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Abstract: Epigenetic alterations that lead to differential expression of microRNAs (miRNAs/miR) are
known to regulate tumour cell states, epithelial–mesenchymal transition (EMT) and the progression
to metastasis in breast cancer. This study explores the key contribution of miRNA-18a in mediating a
hybrid E/M cell state that is pivotal to the malignant transformation and tumour progression in the
aggressive ER-negative subtype of breast cancer. The expression status and associated effects of miR-
18a were evaluated in patient-derived breast tumour samples in combination with gene expression
data from public datasets, and further validated in in vitro and in vivo breast cancer model systems.
The clinical relevance of the study findings was corroborated against human breast tumour specimens
(n = 446 patients). The down-regulated expression of miR-18a observed in ER-negative tumours was
found to drive the enrichment of hybrid epithelial/mesenchymal (E/M) cells with luminal attributes,
enhanced traits of migration, stemness, drug-resistance and immunosuppression. Further analysis
of the miR-18a targets highlighted possible hypoxia-inducible factor 1-alpha (HIF-1α)-mediated
signalling in these tumours. This is a foremost report that validates the dual role of miR-18a in breast
cancer that is subtype-specific based on hormone receptor expression. The study also features a
novel association of low miR-18a levels and subsequent enrichment of hybrid E/M cells, increased
migration and stemness in a subgroup of ER-negative tumours that may be attributed to HIF-1α
mediated signalling. The results highlight the possibility of stratifying the ER-negative disease into
clinically relevant groups by analysing miRNA signatures.

Keywords: microRNA-18a; epithelial–mesenchymal transition; ER-negative breast cancer; hybrid
E/M phenotype; chemoresistance; stem-like cells

1. Background

Estrogen Receptor (ER) is an important regulator of mammary growth and develop-
ment. Loss of ER function has been linked to the emergence of endocrine resistance and
poor prognosis in the ER-positive breast cancer [BC] subtype [1,2]. ER-negative breast
cancer is featured by the absence of ER expression and is associated with a poor prog-
nosis, aggressive disease, and early relapse in comparison to the ER-positive subtype [3].

Cells 2024, 13, 821. https://doi.org/10.3390/cells13100821 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells13100821
https://doi.org/10.3390/cells13100821
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-8119-4876
https://orcid.org/0000-0002-2215-9042
https://orcid.org/0000-0002-6631-2109
https://orcid.org/0000-0002-7311-7950
https://orcid.org/0000-0002-2269-3704
https://doi.org/10.3390/cells13100821
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells13100821?type=check_update&version=2


Cells 2024, 13, 821 2 of 24

Despite an initial response to chemotherapy, which is the main modality of treatment for
the ER-negative subtype, there is a high risk of recurrence and distant metastasis [4]. The
ER-negative subtype is also heterogeneous at the pathological, clinical and at the molecular
level with a mutational profile vastly distinct from other subtypes [5,6]. Epigenetic alter-
ations resulting in deviant gene expression profiles are also key contributors to the process
of tumour progression in ER-negative breast cancer [7].

Deregulated expression of small non-coding regulatory RNA molecules known as
microRNAs has been attributed to cause epigenetic alterations that can affect the process of
tumour progression [8]. miRNAs control the process of gene expression and are implicated
in the process of aggressive disease progression in ER-negative as well as in the triple
negative subtype of breast cancer [9,10]. miRNAs like miR-34 and miR-200 have also been
linked to the regulation of plasticity required for cells to transition between the various
phases of epithelial to mesenchymal transition (EMT) [11]. EMT drives tumour cells to
undergo transformations critical for migration, immune evasion, distant organ seeding and
eventually metastasis [12]. This plasticity enables the cells to shuttle between epithelial,
mesenchymal and the epithelial–mesenchymal hybrid (E/M hybrid) phenotypes and is
termed epithelial–mesenchymal plasticity (EMP). The E/M hybrid state consists of cells
that are highly tumorigenic and stem cell-like. In addition, they also possess features
of both epithelial and mesenchymal cells that enable collective cell migration, immune
evasion and higher tumour-initiating ability which are factors associated with poor clinical
prognosis [13].

miR-18a belongs to the miR-17-92 cluster and has been reported to play a key role in the
malignant progression of multiple cancer types including lung, gastric, cervical, prostate,
breast cancer and osteosarcoma [14]. miR-18a is also reported to have a multifaceted role in
tumour progression. It has been reported to promote cancer progression in non-small-cell
lung cancer, cervical cancer and prostate cancer. On the contrary, it has shown to play
tumour-suppressor roles in pancreatic and colorectal cancer [15]. We have previously
demonstrated that high levels of miR-18a promoted poor prognosis in ER-positive breast
cancer by activating Wnt signalling and bringing about actin remodelling and immune
suppression [16,17]. The high levels of miR-18a expression and its effect on prognosis and
drug resistance in triple negative breast cancers has been reported previously [18,19]. Here,
we report for the first time, a dual functional role of miR-18a in breast cancer that is subtype
specific and dependent on the expression status of hormone receptors. The study also sheds
light on the novel association of low miR-18a levels and the enrichment of hybrid E/M
cells that leads to phenotypic changes including that of increased migration and stemness
in a subgroup of ER-negative tumours.

