenotypes and network
functions of miRNAs showing how they might be add-
itionally integrated in feed-forward and feedback net-
works, providing insights into the effects that miRNAs
have in the context of cancer [8].
Due to their dose-sensitivity, biological pathways re-

quire fine-tuned control of the signalling cascade. In
these contexts, miRNAs may become pivotal regulators,
thanks to their ability to direct the expression of mul-
tiple targets [12]. Thus, in this study we aimed to iden-
tify miRNAs with a functional relevance in TNBC,
mediating a coordinated regulation of signalling path-
ways. We focused on the WNT/β-catenin, c-Met, and
integrin signalling pathways due to their enrichment in
the BL2 subtype, which is characterised by worse clinical
features [13]. To address the global effects of miRNAs
on these pathways, we performed a targeted quantifica-
tion of proteins upon miRNA gain-of-function in MDA-
MB-231 cells, a model of BL2 TNBC. Subsequently, we
developed a novel network analysis integrating the effect
of miRNAs on proteins’ expression with the function of
the same proteins on the pathways of interest, an
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essential information frequently overlooked in network
analysis approaches. We further confirmedmiR-193b as
a new strong repressor of all three pathways in TNBC.
Of note, its regulatory effects were further validated by
negative associations between miRNA expression and
pathway activity in gene expression data derived from
patients’ datasets.

Methods
Cell culture
The human triple negative breast cancer cell lines
MDA-MB-231 (Cellosaurus: CVCL_0062) and HCC-
1806 (CVCL_1258) were obtained from ATCC (Ma-
nassas, VA, USA). SUM-159 (CVCL_5423) cells were
a kind gift from Andreas Trumpp (DKFZ, Heidelberg,
Germany). All cell lines were authenticated using
Multiplex Cell Authentication by Multiplexion (Hei-
delberg, Germany) as previously described [14]. The
SNP profiles matched the expected ones. All cell lines
were routinely tested for potential contamination with
mycoplasma. MDA-MB-231 cells were cultured in
Leibovitz-L15 medium (Gibco, Thermo Fisher Scien-
tific) supplemented with 10% fetal calf serum (Gibco)
and 3 g/l of sodium bicarbonate. HCC-1806 cells were
cultured in RPMI-1640 (Gibco), supplemented with
10% fetal calf serum (Gibco). SUM-159 cells were cul-
tured in Ham’s F12 (Gibco), supplemented with 5%
fetal calf serum (Gibco), 10 mM Hepes (Gibco),
10 μg/ml Hydrocortisone (Sigma, Merck KGaA,
Germany), and 5 μg/ml human recombinant Insulin
(Sigma). All cell lines were cultured in incubators
maintained at 37 °C and 5% CO2.

microRNA gain-of-function experiments
The mimic overexpression screening and cell pellet re-
trieval were performed as previously described [9]. All
additional transient transfections were performed with
Lipofectamine2000 (Invitrogen, CA, USA) according to
manufacturer’s instructions. miRNA miRIDIAN mimics
and respective negative controls, siRNA and respective
siRNA negative controls were purchased from Dharma-
con (Horizon Discovery, USA) and used at a final con-
centration of 25 nM. Negative controls in miRNA gain-
of-function experiments were miRIDIAN microRNA
Mimic Negative Control #1 (CN-001000-01) and #2
(CN-002000-01). For experiments downstream the HTS,
the subsequent miRIDIAN microRNA mimics were pur-
chased: miR-193b (C-300764-05), miR-409 (C-300738-
05), miR-494 (C-300761-05), miR-92b (C-300872-03).
Each of these corresponds in catalogue number and se-
quence to the mimics present in the library used for the
HTS.

Ectopic activation and inhibition of signalling pathways
The WNT/β-catenin pathway was stimulated with
mouse recombinant WNT3a (Peprotech, NJ, USA) at a
final concentration of 100 ng/ml. β-catenin transcrip-
tional activity was inhibited by treating cells with
iCRT14 (Santa Cruz, CA, USA) at a final concentration
of 10 μM. c-Met signalling was stimulated with recom-
binant human HGF (R&D Systems) at a final concentra-
tion of 75 nM, whilst it was inhibited with Capmatinib
(Biozol Diagnostica, Eching, Germany) at a final concen-
tration of 2 nM. c-Met and EGFR signalling were con-
comitantly stimulated with recombinant human EGF
(Corning, NY, USA) at a final concentration of 20 nM.
Downstream signalling was inhibited with Erlotinib at a
final concentration of 5 μM. Recombinant WNT3a,
HGF, and EGF were diluted in 0.1% BSA in PBS, which
was therefore used as a control in all experiments and is
indicated with the “unstimulated” label in respective fig-
ures. iCRT-14 and Capmatinib were diluted in DMSO,
whilst Erlotinib was diluted in PBS. Thus, the respective
vehicle controls (veh. ctrl) were used in the experiments.

RPPA
RPPA was performed as previously described [15].
Briefly, protein lysates harvested from miRNA-
overexpressing MDA-MB-231 cell-pellets were thawed
and printed in technical triplicates on nitrocellulose
coated glass slides (Oncyte Avid, Grace-Biolabs) using a
contact spotter (Aushon BioSystems). Lysates were sepa-
rated into four groups for spotting. Each of them in-
cluded appropriate dilution controls for downstream
analysis as well as samples transfected with miRNA
mimic controls 1 and 2, employed for differential ex-
pression analysis (see RPPA HTS data analysis para-
graph). Antibody validation for the RPPA screening was
performed as previously described [16]. Supplementary
Table 1 lists all antibodies used in this study. Unless
otherwise noted in Supplementary Table 1, the anti-
bodies were incubated at 1:300 dilution in Blocking buf-
fer. After four washes in Washing buffer, primary
antibodies were detected using Alexa Fluor 680 F (ab’)2
fragments of goat anti-mouse immunoglobulin G (IgG)
or anti-rabbit IgG (Life Technologies) diluted at 1:8000
in Blocking buffer. Images were acquired at 700 nm
wavelength and with 21 μm resolution using an Odyssey
scanner (LI-COR, NE, USA). Every nine slides, one was
reserved for total protein content analysis by staining
with the Fast Green FCF method [17]. Signal intensities
were quantified using the GenePix Pro software v.7 (Mo-
lecular Devices, CA, USA).

RPPA HTS data analysis
Signal intensities were processed using the R package
RPPanalyzer (v. 1.4.3) [18] for quality control and total
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protein content normalization. Data quality was assessed
by i) checking target specific signals in comparison to
their corresponding blank values of the serially diluted
control samples and by ii) comparing target measure-
ment signals against blank signals. Spot-wise
normalization to the total protein concentration was
performed based on the Fast Green FCF method [17].
Potential block effects were removed by shifting the me-
dian value of each block to the overall median. The R
package ‘limma’ (version 3.26.9) [19] was used to identify
miRNAs causing a differential expression of proteins.
Within each transfection round, the signal intensities of
the miRNA overexpression samples were tested against
the two mimic negative control values. Specifically, the
comparison was performed between miRNA-transfected
samples in two biological replicates against mimic
control-transfected samples in two biological replicates
of two distinct negative controls. Multiple testing correc-
tion was performed with the Benjamini-Hochberg
method [20]. For downstream analyses and data plotting,
only miRNAs causing at least one statistically significant
alteration across the dataset were considered, leading to
a final data table and corresponding heatmap of 722
miRNAs by 62 proteins. Statistical significance thresh-
old: q-value ≤0.001. Data analyses were performed in R
version 3.2.2.

Enrichment analyses
Two databases were assessed to retrieve miRNA-target
predicted relationships: TargetScanHuman (v.7) [21] and
MicroCosm Targets (previously known as miRBase::Tar-
gets) [22]. TargetScanHuman database information for
conserved and non-conserved targets was individually
analysed. Fisher’s exact test was used for enrichment
testing, individually addressing downregulated miRNA-
target pairs and upregulated miRNA-target pairs. Differ-
ential protein expression was considered significant
below a threshold of q-value ≤0.001.

Pathway Coregulatory score analysis
For pathway analysis, effects on protein levels caused by
miRNAs (q-value ≤0.001) were combined with the re-
spective regulatory protein function in the pathway (ei-
ther activator or repressor) following the rules illustrated
in Fig. 1C. Briefly, downregulation of an activator pro-
tein in the pathway resulted in a negative pathway effect,
and downregulation of a repressor protein in the path-
way resulted in a positive pathway effect. The opposite
was considered if the miRNA was causing the upregula-
tion of protein expression, Supplementary Table 4 de-
scribes the list of targets and the respective biological
effect on associated pathway(s). A Pathway oregulation
(PC) score was defined for each miRNA as the sum of
all measured miRNA-mediated effects on the pathway,

weighted by the number of measured proteins in the
pathway. Permutation testing was performed to assess
the miRNA-wise probability distribution of PC scores by
10,000x resampling the significant miRNA-protein inter-
actions for each protein. PC scores were considered sig-
nificant based on a 5% FDR. Supplementary file 1
contains the R code in html format employed for the PC
score generation and subsequent bootstrap analysis.