2. Materials and Methods
2.1. Cell Lines, Culture and Transfection with miR-18a Synthetic Inhibitors

The cell line MDA-MB-468 was obtained from the National Centre for Cell Science
(Pune, Maharashtra, India) where cell authentication was performed using short tandem re-
peat profiling. MDA-MB-468 was cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% Foetal Bovine Serum (FBS)
(Himedia, Thane, Maharashtra, India). MDA-MB-231 was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). MDA-MB-453 (an ER-negative Her2
positive cell line) was obtained as a gift from Dr. Annapoorni Rangarajan, (Indian In-
stitute of Science, Bengaluru, Karnataka, India). For all experimental assays using cell
lines, a passage number below 20 was used and all cell lines were subjected to frequent
recharacterization by immunophenotyping and testing of mycoplasma.

microOFF™ miRNA inhibitor for miR-18a was purchased from Guangzhou RiboBio
Co., Ltd. (Science City, Guangzhou, China). hsa-miR-18a-5p antagomiR was purchased
from Shanghai GenePharma Co., Ltd. (Pudong New Area, Shanghai, China). The miR-
inhibitor/antagomiR was transfected into cultured MDA-MB-468, MDA-MB-231 and MDA-
MB-453 using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Waltham, MA,
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USA) according to the manufacturer’s protocol. Briefly, 1 × 105 cells were seeded in a
12-well plate in antibiotic free media with 10% FBS. The following day, microOFF™ miRNA
inhibitor/hsa-miR-18a-5p antagomiR (hsa-miR-18a-5p CUAUCUGCACUA GAUGCAC-
CUUA) were mixed with riboFECT™ CP Buffer. A nonspecific microOFF™ inhibitor
negative control (cel-miR-239b-5p MIMAT0000295 UUUGUACUACACAAAAGUACUG)
or antagomiR negative control was used as the scrambled or negative control. The final
concentration of the inhibitor/antagomiR and scrambled was 50–100 nM. To this complex,
3 µL Lipofectamine RNAiMAX (Invitrogen, USA) was added and incubated for 45 min at
room temperature (RT). The transfection complex was then added to the cells along with
antibiotic free media with 10% FBS and full distribution over the plate surface was ensured.
The cells were incubated for a period of 48–72 hours (h) before harvesting.

The cells after miR-18a inhibition will be referred to hereafter as MDA-MB-468/miR-
18a/inh, MDA-MB-231/miR-18a/inh and MDA-MB-453/miR-18a/inh and the cells trans-
fected with the negative control will be referred to as MDA-MB-468/miR-18a/cont, MDA-
MB-231/miR-18a/cont and MDA-MB-453/miR-18a/cont. The transfection efficiency was
evaluated by assessing the levels of the microRNA targets by Western blot and q-PCR after
48–72 h. For HIF-1α pathway inhibition, MDA-MB-468/miR-18a/inh cells were treated
with a small molecule inhibitor of HIF-1α; CAY10585 (Abcam, Cambridge, UK), 4 h after
transfection. After 72 h, cells were harvested for various assays.

2.2. Protein Expression Analysis by Western Blot

Post-transfection, the cellular protein expression was evaluated and densitometric
analysis was performed using quantity one software (Magellan 7.1 sp1-Bio-Rad, Her-
cules, CA, USA) as reported previously [20]. The list of antibodies used are listed in the
Supplementary Materials (Supplementary Table S1).

2.3. Immunophenotyping by Flow-Cytometry

Post-transfection, cells were trypsinised and, post-recovery, washed with PBS, fixed in
4% PFA for 10 min followed by permeabilisation in 0.2% Triton X-100 in PBS. Cells were
then incubated at RT for 1 h in primary antibodies for CD44 and CD24 at specific dilutions
(Supplementary Table S1) and then labelled with specific secondary antibodies. Cells were
then re-suspended in 600 µL of PBS and analysed using a FACSCalibur cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). The percentage of CD44high CD24low, CD44low

CD24high and CD44high CD24high expressing cells were analysed. Appropriate secondary
antibody controls were included for the analysis. The FL1-H channel was used to detect
CD44 and the FL2-H channel was used for the detection of CD24.

2.4. Dual Immunofluorescence

Cells were seeded on poly-L-lysine-coated coverslips and transfected as described
above. Immunofluorescence was performed as reported previously [20] by incubating
cells in primary antibodies anti-E-cadherin and anti-Vimentin overnight at 4 ◦C at specific
dilutions (Supplementary Table S1). This was followed by labelling with specific secondary
antibodies—Alexa Fluor® 488 Chicken Anti-Mouse IgG (H+L) for Anti-Vimentin and Alexa
Fluor 568 Donkey Anti-Rabbit IgG for anti-E-cadherin for 1 h at RT. The slide was then
mounted on gold antifade reagent with DAPI and examined under a fluorescent microscope
(Olympus BX51, Shinjuku, Tokyo, Japan).

2.5. Computational Analysis for Correlation with E/M Hybrid Score

The ER-negative tumours of the TCGA-PanCancer Atlas (n = 211) and the METABRIC
Nature 2012 and Nat Commun 2016 cohorts (n = 265) were segregated based on the
upper and lower quartiles of miR-18a expression. The TCGA series with n = 50 (miR-
18a/low) and n = 57 (miR-18a/high) tumours and the METABRIC series with n = 54 (miR-
18a/low) and n = 62 (miR-18a/high) tumours were used for further analysis. The clinico-
pathological features of the tumours used for the study are enlisted in Supplementary
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Tables S2 and S3. The TCGA data were accessed from the TCGA Research Network:
https://www.cancer.gov/tcga (accessed on 15 November 2020), and the METABRIC data
were accessed from the European Genome-phenome Archive [21]. We used four gene signa-
tures to score the individual patient samples to characterize their luminal, basal, epithelial
and mesenchymal characteristics. The gene lists for the luminal and basal signature were
obtained from a cumulative list of genes (Supplementary Table S4) listed from previously
published reports [22–26] and the gene lists for the epithelial and mesenchymal programs
were obtained from Tan et al., EMBO Mol. Med. 2014 [27]. To calculate the scores, we used
the ssGSEA algorithm [28] present as a part of the gseapy Python package(1.0.5).

2.6. Breast Tumour Specimens Used for Gene Expression Analysis

Tumour samples used for molecular analysis were obtained from surgically excised
breast tumour specimens from 446 patients enrolled prospectively at two tertiary-care
hospitals (St. John’s Medical College and Hospital and Rangadore Memorial Hospital)
in Bangalore, from June 2008 to February 2013. Informed consent for use of the material
for research was obtained from all patients and the study was approved by the IERB
(Institutional Ethics Review Board) at both hospitals (St. John’s Medical College and
Hospital (No. 62/2008) and Rangadore Memorial Hospital (RMHEC/02/2010)). Samples
were fixed in 10% neutral buffered formalin at RT and stored as formalin-fixed paraffin-
embedded (FFPE) blocks. From the set of treatment, naive tumour samples (n = 275),
ER-negative tumour blocks (n = 105) and ER-positive tumour blocks (n = 170) that met
quality control (QC) criteria for molecular analysis were used for mRNA and miRNA
expression analysis. The clinico-pathological features of the ER-negative tumours used for
the study are enlisted in Supplementary Table S5.

A set of tissue samples from surgically excised breast tumours with residual disease
post-neoadjuvant chemotherapy (NACT) including partial and non-responders (n = 54)
have also been used. All patients were treated with chemotherapy regimens that included
anthracyclines and/or taxanes. Of the 54 residual sections, 43 had adequate tissue for
further analysis. Of the 43, 24 qualified for miRNA expression analysis and 34 had sufficient
tissue for performing IHC. The clinico-pathological features of the tumours used for the
study are enlisted in Supplementary Table S6.

2.7. mRNA and miRNA Expression Analysis Using Quantitative PCR

Extraction of RNA, cDNA synthesis and q-PCR experiments were performed on
tumour specimens and cell line lysates as reported previously [20]. The primer sequences
for the genes tested are given in Supplementary Table S7. miRNA present in total RNA
was extracted and converted to cDNA using stem-loop primers specific for the chosen
miRNA as described previously [16]. miRNA-U48 was used as an endogenous control
for normalisation.

2.8. Analysis of Mutational Spectrum of Breast Tumours of the METABRIC Cohort

The ER-negative tumours of the METABRIC Nature 2012 and Nat Commun 2016
cohorts (n = 265) were segregated based on the upper and lower quartiles of miR-18a
expression into n = 54 (miR-18a/low) and n = 62 (miR-18a/high) tumours. The mutational
spectrum of cancer driver genes which were collected from the IntoGen database was
examined [29]. The deleterious variants with IMPACT ‘HIGH’ or ‘MODERATE’ were only
considered for the analysis. The genes were selected if mutated at least three times across
samples. Fisher’s exact test was performed to confirm the significance of the mutations
between the miR-18a/low and high tumour samples.

2.9. Analysis of Differentially Expressed Genes (DEGs) and Pathways in Breast Tumours of the
TCGA and METABRIC Series

The ER-negative tumours of the TCGA-PanCancer Atlas (n = 211) and the METABRIC
Nature 2012 and Nat Commun 2016 cohorts (n = 265) were segregated based on the

https://www.cancer.gov/tcga
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upper and lower quartiles of miR-18a expression as described above. Significant DEGs
between miR-18a/high and miR-18a/low groups were filtered based on absolute fold
change (FC) ≥ 2 and adjusted p ≤ 0.05. Gene ontology and pathway analysis of DEGs were
performed using the ToppGene suite [30]. The deregulated pathways derived from DEGs
were visualised using GOplot-r packages (1.0.2) [31].