Generation of isogenic recombinant cell lines for WNT
pathway reporter assay
MDA-MB-231 were generated as described [23]. Briefly,
a mammalian expression vector (pPAR3) containing a
Flp recombinase target site N-terminally fused to EGFP
under control of an elongation factor 1-alpha (EF1a)
promoter and a neomycin selection marker, was stably
integrated in the genome of MDA-MB-231 cells. Neo-
mycin resistant and EGFP positive clones were isolated
and validated for single-copy integration of the FRT site
by Southern blotting. Functionality of the MDA-MB-
231-pPAR3 acceptor cell line was verified using Flp-
mediated recombination with either a Doxycycline indu-
cible hcRED expression vector for visual testing or a red
firefly expression vector for quantitative expression ana-
lysis. The validated MDA-MB-231-pPAR3 acceptor cell
line served as platform for the generation of isogenic
variants.
For generation of MDA-MB-231-pPAR3 WNT/β-ca-

tenin-Pathway reporter cell lines, a dual reporter vector
containing a promoter-less FRT reporter cassette with
TCF/LEF responsive elements followed by a cassette for
normalization was flipped into the MDA-MB-231-
pPAR3 acceptor cell line by co-transfection with a Flp
recombinase expression vector (pOG44 / Invitrogen).
The WNT/β-catenin reporter cassette consists of RNA
polymerase II transcriptional pause signal from the hu-
man hemoglobin subunit alpha 2 gene (HBA2) followed
by 6 repeats of the TCF/LEF transcriptional response
element (AGATCAAAGGGGGTA) joined to a minimal
TATA-box promoter and destabilized firefly luciferase
reporter (Qiagen, CCS-018 L). The cassette for
normalization contains a SV40 promoter driving the
renilla luciferase open reading frame, which allows dual
measurement of both luciferases. After selection for
hygromycin resistance (expression vector) and loss of
EGFP expression (positive integration), single colonies
were picked and analysed in in the presence of recom-
binant WNT with dual luciferase assays for WNT / lu-
ciferase responsiveness and renilla luciferase expression.

WNT pathway reporter assay
Three clones of isogenic MDA-MB-231-pPAR3 WNT/
β-catenin reporter cell lines were plated at the density of
10,000 cells/well in white flat bottom 96-well plates. The
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Fig. 1 (See legend on next page.)
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subsequent day, cells were transfected with indicated
miRNA mimics or controls. Alternatively, cells were
treated with iCRT14. The next day, cells were stimulated
with recombinant WNT3a and 18 h later the dual lucif-
erase activities were assayed using a luminometer
(Tecan, Männedorf, Switzerland). The median of six
technical replicates was used to calculate the ratio over
the control. Ratios for three independent clones were av-
eraged and used for statistical testing (two-tailed, one-
sample t-test). Statistical testing was performed using
GraphPad Prism v9.

Proliferation and apoptosis assays
Cell lines were plated in black 96-well plates with clear
bottom at the indicated densities, based on their respect-
ive growth rates: MDA-MB-231 cells at 5000 cells/well,
SUM-159 at 1700 cells/well, and HCC-1806 at 2000
cells/well. The next day, cells were transfected with indi-
cated miRNA mimics or negative controls using Lipofec-
tamine 2000. Alternatively, cells were treated with
iCRT14, Capmatinib, or Erlotinib. Pathway stimulation
was performed concomitantly with chemical inhibition
or, for miRNA transfection, 5 h post-transfection upon
medium change.
72 h post-treatment, nuclei of cells were stained with

Hoechst 33342 (Life Technologies) at a final concentra-
tion of 20 μM for 30min at 37 °C. Subsequently, they
were imaged using a Molecular Devices Microscope
IXM XLS with 4x S Fluor objective. To assay for apop-
totic cells, cells were additionally stained with Propidium
Iodide (PI, Life Technologies) at 0.2 ng/mL in addition
to Hoechst staining. PI was added 5min prior to im-
aging using a Molecular Devices Microscope IXM XLS

with 4x S Fluor objective. The percentage of apoptotic
cells was assessed by normalizing the PI-positive nuclei
to the number of total nuclei (stained with Hoechst).
Image analysis was performed with built-in software.

Six technical replicates were performed for each experi-
ment, the mean of the technical replicates was used to
calculate the ratio of treatment over control. Ratios of
three independent biological replicates were used for
statistics (two-tailed tests, for chemical inhibitor experi-
ments: one-sample t-test, for miRNA OE experiments
containing two negative control mimics: unpaired t-test).
Statistical testing was performed using GraphPad Prism
v9.

Migration assay
MDA-MB-231 cells were plated into clear 6-well plates
(Greiner Bio-One) at 400,000 cells/well. The next day,
they were either transfected with miR-193b or negative
control #2. Alternatively, they were treated with iCRT14
or DMSO control. Two days after transfection, the cells
were starved for 18 h with serum-free medium. Subse-
quently, 200,000 cells were reseeded in serum-free con-
ditions into the upper compartment of 6.5 mm transwell
inserts with 5.0 μm pores (Corning), while medium with
10% FCS in the lower compartment was used as chemo-
attractant. To mimic the inhibitory effect caused by
miR-193b overexpression in cells, iCRT14 or DMSO was
added both during starvation and upper chamber
reseeding, but not in the lower chamber. Overall, reseed-
ing was performed 72 h post-transfection or treatment
and migration readout was performed 20 h after reseed-
ing. Inserts were washed with PBS, then cells that had
remained within the upper chamber were removed with

(See figure on previous page.)
Fig. 1 miRNAs coordinately regulate signalling pathways despite mildly regulating individual targets. A and B – MDA-MB-231 cells were
transfected with individual miRNAs from a library of 800 representing the global miRNome. 48 h post-transfection, total protein lysates were
harvested and the expression of 62 target proteins was assessed by Reverse Phase Protein Assay (RPPA). After normalization for total protein
content, the effect of miRNAs on target proteins was quantified by limma test. P-values were corrected for multiple testing with Benjamini-
Hochberg method. Tabular results are available in Supplementary Table 2. A. Effects of miRNAs on the 62 probed targets are represented with a
heatmap of all fold changes compared to negative controls in log2 scale (log2FC). Only miRNAs which caused at least one statistically significant
interaction across the entire dataset were plotted, leading to 722 rows. The upper rug represents the prevalence of miRNA regulation for each
target, weighted for the library size, separating the number of miRNAs significantly positively (+ve) or negatively (−ve) regulate each target. The
second rug represents the average of statistically significant (q-value ≤0.001) regulation of each target, separating positive and negative
regulations. The lower rugs represent from which pathway(s) of origin the targets derived from, as well as the putative effect of the target on the
pathway. B. The regulatory activity of miRNAs is summarised in a violin plot containing all statistically significant (q≤ 0.001) log2FC in protein
expression. Full and dotted lines in the violins respectively represent the medians and the quartiles of the distributions. The horizontal lines in the
plot represent the averages. C. Principles of PC score computation to transform the effect of a miRNA on a single target protein into a Pathway
Coregulatory (PC) effect, integrating the function of the assayed protein on the signalling pathway. miRNA negatively or positively regulate (dark
purple and green, respectively) the expression of a target with repressive or activating function (lilac and yellow, respectively). The combination of
these two factors identifies the effect on the pathway as positive or negative (bright green or red, respectively). The cumulative effect of a miRNA
is then summarized in a PC score classifying each miRNA as activator or repressor of a pathway. D. The distributions of computed PC scores for
WNT/β-catenin (left), c-Met (middle), and integrin signalling (right). In each graph, numbers indicate the number of putative repressing or
activating proteins probed associated to the pathway. E. Principles of bootstrapping for statistical testing. The miR-N matrix used to calculate the
PC scores was randomized 10,000 times, for each a miRNA-specific random PC score was computed. Then, the experimental PC score was tested
against the randomly generated ones. An experimental PC score was considered significant with a 5% alpha level. F. Venn diagrams display the
number of miRNAs repressing (left) or activating (right) the signalling pathways with a significant effect after randomization test
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a cotton swab. Cells that had migrated through the pores
were fixed with 4% PFA (prepared from 16% Formalde-
hyde (w/v), Thermo Fisher Scientific) for 15 min at the
lower side of the insert membrane and stained with
20 μM Hoechst 33342 (Life Technologies) for 30 min.
Cells were imaged using a Molecular Devices Micro-
scope IXM XLS with 4x S Fluor objective and quantified
with built-in software. The mean of three technical repli-
cates was calculated and normalized to a seeding control
to account for differences in reseeded cell numbers. Sub-
sequently, a ratio to control condition was calculated
and the average for three biological replicates was used
for statistics (two-tailed, one-sample t-test). Statistical
testing was performed using GraphPad Prism v9.

FACS analysis of CD24 and CD44 surface expression
markers
MDA-MB-231 cells were plated in 6-well plates at a
density of 250,000 cells/well. The next day, cells were
transfected with miR-193b or mimic negative control #2.
Alternatively, cells were treated with iCRT14 or DMSO
as control. Four days after transfection, cells were de-
tached with Cell Dissociation Buffer, enzyme-free
(GIBCO) and stained for CD-44 and CD-24 surface
markers with PE- and APC-conjugated antibodies, re-
spectively (Biolegend). Unstained and isotype controls
for APC and PE (Biolegend) were used as controls to
gate positive cells. Stained samples were immediately
analysed on a FACSCanto II (BD Biosciences). The re-
sults were analysed using FACSDiva software (v8, BD
Biosciences). Cell percentages from six independent bio-
logical replicates with two technical replicates each were
used for statistical testing (two-tailed, paired t-test). Stat-
istical testing was performed using GraphPad Prism v9.

Patient data analysis from TCGA BRCA and METABRIC
datasets
miRNA isoform expression quantification analysis from
the TCGA cohort was performed using data generated
by the TCGA Research Network [24]. The workflow to
process the data was based on the British Columbia
Genome Sciences Centre miRNA Profiling Pipeline [25].
The harmonized TCGA-BRCA data was downloaded on
7th January 2020 from the Genomic Data Commons
Data Portal using the R package ‘TCGAbiolinks’ [26, 27].
The end position of each isomiR feature is exclusive.
Thus, the end position annotation was corrected by sub-
tracting 1. For re-annotation of the data, an adaptation
of miRBase version 22.1 was applied [28]. All isoforms
with the canonical 5′ end of miR-193b-3p but regardless
of their 3′ end were summed up and considered as miR-
193b [29]. Plate and tumour purity batch effects from se-
quencing were corrected with the ‘ComBat’ function of
the R package ‘sva’ [30].