2.10. Correlative Analysis of Published EMT Scores with miR-18a Expression in Breast Tumours of
the TCGA and METABRIC Series

The TCGA series with n = 50 (miR-18a/low) and n = 57 (miR-18a/high) tumours
and the METABRIC series with n = 54 (miR-18a/low) and n = 62 (miR-18a/high) tumours
were used for this analysis. A pan-cancer EMT signature derived from the patient–tumour
data of 11 different cancer types [32] was used for analysing the association with miR-18a.
Additionally, a core-gene list of 130 EMT-related genes derived from a meta-analysis of
10 GES datasets was also used for this analysis [33].

2.11. In Vitro Cell Migration—Wound Closure Assay

Cells were transfected as described above. Forty-eight hours after transfection of
cells, the media were replaced with low serum media (0.2% Foetal Bovine Serum) and
cells were allowed to rest for 6 h. A wound was generated, and images were captured
to mark the initiation time (0 h) and after 48 h. The migratory ability was quantified and
normalized by measuring the relative gap distance and compared between cells transfected
with microOFF™ miRNA inhibitor and negative control.

2.12. Immunohistochemistry of Residual Tumours to Evaluate Expression of Integrin β3

Tissue samples from surgically excised breast tumours with residual disease post-
neoadjuvant chemotherapy (NACT) including partial and non-responders (n = 34) were
used for immunohistochemistry. The primary antibody for integrin β3 was applied for
1 h at RT. Sections were further incubated with the secondary antibody (DAKO REALTM
EnVisionTM, Glostrup, Denmark) for 20 min at RT as per the kit instructions, followed by
development of the colour using DAB (DAKO REALTM EnVisionTM) for 10 min. Appro-
priate positive and negative controls were run for each batch. Staining patterns of integrin
β3 were evaluated by a pathologist (J.S.P). The protein expression analysis was performed
on post-NACT specimens of patients who had a partial response to chemotherapy where
the tumour specimens have more stromal component and less tumour. Hence, immunore-
activity of more than 1% of the residual tumour epithelial cells was considered as positive
expression for integrin β3.

2.13. Evaluation of Drug Cytotoxicity Using MTT

MDA-MB-468 cells were seeded (2 × 104) in 96-well microtiter plates and transfected
as described above. After 48 h, the medium was removed and replaced with 100 µL of
media with paclitaxel at various doses from 10 µM to 200 µM for 48 h.

MDA-MB-231 cells were transfected with ALDH1A1-DsRed2N1 plasmid using Lipo-
fectamine2000 as described previously [34]. The stably transfected cells were selected with
100 µg/mL Geneticin (G418) and sorted out in FACS Aria II to enrich CSCs, which were
then maintained (20 µg/mL of G418) for experimental purpose. These cells were obtained
as a gift from T.T.M. miR-18a was inhibited in these cells and the control (DsRed2N1)
cells using microOFF™ inhibitor and inhibitor negative control as described above. After
72 h, the medium was removed and replaced with 100 µL of media with paclitaxel at
various doses from 10 µM to 200 µM for 48 h. MTT assay was performed as reported
previously [20]. The selectivity index (SI) has been calculated according to a previously
reported publication [35].
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2.14. Generation of Mammospheres and Extreme Limiting Dilution Assay (ELDA) to
Assess Clonogenicity

Transfection was performed as described above and 72 h post-transfection, MDA-
MB-468/miR-18a/inh, MDA-MB-453/miR-18a/inh, MDA-MB-468/miR-18a/cont and
MDA-MB-453/miR-18a/cont cells were trypsinised and seeded to form spheres using
DMEM/F12 media supplemented with 20 ng/mL FGF and EGF along with insulin–
transferrin supplement in low adherent 12-well plates coated with Poly (2-hydroxyethyl
methacrylate). After 5 days, the first-generation spheres were serially propagated and re-
seeded to form second-generation spheres in low adherent 96-well plates by serial dilution.
Cells were seeded at a frequency of 1000, 500, 100, 10 and up to 1 cell/well in sextuplicate.
After 6 days, the spheres were counted and the sphere-forming ability was calculated using
the extreme limiting dilution analysis (ELDA) algorithm as previously described [36].

2.15. Estimate Analysis and Immune Cell Identification

The ER-negative tumours of the TCGA-PanCancer Atlas (n = 211) and the METABRIC
Nature 2012 and Nat Commun 2016 cohorts (n = 265) were segregated based on the
upper and lower quartiles of miR-18a expression. The TCGA gene expression data were
used to infer the stromal and immune scores to predict the level of infiltrating stromal
and immune cells in the tumours along with the cumulative ESTIMATE score using the
ESTIMATE algorithm [37]. The normalized gene expression data with standard annotation
files from the TCGA and the METABRIC cohorts were also used for the deconvolution of
infiltrating immune populations by the CIBERSORT algorithm as described previously [17].
CIBERSORT was run with the following options: relative and absolute modes together,
LM22 signature gene file, 1000 permutations and quantile normalization disabled. Using
the filtered data, the proportions of immune cells in the miR-18a/high and miR-18a/low
breast tumours were displayed in the form of a proportion plot. The normalized gene
expression data with standard annotation files from the TCGA and the METABRIC cohort
were also uploaded to the Immune Cell Abundance Identifier (ImmuCellAI), to precisely
estimate the infiltration score of 24 immune cell types, including 18 T-cell subsets [38].

2.16. Breast Xenograft in In Vivo Studies

miR-18a was inhibited in MDA-MB-468 using hsa-miR-18a-5p antagomiR and an-
tagomiR negative control as described above. After 72 h, 0.5 × 106 cells from each were
harvested and suspended in 50 µL of PBS. Mice were randomly distributed into antagomiR
(n = 10) and control (n = 10) groups. Orthotopic tumours were induced by exposing the
fourth (inguinal) mammary fat pad of female NSG/NOD-SCID mice at 6–7 weeks of age
(bred and maintained at Rajiv Gandhi Centre for Biotechnology, Thiruvananthapuram,
Kerala, India (326/GO/ReBiBt/S/2001/CPCSEA) and injecting them with cells suspended
in 50 µL of Matrigel. On observing palpable tumours, the mice were sacrificed after 21 days,
and tumour samples were harvested, and weight measured.

2.17. Histopathological Analysis and Immunostaining of Mice-Derived Tumours

Mouse tumours obtained as described above (n = 5 from each group) were formalin-
fixed, paraffin-embedded, 5 µm sections were cut and haematoxylin/eosin staining was
performed following the standard protocol. Tumours (n = 5 from each group) were also
fixed in 4% PFA and mounted in OCT compound. Sections of 8 µm were taken and perme-
abilized with 0.3% Triton X-100 in PBS and blocked with 3% serum. Primary antibody was
added at specific dilutions (Supplementary Table S1) and immunofluorescence performed
with anti-E-cadherin and anti-Vimentin antibodies as described above.

2.18. miR-18a Target Prediction

We analysed the potential targets of miR-18a with six different databases and miRNA
target prediction tools—miRanda, TargetScan, microT-CDS, PicTar, miRTarBase and miRDB.
The common miR-18a targets predicted by at least three prediction programs were selected
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for further analysis. The mRNA levels of these targets and their association with miR-18a
transcript levels were examined in the miR-18a/low and high samples of the TCGA and
the METABRIC series.

2.19. Statistical Analysis

Descriptive statistics were used for all clinical variables. The difference in gene
expression levels was evaluated by the Mann–Whitney U test/Kruskal–Wallis test or
the two-tailed Student’s t-test. Correlations were evaluated by Pearsons’ rank test. Kaplan–
Meier analysis was used to examine the estimated differences in disease-free survival
between the miR-18a/high and miR-18a/low groups. Log-rank test (Mantel–Cox) was
used to compare the survival between groups. For in vitro experimentations, the results
are depicted as mean ± standard error of the mean calculated from three independent
experiments and statistical analysis was performed using Student’s t-test. For all tests,
p < 0.05 was considered to be statistically significant. All statistical analysis was carried out
using the software XLSTAT 2022.2.1.

3. Results
3.1. Low Levels of miR-18a Enriches for the Hybrid Epithelial/Mesenchymal–Lumino/Basal
Phenotype in ER-Negative Breast Cancer

Evaluation of the levels of miR-18a in 275 breast tumour samples by q-PCR showed
that miR-18a was highly expressed (p < 0.0001) in the ER-negative tumours (n = 105)
when compared to ER-positive tumours (n = 170) (Figure 1A). The ER-negative tumours
considered for analysis comprised of tumours featured by the absence of ER expression
and presence/absence of the HER2 growth factor. To further probe the role of miR-18a in
ER-negative tumours, miR-18a was inhibited using microOFF™ miRNA inhibitor in breast
cancer cell lines. We measured the protein levels of TNFAIP3, an experimentally validated
target of miR-18a to assess transfection efficiency. We have previously shown the effective
repression of TNFAIP3 protein with miR-18a over-expression [16]. In MDA-MB-468/miR-
18a/inh cells, we observed a 45% increase in the levels of TNFAIP3 (p = 0.0002, Figure 1B).
The levels of other targets of miR-18a were assessed by q-PCR after miR-18a inhibition in
both MDA-MB-468 and MDA-MB-231. The levels of miR-18a target genes BIRC3, HIF1A,
DICER and CDK19 increased in the cell lines after miR-18a inhibition (Supplementary
Figure S1).