Normalized miRNA expression data of the METAB-
RIC study [31, 32] was obtained as arbitrary units from
the EGA [33, 34]. Data from both discovery and valid-
ation sets was merged into a single analysis of miRNA
expression in patients. The data was array-based and did
not allow discrimination between different microRNA
isoforms.
For both datasets, PAM50 classification [35] was dir-

ectly available in the clinical information, while TNBC
status was defined as absence of ER, PR, and Her2 ex-
pression at the histological level. Only patients with
available PAM50 as well as receptor status were consid-
ered, resulting in n = 658 patients for TCGA and n =
1293 patients for METABRIC. Statistical testing was per-
formed using GraphPad Prism v9 using two-tailed, un-
paired t-test.

Gene set enrichment analysis for TNBC patients
TCGA-BRCA cohort data after batch-correction and
isomiR discrimination was used to investigate the correl-
ation between miR-193b expression and the activity of
the selected pathways in patients. Batch-corrected ex-
pression of miR-193b was used as parameter and batch-
corrected mRNA expression data was used as the input
file. Gene sets used in this study are: Biocarta_MET and
Biocarta_Integrin (from MSigDB), and a manually sepa-
rated gene list for the positive and negative regulators of
WNT (Supplementary Table 6). Spearman correlation
coefficients between miR-193b and expressed genes were
used as ranking metric and permutation was performed
by phenotype. Default parameters of GSEA software [36,
37] were applied.

Results
miRNAs mildly regulate expression of proteins belonging
to WNT/β-catenin, c-Met and integrin signalling
In a previous study, we addressed miRNAs’ ability to
regulate cell cycle dependent on EGFR signalling [9].
Here, we set out to identify miRNAs controlling meta-
static traits in TNBC mediated by coordinated regulation
of c-Met, integrin, and WNT/β-catenin signalling path-
ways. We chose to focus on these three pathways as they
have been associated specifically with the BL2 subtype of
TNBC [13]. Indeed, this subtype is characterised by poor
clinical features and thus enriched signalling pathways
might qualify as potential therapeutic targets [3]. Im-
portantly, MDA-MB-231, the cell line employed in this
high-throughput screening, is specifically a model for
the BL2 subtype [13]. To investigate global effects, we
employed reverse phase protein array (RPPA), a targeted
proteomic approach. We started by selecting and classi-
fying proteins belonging to these three pathways accord-
ing to the KEGG Network database for c-Met (RTK
signalling arm of map 05200), integrin (map 04510), and
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WNT (canonical WNT arm of map 04310). Proteins ori-
ginating from cognate mRNAs found expressed below
10 RPKM in an RNA sequencing dataset from MDA-
MB-231 cells were excluded from further analyses [38].
We then proceeded to perform antibody validation for
specific detection of those proteins whose mRNA was
expressed, identifying 62 antibodies appropriate for
RPPA (Supplementary Table 1). We performed RPPA
on a set of protein lysates derived from a gain-of-
function assay where 800 miRNAs had been individually
transfected in MDA-MB-231 cells [9]. We quantified by
limma test the effect of each miRNA on protein expres-
sion, summarising the global effects in a heatmap of
log2 fold changes (log2FC) in Fig. 1A (Supplementary
Table 2). Considering protein expression downregulation
and upregulation separately, the average significant ef-
fects of miRNAs overexpression (OE) across all the pro-
teins measured were − 0.54 and + 0.49 log2FC. In both
directions we observed maximum effects reaching the
absolute values of almost 3 log2FC (Fig. 1B). In the HTS
we identified a total of 5435 significant interactions (out
of 44,764). Of these, roughly 2/3 were downregulations
and 1/3 upregulations (3804 and 1631, respectively). At
the individual protein level, we noticed that the adaptor
protein SHP-2, and the small GTPase p21-Rac were not
significantly upregulated by any miRNA (Fig. 1A, upper
heatmap rugs, Supplementary Fig. 1). The remaining 60
targets were significantly upregulated and downregu-
lated by at least one miRNA. However, these effects
were not uniform, differing both in number of regu-
lating miRNAs and their extent (Fig. 1A, upper heat-
map rugs, Supplementary Fig. 1). Indeed p53, Diap1,
FAK1 showed greater log2FC variations compared to
other targets, with averages above absolute value of 1
log2FC for both upregulations and downregulations
(Supplementary Fig. 1). Focusing on the numbers of
regulating miRNAs, low-density lipoprotein receptor-
related protein 6 (LRP6) displayed a highly symmet-
rical regulation with 86 miRNAs upregulating its ex-
pression and 59 miRNAs repressing it. Another
receptor protein, the EGF receptor (EGFR) was pre-
dominantly repressed by miRNAs OE (190 down vs 5
up). Conversely, the cell cycle negative regulator p27/
Kip exhibited a predominant upregulation by multiple
miRNAs (28 down vs 244 up) (Supplementary
Fig. 2A). These strikingly different regulatory patterns
prompted us to investigate further the presence of
underlying biological features.
miRNA-mediated direct regulation of gene expres-

sion occurs predominantly via base-pairing with se-
quences located in the 3′ UTRs of target mRNAs.
Thus, we wondered whether the differences in num-
ber of miRNAs regulating a target correlate with the
length of the mRNA 3′ UTRs. Specifically, we

reasoned that longer 3’UTRs would have a higher
chance to harbour miRNA binding sites, thus nega-
tively regulating the expression of the cognate protein.
Meanwhile, we expected that upregulation of protein
expression upon miRNA OE would more likely be in-
direct and therefore unrelated to the length of mRNA
3’UTR. To address this, RNA-seq data from MDA-
MB-231 cells was exploited to extract cell-specific 3′
UTR lengths, in nucleotides (nt.). There was no cor-
relation between the number of miRNAs significantly
regulating the target and the length of the 3′ UTR
belonging to the mRNA. Employing an additional cut-
off of |0.5| log2FC in defining a significant inter-
action, we found a positive trend between the number
of miRNAs negatively regulating a target and the
length of its 3’UTR (Supplementary Fig. 2B, left
panel). Unexpectedly, we observed instead a negative
trend in correlation for the quantity of miRNAs up-
regulating protein expression (Supplementary Fig. 2B,
right panel). However, both these correlations were
not statistically significant. Still, to validate if our
RPPA results followed known patterns of protein ex-
pression regulation induced by miRNAs, we tested for
an enrichment of predicted binding sites (BS) in the
3′ UTR of cognate RNAs [21]. Two independent al-
gorithms were used to generate three separate data-
sets of predicted miRNA targets: TargetScan
Conserved (TSC), TargetScan Non-conserved (TSNC),
and microcosm (mC). The enrichment tests were per-
formed independently on the list of miRNA-mediated
repressions and on the one of the upregulations. We
expected that the increase in protein expression upon
miRNA OE would not be mediated by regulations via
the 3′ UTR of target mRNAs and thus that there
would be no significant enrichment in predicted bind-
ing sites. For the downregulating interactions, about
half of the targets (32/62) presented a significant en-
richment (p-value < 0.05) in at least one dataset and
roughly one third of the targets (20/62) in two data-
sets. Among the upregulations, five targets showed a
significant enrichment in one dataset while only one,
MAPK14 (p38 protein), in two datasets (Supplemen-
tary Table 3).
These observations show that the patterns of regula-

tion that we uncovered followed known rules in
miRNA-mediated gene expression control at the protein
level. Importantly, we identified with high statistical con-
fidence many mild interactions within the three path-
ways investigated, similarly to what was previously
reported [6, 7]. Thus, we concluded that our RPPA data-
set reliably quantified significant effects of miRNAs on
proteins of interest. Next, we addressed miRNAs’ cap-
ability to regulate entire pathways, despite affecting indi-
vidual targets only mildly.
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miRNAs coordinately control multiple pathways
The fine-tuning patterns identified in the RPPA HTS
prompted us to further explore the function of miRNAs
as regulators of pathways, shifting the focus from
miRNA-protein to a miRNA-network context. We rea-
soned that the biological effect of a miRNA on a path-
way depends on the function of the regulated protein
itself. Once this information is integrated in the network,
the global effect of a miRNA on a pathway can be
summed up based on its regulation of individual targets.
Therefore, we associated each target with the pathways

it acts on and assigned a putative positive or negative ef-
fect on said pathway based on literature and KEGG
pathway descriptors (Fig. 1A lower rug and Supplemen-
tary Table 4). Next, we defined that for each miRNA-
protein pair, if the miRNA significantly downregulated
the expression of a repressor of the pathway, the puta-
tive effect on the pathway would be positive. Conversely,
if a miRNA downregulates an activator of the pathway,
the effect would be negative. The opposite set of rules
was applied for miRNAs upregulating their targets (Fig.
1C). For each separate pathway, we transformed the
miRNA-to-Protein (miR-P) into miRNA-to-Network
(miR-N) effects. These transformed matrices represented
the putative effect of a miRNA on the pathway, as medi-
ated by the individual probed target. Next, to describe
the cumulative effect of a miRNA on the whole pathway,
normalising by the number of targets probed, we gener-
ated the Pathway Coregulatory (PC) score (Fig. 1C). The
distribution of PC scores is biased by the number of pro-
teins probed per pathway, as well as their putative role.
Indeed, for WNT/β-catenin, where we probed 7 activa-
tors and 7 repressors, results show a symmetric distribu-
tion between repressing and activating miRNAs. On the
contrary, for the other two pathways the imbalance
caused by probing fewer repressors is shown in a distri-
bution shifted toward repressive miRNA distributions
(Fig. 1D).
To robustly identify miRNAs able to regulate the path-

ways, we tested the PC scores calculated from our ex-
perimental data against randomly generated ones (Fig.
1E). miRNAs whose experimental PC score was signifi-
cantly different than randomly generated one were con-
sidered actual pathway regulators (Supplementary Table
5). Among the statistically significant regulating miR-
NAs, those with a positive experimental PC score were
considered activators of a pathway, whilst a negative ex-
perimental PC score identified pathway repressors. The
results of this analysis show that miRNAs regulating
more than one pathway have either a consistent repres-
sive or activating effect on all three pathways (Fig. 1F).
The only exceptions to this observed pattern are miR-
409-3p, (repressing WNT, while activating integrin and
c-Met) and miR-374b-3p (repressing WNT, activating

integrin). For each individual pathway, two thirds of the
miRNAs significantly negatively regulating it are coregu-
lating in the same direction at least one other pathway,
with 23 miRNAs regulating all three pathways. These re-
sults are similarly recapitulated for the positive regula-
tions of c-Met and integrin signalling pathways.
Interestingly, despite displaying the most symmetric dis-
tribution of PC scores, the WNT pathway returned the
lowest number of significantly upregulating miRNAs
(Fig. 1D and F).
Based on our PC score analysis, we concluded that

miRNAs regulating one pathway have the tendency to
concordantly regulate other interconnected pathways as
well. In turn, this hinted at their ability to affect pheno-
types even in the context of mild individual target regu-
lation. Thus, we next sought to validate the capacity of
these miRNAs to regulate phenotypes of TNBC by im-
pinging on the selected pathways.

miRNAs repress WNT/β-catenin and regulate proliferation
upon pathway activation
We initially focused on validating miRNAs regulating
the WNT/β-catenin signalling network where pathway
activity can be quantified based on transcriptional activ-
ity driven by TCF/LEF responsive elements. To test if
miRNAs identified as repressors are indeed able to re-
duce the pathway activity, we performed gain-of-
function experiment on MDA-MB-231 cells that
harbour a stably integrated reporter (i.e., Firefly lucifer-
ase) under the control of TCF/LEF responsive elements.
Here, six candidate miRNAs were tested: miR-103a-3p,
miR-193b-3p, miR-409-3p, miR-494-3p, miR-889-3p,
and miR-92b-3p. For all these miRNAs, the 3p arm of
the miRNA precursor is the guide miRNA according to
miRBase (v22), and as such they will be further indicated
without the -3p suffix. As a positive control, we used
iCRT-14 (inhibitor of Catenin Responsive Transcription-
14), a small molecule that inhibits the interaction be-
tween TCF/LEF and β-catenin, thus repressing tran-
scription dependent on the latter [39]. Luciferase activity
was evaluated 2 days after transfection with miRNAs
and 18 h after stimulation with recombinant WNT3a.
Compared to control conditions, miR-889 and miR-103a
did not alter reporter gene activity. In contrast, miR-
193b, − 409, − 494, and -92b significantly repressed the
reporter gene activity by 50% or more (Fig. 2A) indicat-
ing efficient suppression of the pathway. A similar level
of repression of reporter gene activity was observed
upon iCRT-14 treatment. This highlights the high accur-
acy of the PC score to predict miRNAs regulatory func-
tion on the pathway.
Cell cycle induction and proliferation are among the

main phenotypes dependent on the activation of the ca-
nonical WNT pathway. Thus, we asked whether the four
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miRNAs identified as repressors of the pathway could
regulate cell growth. We investigated the effect of miR-
NAs and chemical inhibition of the pathway in two

additional cell lines representing the same TNBC sub-
type [3]. MDA-MB-231, SUM-159, and HCC-1806 cells
were transfected with miRNA mimics and treated with

Fig. 2 Candidate miRNAs repress pathway activity and pathway-dependent growth. A. Stable isogenic Recombinant (SiR) MDA-MB-231 cells were
transfected with miRNA mimics or treated with iCRT-14. 30 h later cells were stimulated with recombinant WNT3a. 18 h later, FLuc and RLuc
activities were assayed. The effect of miRNAs and iCRT-14 are shown on normalized luciferase activity relative to respective negative controls.
Significance was calculated by one-sample, two-tailed t-test on three independent SiR clones. P-values ***≤ 0.0001, *** ≤ 0.001. B. MDA-MB-231,
SUM-159, and HCC-1806 cells were transfected with miRNA mimics, 5 hours later medium was changed and, where marked, pathways were
stimulated. 72 h post-transfection cells growth was evaluated by nuclei counts. The effect of miRNAs was compared to two negative miRNA
mimics. Each experiment was repeated in biological triplicate, with six technical replicates each. Growth reduction is represented in red and
growth induction in green. Corresponding full bar charts are shown in Supplementary Fig. 3 with statistics. C. MDA-MB-231, SUM-159, and HCC-
1806 cells were treated with compounds or vehicle controls in combination with pathway stimulations, where marked. 72 h later cell growth was
evaluated by nuclei counts. For every condition, the effect of treatments was compared to relative vehicle (DMSO for iCRT-14 and Capmatinib,
PBS for Erlotinib; BSA as vehicle control for all stimulations). Being a relative growth, a single control bar is shown in plots. Each experiment was
repeated in biological triplicate, with six technical replicates each. Significance was calculated by one-sample, two-tailed t-test. P-values **≤ 0.01,
*≤ 0.05. non-significant are not marked
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recombinant WNT3a. Three days after transfection,
their growth was compared to the one of controls by
counting nuclei as a proxy of proliferation. miR-193b
consistently repressed proliferation of all three cell lines,
both in WNT-stimulated and unstimulated conditions.
miR-494 mildly but significantly reduced cell growth
across all cell lines, while miR-409 displayed variable ef-
fects depending on the cell line and stimulation condi-
tions. Unexpectedly, miR-92b upregulated proliferation
(Fig. 2B and Supplementary Fig. 3 for full bar charts of
proliferation experiment). Chemical inhibition of the
pathway with iCRT14 strongly repressed proliferation of
MDA-MB-231 cells, both in stimulated and unstimu-
lated conditions. However, in the other two cell lines,
iCRT-14 treatment had no or little effect (Fig. 2C). Con-
sidering the different effects caused by iCRT-14 across
cell lines, we hypothesised that the three miRNAs could
affect proliferation via different pathways in HCC-1806
and in SUM-159 cells. Hence, we evaluated the effect of
these miRNAs on cell growth while stimulating c-Met
and its co-interacting partner EGFR with recombinant
HGF or EGF, respectively (Fig. 2B). Additionally, we per-
formed chemical inhibition of downstream signalling by
treating cells with Capmatinib or Erlotinib (Fig. 2C). The
only miRNA retaining growth suppressive capabilities
regardless of cell line or stimulation was miR-193b, with
the exception of HGF-treated HCC-1806 (Fig. 2B). How-
ever, chemical inhibition of c-Met and EGFR signalling
pathways did not cause similar effects in any cell line, re-
gardless of stimulation conditions (Fig. 2C and Supple-
mentary Fig. 4).
Concluding, we validated the effect of three miRNAs

as repressors of WNT/β-catenin signalling pathway, as
well as their ability to suppress cell growth. One of the
three miRNAs, miR-193b, displayed a strong phenotype
which was not recapitulated by individual pathway sup-
pression with chemical inhibitors. Therefore, we
hypothesised that miR-193b functions by coordinate re-
pression of the protein network and proceeded to inves-
tigate further phenotypes downstream of WNT/β-
catenin and c-Met pathways.

miR-193b induces apoptosis and represses migration and
stem-like features of TNBC cell lines
Thus, we next addressed whether miR-193b is capable
of regulating apoptosis. As hypothesised, miR-193b in-
creased apoptosis significantly between 10- and 20-fold
compared to negative controls. This was evident not
only in unstimulated cells, but also when WNT and c-
Met pathways were stimulated (Fig. 3A). Conversely,
none of the chemical inhibitors induced apoptosis to a
similar extent (Fig. 3B). Indeed, only Capmatinib treat-
ment upon HGF stimulation caused a statistically signifi-
cant increase in apoptosis. However, the drug-

mediated effect was only minor, compared to the effect
caused by miR-193b (Fig. 3A and B).
The ability of miR-193b to reduce expression of mul-

tiple targets within the integrin pathway, including FAK,
PAK, and Paxillin, hinted at a function for the miRNA
to additionally affect cell motility. Thus, we next tested
the effect of miR-193b on migration of MDA-MB-231.
Serum-starved cells were transferred in the upper cham-
ber of a transwell system 72 h after miRNA overexpres-
sion and were allowed to migrate for 20 h toward
serum-containing medium. Migrated cells were quanti-
fied by nuclei count and normalised for seeding differ-
ences. miR-193b nearly abolished migration toward
serum, to a similar extent as cells treated with iCRT-14
(Fig. 3C).
Importantly, WNT pathway is strongly associated with

maintenance of stemness in diverse cellular contexts,
such as embryonic stem cells, intestinal adult cells, and
breast cancer [40, 41]. The stem-like population of cells
in breast cancer is characterised by high expression of
CD44 and low or no expression of CD24 (CD44+/
CD24-). Thus, we tested by Fluorescence Activated Cell
Sorting (FACS) the expression of these two surface
markers 4 days post-transfection of miR-193b or chem-
ical inhibition of the pathway. Both treatments signifi-
cantly reduced the stem-like population (CD44+/CD24-)
(Fig. 3D). However, analysis of the individual markers
showed that miR-193b affected predominantly the ex-
pression of CD44, significantly increasing the population
of CD44- cells compared to a miRNA mimic control.
Oppositely, iCRT-14 treatment did only mildly affect the
CD44 expressing population, rather increased the
CD24+ cell population (Fig. 3E).
Hence, we demonstrated that miR-193b overexpres-

sion in vitro limits not only proliferation, but also add-
itional phenotypes linked with TNBC metastatic traits.
Importantly, some of these phenotypes were not recapit-
ulated by individual pathway inhibition, indicating how
miR-193b coordinately regulates multiple signalling
pathways collectively driving aggressive cancer pheno-
types. To further validate the importance of miR-193b in
the context of TNBC, we next analysed miRNA expres-
sion data derived from BC patients.