Since miR-18a is involved in epigenetic regulation of the estrogen receptor, we probed
for the expression of Keratin 19 that is typically expressed in luminal epithelial cells.
On miR-18a inhibition, Keratin 19 levels increased by 50% (p = 0.01) in MDA-MB-231
(Figure 1B). This increase in the levels of a luminal cytokeratin in an ER-negative cell line
was intriguing and to examine the possibility of enrichment of luminal–basal hybrid cells,
we analysed the ER-negative tumours of the TCGA and the METABRIC cohorts. The
miR-18a/low tumours had higher expression of the luminality-associated genes like ESR1,
GATA3, FOXA1, XBP1 and TFF1 and a lower expression of the basality-associated genes
such as KRT18, KRT17, FOXC1, ANLN, STIL and MIA (p < 0.05) (Figure 1C). These tumours
were also analysed for the mutational spectrum of the cancer driver genes and this analysis
showed a significant mutation load of PIK3CA in mir-18a/low tumours when compared
to mir-18a/high tumours (p = 2.15 × 10−5 and odds ratio: 8.71 × 10−2) (Figure 1D).
PIK3CA mutations are most frequently found in ER-positive tumours and has a strong
correlation with estrogen receptor signalling. Further, a computational analysis based
on gene signatures to score the individual patient samples to characterize their luminal
and basal program further supported the hypothesis of the enrichment of luminal–basal
hybrid cells in miR-18a/low tumours. Low levels of miR-18a leads to a less basal and
more luminal phenotype in ER-negative tumours in both TCGA and METABRIC tumours
(p < 0.0001) (Figure 1E). ER-negative tumours of our cohort were also stratified based on
miR-18a expression into high (n = 24) and low (n = 30) groups based on the upper and
lower quartiles of miR-18a expression. There was a significant negative correlation between
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miR-18a and PGR transcript, an estrogen-regulated gene (Pearson’s correlation co-efficient:
−0.31, p = 0.02) (Figure 1F) in these tumours.
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ER-positive (n = 170) tumours (part of our cohort) as examined by q-PCR. (B) Change in protein
expression of TNFAIP3 between MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh and
CD49f, Keratin 19 between MDA-MB-231/miR-18a/cont and MDA-MB-231/miR-18a/inh cells.
(C) Expression levels of luminality- and basality-associated genes in miR-18a/low tumours of the
TCGA and METABRIC cohorts when compared to miR-18a/high tumours in the ER-negative sub-
type. (D) Mutational spectrum analysis depicting higher PIK3CA mutation load in miR-18a/low in
comparison to miR-18a/high ER-negative tumours of METABRIC cohort. (E) Gene signature-based
computational analysis characterising luminal, basal, epithelial and mesenchymal scores/signatures
in miR-18a/low and miR-18a/high, ER-negative tumours of the TCGA and METABRIC cohorts.
(F) Correlation analysis between miR-18a and PGR transcript levels in the miR-18a/high (n = 24)
and miR-18a/low (n = 30) ER-negative tumours (part of our cohort) as examined by q-PCR. (G) Rep-
resentative immunophenotyping images depicting the expression levels of CD44 and CD24 in
MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh cells as assessed by flow cytome-
try. (H) Quantitative assessment of CD44 and CD24 expression in MDA-MB-468/miR-18a/cont
and MDA-MB-468/miR-18a/inh as assessed by flow cytometry (cumulative result from three in-
dependent trials). (I) Representative immunofluorescence images demonstrating the expression
of E-cadherin and Vimentin in MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh. Ar-
rows represent hybrid epithelial/mesenchymal cells. (J) Quantitative assessment of E-cadherin and
Vimentin expression in MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh.

Cells with hybrid luminal/basal characteristics tend to be enriched for hybrid epithe-
lial/mesenchymal and stemness traits. Hence, we examined the expression of stemness-
associated protein integrin alpha 6/CD49f in MDA-MB-231/miR-18a/inh cells and the
expression doubled on miR-18a inhibition (p = 0.0006) (Figure 1B). The cells were also
examined for CD44 and CD24 expression as double positivity for CD44 and CD24 is a
trait of hybrid E/M cells. The percentage of CD44+ CD24+ cells significantly increased
on miR-18a inhibition by 9% (p = 0.03) (Figure 1G,H) in MDA-MB-468 and by 1% in
MDA-MB-453 (p = 0.03) (Supplementary Figure S2). Since another characteristic trait of
hybrid epithelial/mesenchymal cells is the dual positivity for Vimentin and E-cadherin,
we evaluated the change in expression of these markers in MDA-MB-468/miR-18a/inh
cells. There was a significant loss in the expression of E-cadherin (p = 0.05); however, the
percentage of the dual positive Vimentin+ E-cadherin+ cells significantly increased after
miR-18a inhibition (p = 0.03) (Figure 1I,J). This observation was further supported by the
computational analysis based on gene signatures on the TCGA and the METABRIC series of
tumours. Low miR-18a levels were associated with an increase in both epithelial (p < 0.005)
and mesenchymal gene signatures (p = 0.0005) (Figure 1E).