In TNBC patients, miR-193b has lower expression and
regulates WNT/β-catenin and c-Met signalling pathways
Considering miR-193b capabilities in repressing pheno-
types associated with aggressiveness in cell models of
TNBC, we hypothesised that its expression should be
lower in those BC subtypes which are characterised by
worse clinical prognosis. Therefore, we analysed miR-
193b expression in two independent datasets of breast
cancer patients (TCGA BRCA and METABRIC) [25, 31,
32] stratifying them by histological status or by PAM50
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classifier. In both datasets miR-193b expression was sig-
nificantly lower in patients of TNBC subtype (Fig. 4A).
Similarly, miR-193b was significantly less expressed in
patients classified as Basal by PAM50 signature com-
pared to the other three subtypes (Fig. 4B). Hence,
employing two different stratification methods, we dem-
onstrate that miR-193b has a lower expression in the BC
subtypes characterised by worse prognosis [1–4].
To consolidate the functional role of miR-193b as a re-

pressor of the pathways of interest, we performed a gene
set enrichment analysis (GSEA) on patients’ gene ex-
pression data from the TCGA BRCA dataset. First, we
selected TNBC patients by their histological status.
Then, we correlated miR-193b expression with that of
all genes expressed, ranking them from highest to lowest
by spearman correlation coefficient. Then, we compiled
four lists of genes based on Biocarta (c-Met and in-
tegrin signalling), and KEGG (positive and negative
regulators of WNT/β-catenin signalling). GSEA indi-
cated that genes encoding for negative regulators of
WNT/β-catenin were enriched among the positively
correlating genes (Fig. 4C, first plot). Conversely, sig-
natures of positive regulators of WNT (Fig. 4C, sec-
ond plot) and c-Met signalling (Fig. 4C, third plot)
were enriched among the negatively correlated genes.
The same trend was observed for the integrin signal-
ling pathway, albeit not reaching significance (Fig. 4C,
fourth plot). Hence, these results further support the
role of miR-193b as a regulator of the investigated
pathways in TNBC patients.
In conclusion, analysing two independent datasets

we have shown that miR-193b expression is the low-
est in patients diagnosed with the most aggressive
subtypes of breast cancer indicating its tumor-
suppressive function. Importantly, we confirmed in
patient data the correlation between miR-193b and
the expression of genes belonging to two of our path-
ways of interest, WNT/β-catenin and c-Met signalling
pathways. Therefore, we concluded that miR-193b is

a master regulator of these pathways with patho-
logical relevance in TNBC.

Discussion
Here we aimed to identify miRNAs which are able to
regulate c-Met, integrin, and WNT/β-catenin signalling
pathways, thus coordinately controlling phenotypes asso-
ciated with aggressive traits in TNBC, such as growth,
migration, and stem-like features. The effect of miRNAs
on the proteins belonging to these three pathways was
analysed using a targeted proteomic approach, RPPA.
Selecting a very stringent statistical threshold, miRNAs
were scored for their putative effect on the selected
pathways. The validity of the Pathway Coregulatory (PC)
score was demonstrated by a marked downregulation of
WNT pathway activity by four out of six miRNAs tested
with negative PC scores for WNT. Then, we charac-
terised one of the top-scoring miRNAs, miR-193b, dem-
onstrating its ability to regulate the signalling pathways
in TNBC patients’ datasets and in vitro phenotypes
dependent on their activity (Fig. 4D).
The proteomics approach we employed addresses the

function of miRNAs at the protein rather than mRNA
expression level. In the context of ER+ breast cancer,
mass spectrometry (MS) coupled with iTRAQ (isobaric
tag for relative and absolute quantification) has previ-
ously been exploited to identify the targets of miR-193b
at the protein level in an unbiased fashion [42]. Gene ex-
pression analysis upon miR-193b overexpression showed
that only a minority (13%) of the proteins identified had
a matched repression of its cognate mRNA [42]. This
highlights the importance of considering proteins as they
are the functional effectors of signalling pathways and
their respectively regulated phenotypes. To overcome
the limitations of MS in throughput regarding the num-
ber of miRNAs to be investigated, we employed RPPA in
this study. We undertook a bootstrap analysis pipeline
to quantify effects on pathways and proved that the sig-
nificant coregulatory effects were greater than random

(See figure on previous page.)
Fig. 3 miR-193b regulates apoptosis, migration, and stemness in TNBC cell lines. A and B – MDA-MB-231 cells were treated and 72 h later
apoptosis was evaluated by Propodium Iodide positive nuclei. For each condition, the effect of treatments was quantified relative to respective
controls. Unstimulated conditions represent BSA-containing media to the same final concentration present in stimulation conditions, where it was
used as carrier protein. AThe effect of miR-193b was compared to two negative miRNA mimics. B The effect of inhibitors was compared to the
respective vehicle controls. Each experiment was repeated in biological triplicate, with six technical replicates each. Significance was calculated by
two-tailed t-tests (one-sample for chemical inhibitors, unpaired for miRNA OE). P-values ***≤ 0.001, ** ≤ 0.01, *≤ 0.05. non-significant are not
marked. C. Serum-starved MDA-MB-231 cells overexpressing miR-193b or treated with iCRT-14 were seeded in the upper compartment of a
transwell system, with serum in the lower chamber as chemoattractant. 20 h later, migration relative to controls was evaluated by nuclei counts.
The effect of miR-193b was tested against miRNA mimic negative control #2 (top), and the effect of iCRT-14 against its vehicle, DMSO (bottom).
The experiment was repeated in biological triplicate with three technical replicates each. Significance was calculated by one-sample, two-tailed t-
test. P-values ****≤ 0.0001. D and E – FACS analysis of CD24 and CD44 surface marker expression in MDA-MB-231 cells 96 h post-transfection
with miR-193b or iCRT-14 treatment, compared to respective controls. The experiment was repeated in six biological replicates, with two
technical replicates each. Significance was calculated by paired, two-tailed t-test. P-values indicated on each graph. P-values ***≤ 0.001, ** ≤ 0.01,
*≤ 0.05. non-significant are not marked. D For each condition, the percentage of cells gated as CD44 positive and CD24 negative (stem-like
population) is plotted. E For each condition, the percentage of cells gated as CD44 negative (left bars) or CD24 positive (right bars) are plotted
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ones, thus overcoming the biases of this targeted ap-
proach. While this does not exclude the possibility that
the calculated PC scores are still biased due to the selec-
tion of probed proteins, the benchmarking analysis of
negative regulators of the WNT pathway demonstrates
the validity of our setup. Our analysis of multiple path-
ways showed that miRNAs negatively regulating one
tended to have the same function also on neighbouring
pathways, thus supporting the concept that miRNAs can
effectively regulate complex phenotypes even if their ef-
fects are rather mild at the single-target level.
Following our HTS and PC score analysis, we

employed a quantitative method to validate the effects
of candidate miRNAs. Exploiting a widely employed
assay to assess WNT/β-catenin signalling pathway ac-
tivity, we selected six miRNAs according to two cri-
teria: a) they were identified as repressors of WNT
pathway in our PC score analysis, b) they had to be
expressed the TCGA dataset, with a minimum aver-
age of 10 FPM (fragments per million mapped reads)
in TNBC patients. Thus, our approach initially filtered
for miRNAs functionally relevant for the regulation of
WNT/β-catenin and potentially introduced a bias in
candidate selection. However, we support this choice
by showing that, with the exception of apoptosis in-
duction, all the phenotypes we investigated are af-
fected also by iCRT-14, a chemical inhibitor of the
WNT pathway. Therefore, it is possible that the
choice of initially curbing our list of miRNAs of
interest with the WNT reporter assay allowed us to
identify such a strong miRNA candidate.
The role of the miRNome specifically on the WNT/β-

catenin signalling pathway had been previously studied
by Anton and colleagues upon transfecting individual
miRNAs in HEK293T cells together with a TOP/Flash
reporter [43]. The list of miRNAs repressing WNT/β-ca-
tenin signalling in our screen was thus compared with
the miRNAs assayed in this published screen: four miR-
NAs were concordantly present in both lists - miR-193b,
miR-409, and miR-28 were all described as mild

repressors of the reporter gene. On the other hand, miR-
181d was characterized as activator of the reporter gene
in HEK293Ts. On the contrary, in our PC score analysis
all four have been characterised as negative regulators.
However, in our experimental validation in MDA-MB-
231, only miR-193b and miR-409 downregulated the re-
porter response, whilst neither miR-28 nor miR-181d
could regulate reporter gene expression (unpublished
data). Some experimental differences could partially ex-
plain the results: e.g. Anton and colleagues transfected
miRNA mimics at 40 nM, possibly rendering the screen-
ing more prone to off-target and indirect effects when
compared to the 25 nM concentration used in our RPPA
screening. Nevertheless, biological differences could also
explain these divergent results: within a cell system, the
presence or absence of specific transcripts, as well as
their abundance can deeply affect the role of a miRNA.
Therefore, while supporting some of our findings, the
screening from Anton and colleagues emphasizes that
the effect of miRNAs should be considered in the con-
text of cell and tissue types.
The capacity of miR-193b to concordantly regulate

several pathways is of high importance, particularly
when compared to the effects we observed with chem-
ical inhibitors of the individual pathways, showing that
by targeting at multiple levels, a miRNA exerts a stron-
ger functional output than individual pathway inhibition.
The ability of miR-193b to target different pathways and
thus coordinately regulate a phenotype is exemplified by
the fact that the other two tested cell lines (HCC-1806
and SUM-159) do not respond to inhibition of WNT
pathway to the same extent as MDA-MB-231. Thus,
their proliferation is not dependent on this pathway.
Nevertheless, miR-193b strongly repressed proliferation
also in these cell lines indicating alternative mechanisms
of action.
Analysis of miR-193b abundance in two independent

datasets of BC identified that it is less expressed in more
aggressive subtypes, whether classified by histological
conditions (TNBC) or molecular characteristics (Basal)

(See figure on previous page.)
Fig. 4 miR-193b expression in BRCA patients is associated with aggressiveness and gene sets of signalling pathways of interest. A and B – Violin
plots of miR-193b expression in two BRCA datasets. Dashed and dotted lines within violins represent the median and quartiles of the
distributions. Within each dataset, the number of patients belonging to the TNBC or non-TNBC classification are written in parentheses at the x-
axes. Statistical significance was calculated using two-tailed, unpaired t-test. Statistical significance is indicated above comparisons: p-values by
asterisks ****≤ 0.0001, ***≤ 0.001, ** ≤ 0.01, *≤ 0.05, ns = not significant. A miR-193b expression stratifying patients by receptor expression status
in TCGA (left) and METABRIC (right) datasets. B miR-193b expression in two BRCA datasets stratifying patients by PAM50 classification into Basal,
Her2, Luminal A (LumA), and Luminal B (LumB). C. Gene Set Enrichment Analysis of gene lists for positive and negative regulators of WNT
signalling (blue box), c-Met signalling (purple box), and integrin signalling (orange box). Normalized enrichment scores (NES) and statistical
significance by false discovery rates (FDR) are indicated below every signature. D Effect of miR-193b on the three signalling pathways, integrated
according to their KEGG maps with downstream phenotypes. Target proteins probed in the HTS are shaded in lilac or pale yellow when they are
repressors or activators of the pathways, respectively. miR-193b repressive or activating effect on the pathways is represented by a box around
the proteins significantly regulated, of red or green colour, respectively. The chemical inhibitors’ activities are highlighted in blue (iCRT-14), purple
(Capmatinib), and green (Erlotinib)
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(Fig. 4A and B). This indicates that, at least in the con-
text of BC, miR-193b acts as putative tumour suppres-
sor. Nevertheless, its range of expression across all
subtypes is wide, indicating that it is not necessarily a
driver of aggressiveness.
Our key finding is the capacity of miR-193b to regu-

late WNT/β-catenin and c-Met pathway in TNBC, both
in vitro and in gene expression signatures derived from
patients. Previous findings had circumscribed the role of
miR-193b as a repressor of individual targets in TNBC,
such as its ability to individually downregulate
urokinase-type plasminogen activator (uPA) [44], or
dimethylarginine dimethylaminohydrolase 1 (DDAH1)
[45]. However, possibly pursuing a more physiological
avenue, we present the concept that miR-193b exerts its
function as tumour suppressor by coordinately regulat-
ing entire pathways that are relevant for the acquisition
and maintenance of aggressive features. Supported by lit-
erature, we recapitulate its effect on growth and migra-
tion previously identified [44, 45], and we further
characterised its function on apoptosis induction and re-
pression of stem-cell like features, such as the expression
of CD24 and CD44 surface markers. Chemical inhibition
of WNT pathway via iCRT-14 treatment mimics some
of these phenotypes, supporting the idea that they are
indeed regulated by WNT pathway. However, based on
the discrepancies seen in the response to miRNAs and
to chemical inhibition of WNT/β-catenin signalling in
the three cell lines assayed, we hypothesize: a) that miR-
NAs regulate proliferation by affecting multiple path-
ways, and b) that the proliferation of different cell lines,
also riddled by their particular mutation statuses, might
depend on different pathways. Thus, we speculate that
the same principles apply in vivo as well: miR-193b
could have a broad tumour-suppressive function in a
heterogeneous patient population thanks to its strong re-
pressive effect on multiple oncogenic pathways.
The WNT/β-catenin signalling pathway has recently

gained attention for its effects on TNBC, despite absence
of recurrent β-catenin mutations or classical genetic le-
sions associated with this pathway’s overactivation, such
as APC loss in colorectal cancer [46]. Additionally, the
pathway was shown to be activated in Basal-like breast
cancers (akin to TNBC) where it was associated with
worse prognosis [47]. In another study, TNBC patients
with a WNT-dependent gene expression signature pre-
sented higher rates of lung and brain metastases [48]. At
present, the causative role for enhanced activation of
WNT/β-catenin signalling has not yet been pinned down
to either a common mutation or genomic alteration. It is
thus tempting to speculate that its regulation could in
part be mediated by miR-193b that we, and others, have
found expressed at lower levels in TNBC in patients’ de-
rived gene expression profiles. Additionally, the ability of

miR-193b to repress multiple pathways and its reduced
expression in TNBC could explain those findings that
show how TNBC outcome depends on a combination of
deregulated pathways, such as Wnt/β-catenin, c-Met,
and CXCL12/CXCR4 [49] [44]. Importantly, a recent
study identified a functional link between these three
pathways, showing how c-Met and integrin-β1 induce
Wnt pathway activation and specific metastatic tissue
tropisms [50]. Taken together, this renders re-activation
of expression of miR-193b to suppress these intercon-
nected oncogenic pathways an attractive therapeutic ap-
proach for TNBC.

Conclusions
In summary, we developed a new network analysis to
unravel miRNAs’ functional relevance on signalling
pathways regulating metastatic traits in TNBC. Focusing
on WNT/β-catenin, c-Met, and integrin pathways, we
identified 23 miRNAs able to repress them in a coordi-
nated fashion. We broadly validated across TNBC cell
lines the phenotypic effects of our top candidate, miR-
193b-3p. We demonstrated that miR-193b affects phe-
notypes differently than chemical inhibitors of individual
pathways, proving its ability to target them at multiple
levels. Ultimately, we showed how TNBC and Basal pa-
tients display the lowest miR-193b expression, thus
highlighting a potential mechanism that this tumour
type employs to activate pro-metastatic signalling
pathways.
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Additional file 1. R code in html format employed for the PC score
generation and subsequent bootstrap analysis.

Additional file 2 Supplementary Fig. 1. Quantifying effects of miRNAs
library overexpression on individual targets. Violin plots of all significant
(q≤ 0.001) positive or negative log2FCs computed by limma testing, for
each individual protein assayed. Proteins are ranked by average negative
log2FC. p21-Rac, and SHP-2 are displayed at the end of the distribution
since they are not significantly upregulated by any miRNA. Within each
violin, dashed lines represent the medians and dotted lines represent the
quartiles of the distributions. Horizontal red and blue lines represent the
averages and medians, respectively, computed from the whole HTS. Sup-
plementary Fig. 2. Addressing biological features of transcript regulat-
ing protein expression patterns. A. Effect of miRNAs on selected targets is
represented in three volcano plots. The log2 fold change of protein ex-
pression compared to control miRNA mimics is plotted on the x-axes, q-
values (in log10) are plotted on the y-axes. Red horizontal lines identify
the q-value cutoff used for the downstream analyses (q ≤ 0.001), vertical
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dotted lines represent for each target the minimum log2FC at which the
cutoff was passed. Statistically significant interactions are in purple
(downregulations) or green (upregulations). The three targets displayed
are Low-density lipoprotein receptor-related protein 6 (LRP6) (left panel),
EGF receptor (EGFR) (middle), and p27/Kip (right). B. Effect of mRNA
3’UTR sizes on miRNA-mediated regulation. For each target assayed, the
length of the 3’UTR of the cognate mRNAs is extracted from MDA-MB-
231 sequencing data. Sizes of 3’UTRs on the x-axes (in nucleotides – nt.)
are then plotted against the number of miRNAs significantly downregu-
lating (left panel) or upregulating (right panel) the expression of the tar-
get proteins by at least an absolute value of 0.5 log2FC. For each
distribution, Pearson r is computed and in both cases the p-value does
not indicate a significant correlation. Supplementary Fig. 3. Candidate
miRNAs effect on cell growth. Data represented in main Fig. 2B is repre-
sented here as a bar chart to allow for individual value and statistically
significance inspection. MDA-MB-231, SUM-159, and HCC-1806 cells were
transfected with miRNA mimics, 5 hours later medium was changed and,
where marked, pathways were stimulated. 72 h post-transfection cells
growth was evaluated by nuclei counts. The effect of miRNAs was com-
pared to two negative miRNA mimics. Each experiment was repeated in
biological triplicate, with six technical replicates each. Significance was
calculated by one-sample, two-tailed t-test. P-values **** ≤ 0.0001, *** ≤
0.001, ** ≤ 0.01, * ≤ 0.05. non-significant are not marked. Supplementary
Fig. 4. Chemical inhibition of the pathway with reciprocal stimulations. A
– C – MDA-MB-231, SUM-159, and HCC-1806 cells were treated with
compounds or vehicle controls in combination with pathway stimula-
tions, where marked. 72 h later cells growth was evaluated by nuclei
counts. For each condition, the effect of treatments was quantified rela-
tive to respective controls. The effect of treatments is compared to rela-
tive vehicle (DMSO for Capmatinib, PBS for Erlotinib; BSA as stimulation
control). Being a relative growth, a single control bar is shown in plots.
Each experiment was repeated in biological triplicate, with six technical
replicates each. Significance was calculated by one-sample, two-tailed t-
test. P-values * ≤ 0.05. non-significant are not marked.