3.2. ER-Negative Breast Cancer with Low miR-18a Is Associated with Low Proliferation and
Enhanced EMT Traits

The ER-negative tumour samples of our breast cancer cohort were examined for the
association of miR-18a with the Ki67 proliferation index (the Ki67 proliferation index
was determined by immunohistochemistry as elaborated in the manuscript published
previously) [24]. The tumours were stratified based on miR-18a levels; the tumours with
less than the lower quartile expression of miR-18a (miR-18a/low) (n = 24) was compared
with all the other tumours (miR-18a/high) (n = 81). Tumours with a Ki-67 index of 14
or more were considered as highly proliferative and the tumours with less than 14 were
grouped as less proliferative. In total, 67% of the miR-18a/low tumours had a lower Ki67
expression when compared to 24% of the miR-18a/high tumours (p < 0.0001) (Figure 2A).
The miR-18a levels were further used to correlate with a probability distribution of the
tumour aggression score published previously [24] which was derived by fitting a binomial
logistic regression model using two genes, ANLN and BCL2, as predictors and tumour
grade 3 as the determinant. This score is referred to as the tumour aggression score. The
miR-18a/low tumours were associated with a lower tumour aggression score (p < 0.05)
(Figure 2B) when compared to the miR-18a/high tumours. This further suggests that miR-
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18a/low tumours enriched for hybrid E/M cells may be slow-proliferative and low-cycling
than miR-18a/high tumours.
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Figure 2. Association of reduced miR-18a levels with proliferation and EMT characteristics in
ER-negative breast cancer. (A) Association of Ki67 index and miR-18a levels in miR-18a/high
and miR-18a/low tumours and (B) association of proliferation probability score and miR-18a in
miR-18a/high and miR-18a/low tumours of our cohort. (C) Change in protein expression levels
of EMT-associated proteins in MDA-MB-231/miR-18a/cont and MDA-MB-231/miR-18a/inh cells.
(D,E) Migratory ability as assessed by wound healing assay in MDA-MB-468/miR-18a/cont vs.
MDA-MB-468/miR-18a/inh and MDA-MB-231/miR-18a/cont vs. MDA-MB-231/miR-18a/inh, re-
spectively. (F) Percentage of migration from three independent trials in MDA-MB-468/miR-18a/cont
vs. MDA-MB-468/miR-18a/inh and MDA-MB-231/miR-18a/cont vs. MB-231/miR-18a/inh. (G) As-
sociation of ZEB2 transcript levels and miR-18a in miR-18a/high and miR-18a/low tumours as as-
sessed by q-PCR. (H) DEGs associated with EMT and cell proliferation in miR-18a/low, ER-negative
tumours of TCGA. (I,J) Functional enrichment of DEGs depicting up-regulated and down-regulated
pathways in miR-18a/low, ER-negative tumours of TCGA and METABRIC cohorts, respectively.
(K,L) Evaluation of the levels of the EMT score derived from a pan-cancer 77 EMT gene signature in
miR-18a/high and miR-18a/low, ER-negative tumours of TCGA and METABRIC cohorts, respec-
tively. (M,N) Heat map depicting expression of genes up-regulated and down-regulated during the
process of EMT (derived from EMT core list of 130 genes) in miR-18a/low and miR-18a/high groups
of ER-negative tumours respectively of TCGA and METABRIC cohorts.
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To further probe the role of miR-18a in the process of EMT, the levels of E-cadherin,
MMP-9 and RAC3 were probed for in MDA-MB-231/miR-18a/inh cells. There was a
significant loss of E-cadherin protein (up to 15%, p = 0.03) which is typically lost in epithelial
cells to mark the beginning of contact inhibition and increased migration. Rac3 is another
critical protein required to regulate adhesiveness and motility in breast cancer. The levels
of Rac3 increased by 40% (p = 0.0008) and MMP9 levels increased by 55% (p = 0.002)
(Figure 2C). We also observed an increase in the MMP9 levels in MDA-MB-453/miR-
18a/inh cells by 48% (p = 0.05) (Supplementary Figure S3). Further, to confirm the increase
in migratory ability, a wound healing assay was performed in both MDA-MB-231 and
MDA-MB-468 cell lines. After miR-18a inhibition, migratory ability increased by 33% in
MDA-MB-468 (p = 0.009) and by 26% in MDA-MB-231 (p = 0.0003) (Figure 2D–F). The
observations were further confirmed using the ER-negative breast tumour specimens,
(n = 105) of our cohort where the association of miR-18a with ZEB2, a master regulator
of the EMT process, was evaluated. The miR-18a/low tumours segregated based on the
lower quartiles of miR-18a expression were found to express high levels of ZEB2 (p = 0.05)
(Figure 2G) as assessed by q-PCR.

To evaluate these findings in a larger cohort of tumours, the ER-negative tumours of
the TCGA and the METABRIC cohort were stratified as miR-18a/low and miR-18a/high
as described in the methods. Analysis of the DEGs in TCGA tumours revealed that the
miR-18a/low tumours expressed high levels of EMT master regulators-ZEB1 and ZEB2 and
Matrix metalloproteinases, MMP2, MMP3, MMP10, MMP11, MMP13 and MMP17 (p < 0.05).
The level of ITGB5, a glycoprotein involved in facilitating cell migration and angiogenesis,
was also highly expressed in these tumours (p < 0.05) (Figure 2H). METABRIC miR-18a/low
tumours displayed elevated levels of MMP2 (p < 0.05). TWIST1 was also highly expressed
by miR-18a/low tumours of both TCGA and METABRIC cohort (Supplementary Figure S4).
The level of cell proliferation-associated genes, FOXM1 and BIRC5 genes, was expressed
less in the miR-18a/low tumours (p < 0.05) (Figure 2H). Both FOXM1 and BIRC5 are
implicated in driving tumour progression by increasing the cell proliferation rates [39,40].
This result is indeed a reflection of the earlier results observed in our series of tumours
where miR-18a/low tumours correlated with a lower Ki67 index.