Additional file 3 Supplementary Table 1. List of target proteins
assayed by RPPA, together with identifiers for the protein (UniProtKB),
protein names abbreviations, and identifiers of the cognate transcript
genes (HUGO Gene ID, Entrez Gene ID, ENSEMBL Gene ID), as well as
information regarding the antibodies used in RPPA (Company, Antibody
ID, experimental notes). Supplementary Table 2. Results of the limma
test on RPPA HTS data. Columns B to BK display corrected p-values and
columns BN to DW display log2 fold changes computed comparing the
effect of miRNAs to the negative controls of the same transfection round.
Data is displayed for all the 62 proteins investigated by RPPA.
Supplementary Table 3. Results of enrichment analysis of predicted
interactions in experimental results of RPPA HTS. P-values are marked in
green when statistically significant < 0.05. Enrichment is divided into Tar-
getScan conserved (TS Cons), TargetScan non-conserved (TS NC), and
microCosm Target (MCT). Supplementary Table 4. List of target pro-
teins and respective associated pathway(s). Literature review was done to
define the putative effect of the target on the associated pathway(s).
Supplementary Table 5. After bootstrapping test, miRNAs are consid-
ered as repressors of the pathway(s) (− 1, green field) or activators of the
pathway(s) (1, red field). The table lists all 722 miRNAs that had at least
one statistically significant interaction with one target protein. Supple-
mentary Table 6. Gene sets used for GSEA investigating the relationship
of miR-193b and the WNT pathway. The positive and negative geneset
were generated as subset of the KEGG_WNT_SIGNALING_PATHWAY gen-
eset based on the established function of the encoded proteins within
the pathway. Supplementary Table 7. Refering to reveiwer 1 concerns:
ENCORI database (previously known as StarBase, http://starbase.sysu.e-
du.cn/index.php) results for miR-193b-3p for targets probed in the RPPA
HTS. Narrow and broad sites of binding from the experimental data are
shown, together with the number of CLIP experiments reporting the
binding (ClipExpNum). RBP column indicates which Argonaute protein
have been immunoprecipitated in the experiments listed. The columns of
prediction algorithm show whether the discovered binding site is also
predicted. The column of pathways associated to our network analysis
was added to indicate, of the targets selected, to which pathway they
were assigned.Supplementary Table 7 - refering to reveiwer 1 concerns:

ENCORI database (previously known as StarBase, http://starbase.sysu.e-
du.cn/index.php) results for miR-193b-3p for targets probed in the RPPA
HTS. Narrow and broad sites of binding from the experimental data are
shown, together with the number of CLIP experiments reporting the
binding (ClipExpNum). RBP column indicates which Argonaute protein
have been immunoprecipitated in the experiments listed. The columns of
prediction algorithm show whether the discovered binding site is also
predicted. The column of pathways associated to our network analysis
was added to indicate, of the targets selected, to which pathway they
were assigned.

Acknowledgments
We thank Angelika Wörner, Corinna Becki, and Daniela Heiss (Molecular
Genome Analysis, DKFZ) for excellent technical support, Rita Schatten and
Birgit Kaiser (Genomics and Proteomics Core faciities, DKFZ) for experimental
services, and the Microscopy and FACS core facilities for providing
instruments and technical assistance. We thank Sven Diederichs (DKFZ,
Heidelberg) for discussions and Edward W. Roberts (CRUK Beatson Institute)
for constructive feedback during manuscript preparation. The results shown
here are in part based upon data generated by the TCGA Research Network:
https://www.cancer.gov/tcga.

Authors’ contributions
Following the (CRediT statement) - CG: Conceptualization, Methodology,
Investigation, Formal Analysis, Data Curation, Visualization, Writing - Original
Draft, Writing - Review & Editing, Project Administration. JJ: Validation,
Investigation, Formal Analysis. AW: Software, Formal Analysis. SI: Software,
Formal Analysis. RW: Resources, Methodology. SU: Resources. HM: Resources.
OS: Resources, Conceptualization. YY: Supervision, Funding acquisition. TB:
Supervision. UK: Supervision, Methodology. CK: Conceptualization,
Supervision, Formal Analysis, Visualization, Writing - Review & Editing. SW:
Conceptualization, Supervision, Funding acquisition, Writing - Review &
Editing. The author(s) read and approved the final manuscript.

Funding
This work was supported by the Landesstiftung Baden-Württemberg
(BWST_NCRNA_035) and the German Federal Ministry of Education and Re-
search (e:Med FKZ:031A429). C.G. was supported by a doctoral fellowship of
the German–Israeli Helmholtz Research School in Cancer Biology. The fund-
ing bodies played no role in the design of the study and collection, analysis,
and interpretation of data and in writing the manuscript.

Availability of data and materials
The RPPA HTS dataset supporting the conclusions of this article is included
within the article in the supplementary table section. The results shown in
Fig. 4 are based on data generated by The Cancer Genome Atlas (TCGA)
Research Network and by the Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
All the authors declare that they have no competing interests.

Author details
1Division of Molecular Genome Analysis, German Cancer Research Center
(DKFZ), Heidelberg, Germany. 2Present address: CRUK Beatson Institute,
Bearsden, Glasgow, UK. 3Medical Bioinformatics, University Medical Center
Göttingen, Göttingen, Germany. 4Division of Applied Bioinformatics, German
Cancer Research Center (DKFZ), Heidelberg, Germany. 5Genomics and
Proteomics Core Facility, German Cancer Research Center (DKFZ), Heidelberg,
Germany. 6Present address: Department of Drug Discovery and Biomedical
Sciences, University of South Carolina, Columbia, SC, USA. 7Department of
Biological Regulation, Weizmann Institute of Science, Rehovot, Israel.

Giacomelli et al. BMC Cancer         (2021) 21:1296 Page 17 of 19

https://www.cancer.gov/tcga
https://onlinelibrary.wiley.com/doi/abs/10.1002/leap.1210


Received: 27 July 2021 Accepted: 2 November 2021

References
1. Female Breast Cancer Subtypes - Cancer Stat Facts [Internet]. SEER. [cited

2021 Jul 19]. Available from: https://seer.cancer.gov/statfacts/html/breast-
subtypes.html

2. Weigelt B, Peterse JL, van ‘t Veer LJ. Breast cancer metastasis: markers and
models. Nat Rev Cancer. 2005;5:591–602.

3. Lehmann BD, Jovanovic B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al.
Refinement of Triple-Negative Breast Cancer Molecular Subtypes:
Implications for Neoadjuvant Chemotherapy Selection. PLoS One. 2016;11:
e0157368.

4. Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH,
et al. Metastatic behavior of breast cancer subtypes. J Clin Oncol. 2010;
28:3271–7.

5. Liedtke C, Mazouni C, Hess KR, Andre F, Tordai A, Mejia JA, et al. Response
to neoadjuvant therapy and long-term survival in patients with triple-
negative breast cancer. J Clin Oncol. 2008;26:1275–81.

6. Baek D, Villen J, Shin C, Camargo FD, Gygi SP, Bartel DP. The impact of
microRNAs on protein output. Nature. 2008;455:64–71.

7. Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N.
Widespread changes in protein synthesis induced by microRNAs. Nature.
2008;455:58–63.

8. Bracken CP, Scott HS, Goodall GJ. A network-biology perspective of
microRNA function and dysfunction in cancer. Nat Rev Genet. 2016;17:719–
32.

9. Uhlmann S, Mannsperger H, Zhang JD, Horvat EA, Schmidt C, Kublbeck M,
et al. Global microRNA level regulation of EGFR-driven cell-cycle protein
network in breast cancer. Mol Syst Biol. 2012;8:570.

10. Bracken CP, Li X, Wright JA, Lawrence DM, Pillman KA, Salmanidis M, et al.
Genome-wide identification of miR-200 targets reveals a regulatory network
controlling cell invasion. EMBO J. 2014;33(18):2040–56. https://doi.org/10.152
52/embj.201488641.

11. Tan CL, Plotkin JL, Veno MT, von Schimmelmann M, Feinberg P, Mann S,
et al. MicroRNA-128 governs neuronal excitability and motor behavior in
mice. Science. 2013;342:1254–8.

12. Inui M, Martello G, Piccolo S. MicroRNA control of signal transduction. Nat
Rev Mol Cell Biol. 2010;11:252–63.

13. Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al.
Identification of human triple-negative breast cancer subtypes and
preclinical models for selection of targeted therapies. J Clin Invest. 2011;121:
2750–67.

14. Castro F, Dirks WG, Fähnrich S, Hotz-Wagenblatt A, Pawlita M, Schmitt M.
High-throughput SNP-based authentication of human cell lines. Int J
Cancer. 2013;132(2):308–14. https://doi.org/10.1002/ijc.27675.

15. Golan-Lavi R, Giacomelli C, Fuks G, Zeisel A, Sonntag J, Sinha S, et al.
Coordinated Pulses of mRNA and of Protein Translation or Degradation
Produce EGF-Induced Protein Bursts. Cell Rep. 2017;18:3129–42.

16. Henjes F, Bender C, von der Heyde S, Braun L, Mannsperger HA, Schmidt C,
et al. Strong EGFR signaling in cell line models of ERBB2-amplified breast
cancer attenuates response towards ERBB2-targeting drugs. Oncogenesis.
2012;1(7):e16. https://doi.org/10.1038/oncsis.2012.16.

17. Loebke C, Sueltmann H, Schmidt C, Henjes F, Wiemann S, Poustka A, et al.
Infrared-based protein detection arrays for quantitative proteomics.
Proteomics. 2007;7:558–64.

18. von der Heyde S, Sonntag J, Kaschek D, Bender C, Bues J, Wachter A, et al.
RPPanalyzer toolbox: an improved R package for analysis of reverse phase
protein array data. Biotechniques. 2014;57:125–35.

19. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43:e47.

20. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate - a Practical
and Powerful Approach to Multiple Testing. J R Stat Soc Series B Methodol.
1995;57:289–300.

21. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target
sites in mammalian mRNAs. Elife. 2015;4:e05005 Available from: http://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4532895/pdf/elife05005.pdf.

22. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for
microRNA genomics. Nucleic Acids Res. 2008;36(suppl_1):D154–8.

23. Wittig-Blaich S, Wittig R, Schmidt S, Lyer S, Bewerunge-Hudler M, Gronert-
Sum S, et al. Systematic screening of isogenic cancer cells identifies DUSP6
as context-specific synthetic lethal target in melanoma. Oncotarget. 2017;
8(14):23760–74. https://doi.org/10.18632/oncotarget.15863.

24. The Cancer Genome Atlas Program - National Cancer Institute [Internet].
2018 [cited 2021 Jul 19]. Available from: https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga

25. Chu A, Robertson G, Brooks D, Mungall AJ, Birol I, Coope R, et al. Large-scale
profiling of microRNAs for the Cancer genome atlas. Nucleic Acids Res.
2016;44(1):e3. https://doi.org/10.1093/nar/gkv808.

26. GDC [Internet]. [cited 2021 Jul 19]. Available from: https://portal.gdc.cancer.
gov/

27. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al.
TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA
data. Nucleic Acids Res. 2016;44(8):e71. https://doi.org/10.1093/nar/gkv1507.

28. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA
sequences to function. Nucleic Acids Res. 2019;47(D1):D155–62. https://doi.
org/10.1093/nar/gky1141.

29. Ibing S, Michels BE, Mosdzien M, Meyer HR, Feuerbach L, Körner C. On the
impact of batch effect correction in TCGA isomiR expression data. NAR
Cancer. 2021;3(zcab007) [cited 2021 Apr 29]. Available from. https://doi.
org/10.1093/narcan/zcab007.

30. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The sva package for
removing batch effects and other unwanted variation in high-throughput
experiments. Bioinformatics. 2012;28(6):882–3. https://doi.org/10.1093/
bioinformatics/bts034.

31. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, et al. The
genomic and transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature. 2012;486:346–52.

32. Dvinge H, Git A, Graf S, Salmon-Divon M, Curtis C, Sottoriva A, et al. The
shaping and functional consequences of the microRNA landscape in breast
cancer. Nature. 2013;497:378–82.

33. METABRIC - EGA European Genome-Phenome Archive [Internet]. [cited
2021 Jul 19]. Available from: https://ega-archive.org/studies/EGA
S00000000083

34. METABRIC miRNA landscape - EGA European Genome-Phenome Archive
[Internet]. [cited 2021 Jul 19]. Available from: https://ega-archive.org/studies/
EGAS00000000122

35. Parker JS, Mullins M, Cheang MCU, Leung S, Voduc D, Vickery T, et al.
Supervised risk predictor of breast Cancer based on intrinsic subtypes. J Clin
Oncol. 2009;27(8):1160–7. https://doi.org/10.1200/JCO.2008.18.1370.

36. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci. 2005;
102(43):15545–50. https://doi.org/10.1073/pnas.0506580102.

37. Mootha VK, Lindgren CM, Eriksson K-F, Subramanian A, Sihag S, Lehar J,
et al. PGC-1α-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nat Genet. 2003;34(3):267–
73. https://doi.org/10.1038/ng1180.

38. Sun Z, Asmann YW, Kalari KR, Bot B, Eckel-Passow JE, Baker TR, et al.
Integrated analysis of gene expression, CpG Island methylation, and gene
copy number in breast Cancer cells by deep sequencing. PLoS One. 2011;
6(2):e17490. https://doi.org/10.1371/journal.pone.0017490.

39. Gonsalves FC, Klein K, Carson BB, Katz S, Ekas LA, Evans S, et al. An RNAi-
based chemical genetic screen identifies three small-molecule inhibitors of
the Wnt/wingless signaling pathway. Proc Natl Acad Sci U S A. 2011;108:
5954–63.

40. Nusse R. Wnt signaling and stem cell control. Cell Res. 2008;18(5):523–7.
https://doi.org/10.1038/cr.2008.47.

41. Valkenburg KC, Graveel CR, Zylstra-Diegel CR, Zhong Z, Williams BO. Wnt/β-
catenin signaling in Normal and Cancer stem cells. Cancers. 2011;3(2):2050–
79. https://doi.org/10.3390/cancers3022050.

42. Leivonen SK, Rokka A, Ostling P, Kohonen P, Corthals GL, Kallioniemi O,
et al. Identification of miR-193b targets in breast cancer cells and systems
biological analysis of their functional impact. Mol Cell Proteomics. 2011;10:
M110 005322.

43. Anton R, Chatterjee SS, Simundza J, Cowin P, Dasgupta R. A systematic
screen for micro-RNAs regulating the canonical Wnt pathway. PLoS One.
2011;6:e26257.

44. Li XF, Yan PJ, Shao ZM. Downregulation of miR-193b contributes to
enhance urokinase-type plasminogen activator (uPA) expression and tumor

Giacomelli et al. BMC Cancer         (2021) 21:1296 Page 18 of 19

https://seer.cancer.gov/statfacts/html/breast-subtypes.html
https://seer.cancer.gov/statfacts/html/breast-subtypes.html
https://doi.org/10.15252/embj.201488641
https://doi.org/10.15252/embj.201488641
https://doi.org/10.1002/ijc.27675
https://doi.org/10.1038/oncsis.2012.16
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4532895/pdf/elife05005.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4532895/pdf/elife05005.pdf
https://doi.org/10.18632/oncotarget.15863
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://doi.org/10.1093/nar/gkv808
https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://doi.org/10.1093/nar/gkv1507
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/narcan/zcab007
https://doi.org/10.1093/narcan/zcab007
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1093/bioinformatics/bts034
https://ega-archive.org/studies/EGAS00000000083
https://ega-archive.org/studies/EGAS00000000083
https://ega-archive.org/studies/EGAS00000000122
https://ega-archive.org/studies/EGAS00000000122
https://doi.org/10.1200/JCO.2008.18.1370
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/ng1180
https://doi.org/10.1371/journal.pone.0017490
https://doi.org/10.1038/cr.2008.47
https://doi.org/10.3390/cancers3022050


progression and invasion in human breast cancer. Oncogene. 2009;28:3937–
48.

45. Hulin J-A, Tommasi S, Elliot D, Hu DG, Lewis BC, Mangoni AA. MiR-193b
regulates breast cancer cell migration and vasculogenic mimicry by
targeting dimethylarginine dimethylaminohydrolase 1. Sci Rep. 2017;7(1):
13996. https://doi.org/10.1038/s41598-017-14454-1.

46. Geyer FC, Lacroix-Triki M, Savage K, Arnedos M, Lambros MB, MacKay A,
et al. beta-Catenin pathway activation in breast cancer is associated with
triple-negative phenotype but not with CTNNB1 mutation. Mod Pathol.
2011;24:209–31.

47. Khramtsov AI, Khramtsova GF, Tretiakova M, Huo D, Olopade OI, Goss KH.
Wnt/β-catenin pathway activation is enriched in basal-like breast cancers
and predicts poor outcome. Am J Pathol. 2010;176(6):2911–20. https://doi.
org/10.2353/ajpath.2010.091125.

48. Dey N, Barwick BG, Moreno CS, Ordanic-Kodani M, Chen Z, Oprea-Ilies G,
et al. Wnt signaling in triple negative breast cancer is associated with
metastasis. BMC Cancer. 2013;13:537.

49. Holland JD, Gyorffy B, Vogel R, Eckert K, Valenti G, Fang L, et al. Combined
Wnt/beta-catenin, Met, and CXCL12/CXCR4 signals characterize basal breast
cancer and predict disease outcome. Cell Rep. 2013;5:1214–27.

50. Lau D, Wadhwa H, Sudhir S, Chang AC-C, Jain S, Chandra A, et al. Role of c-
Met/β1 integrin complex in the metastatic cascade in breast cancer. JCI
Insight. 2021;6(12) [cited 2021 Jul 8]. Available from: https://insight.jci.org/a
rticles/view/138928.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Giacomelli et al. BMC Cancer         (2021) 21:1296 Page 19 of 19

https://doi.org/10.1038/s41598-017-14454-1
https://doi.org/10.2353/ajpath.2010.091125
https://doi.org/10.2353/ajpath.2010.091125
https://insight.jci.org/articles/view/138928
https://insight.jci.org/articles/view/138928

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	microRNA gain-of-function experiments
	Ectopic activation and inhibition of signalling pathways
	RPPA
	RPPA HTS data analysis
	Enrichment analyses
	Pathway Coregulatory score analysis
	Generation of isogenic recombinant cell lines for WNT pathway reporter assay
	WNT pathway reporter assay
	Proliferation and apoptosis assays
	Migration assay
	FACS analysis of CD24 and CD44 surface expression markers
	Patient data analysis from TCGA BRCA and METABRIC datasets
	Gene set enrichment analysis for TNBC patients

	Results
	miRNAs mildly regulate expression of proteins belonging to WNT/β-catenin, c-Met and integrin signalling
	miRNAs coordinately control multiple pathways
	miRNAs repress WNT/β-catenin and regulate proliferation upon pathway activation
	miR-193b induces apoptosis and represses migration and stem-like features of TNBC cell lines
	In TNBC patients, miR-193b has lower expression and regulates WNT/β-catenin and c-Met signalling pathways

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