Functional enrichment of differentially expressed genes (DEGs) in miR-18a/low tu-
mours demonstrated up-regulation of the pathways related to cell motility and migra-
tion, ECM activation, pathways related to activation of matrix metalloproteases, Wnt
signalling and focal adhesion-PI3K-Akt signalling in TCGA (Figure 2I) and METABRIC
series (Figure 2J) (p < 0.05). Moreover, pathways related to cell proliferation and cell cycle
were down-regulated in these tumours (p < 0.05) (Figure 2I,J). Analysis of the tumours
using a pan-cancer 77 EMT gene signature derived from 11 cancer subtypes showed that
miR-18a/low tumours of both TCGA and METABRIC series were associated with a higher
EMT score (p < 0.0001) (Figure 2K,L). Association of miR-18a levels was also examined
with a core gene list of 130 EMT-related genes derived from a meta-analysis as described in
the methods. In the majority of miR-18a/low tumours, there was a higher expression of the
EMT-related genes that are up-regulated as part of the 130 EMT core gene list and lower
expression of genes that are down-regulated in the EMT core gene list. (Figure 2M,N).

3.3. Low Levels of miR-18a Are Associated with Increased Chemoresistance and Cancer Stemness
in the ER-Negative Subtype

ABC (ATP-binding cassette) proteins are known to contribute to cancer progression
through detoxification of drugs and xenobiotics. In addition to this, aberrant expression
of these ABC proteins is known to stimulate the hallmarks of cancer and drive the path-
ways necessary for tumour progression. There are several human ABC proteins, which
are classified into seven families from A to G based on sequence homology [41,42]. We
checked the gene expression levels of 12 of these proteins and checked their association with
miR-18a levels. Analysis of the genes that are differentially expressed in miR-18a/low tu-
mours of the TCGA dataset revealed an increased expression of the genes, namely ABCC11,
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ABCA12, ABCC3, ABCC12, ABCG1, ABCG2 etc. (p < 0.05) (Figure 3A). ABCC11 and ABCC12
were highly expressed in miR-18a/low tumours of the METABRIC dataset (Supplemen-
tary Figure S4). Functional enrichment of these DEGs demonstrated up-regulation of the
pathways related to drug response, drug transporter genes, integrin cell surface inter-
actions, integrin binding and focal–adhesion complex (p < 0.05) (Figure 3B). We have
shown previously that high integrin β3 levels in triple negative breast cancer contributed to
chemoresistance by leading to the repression of BAD [20]. As integrins are known to trigger
downstream pro-survival signalling cascades, we looked at the protein expression of inte-
grin β3 by immunohistochemistry in the residual tumours post-neoadjuvant chemotherapy
from partial and non-responders. Integrin β3 protein was expressed by the endothelial
cells, stromal immune cells, smooth muscle cells, tumour and peritumoural cells in the
residual tumour sections. Figure 3C shows representative IHC images for the expression of
integrin β3. The association of miR-18a in integrin β3 negative and positive tumours were
probed for in ER-negative residual tumours (n = 13). miR-18a/low tumours expressed
higher levels of integrin β3 (p = 0.1) when compared to miR-18a/high tumours (Figure 3D).
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Figure 3. Association of low miR-18a levels with drug response and stemness acquisition in ER-
negative breast cancer. (A) Fold change of DEGs associated with drug transporter gene family (ATP-
binding cassette transporter) in miR-18a/low, ER-negative tumours of TCGA cohort. (B) Functional
enrichment of DEGs depicting up-regulated pathways in miR-18a/low, ER-negative tumours of
TCGA. (C) Representative IHC images of Integrin β3-stained sections of residual tumours post-NACT.
(D) Association of Integrin β3 protein and miR-18a in ER-negative residual tumours post-NACT. (E) Cell



Cells 2024, 13, 821 13 of 24

viability of MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh after 200 µM paclitaxel
treatment. (F) Association of ITGB3 and miR-18a transcript levels and (G) association of stemness
score and miR-18a transcript levels in miR-18a/low treatment naïve primary ER-negative tumours as
assessed by q-PCR. (H) Change in expression levels of ALDH1A1 between MDA-MB-468/miR-
18a/cont and MDA-MB-468/miR-18a/inh. (I) Percentage of cell viability of ALDH1A1/miR-
18a/cont, ALDH1A1/miR-18a/inh, DsRed2N1/miR-18a/cont and DsRed2N1/miR-18a/inh groups
in MDA-MB-231 after paclitaxel treatment across doses ranging from 10–200 µM. (J) Representative
images of spheres obtained from MDA-MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh cells.
(K) Table depicting clonogenicity (stem cell frequency) calculated from extreme limiting dilution
assay. (L) Graph depicting clonogenicity from extreme limiting dilution assay performed on MDA-
MB-468/miR-18a/cont and MDA-MB-468/miR-18a/inh groups across the same initial seeding dose
range of 1–1000 cells.

Drug resistance was then measured after inhibition of miR-18a in MDA-MB-468,
with paclitaxel at varying doses from 10 µM to 200 µM. The drug sensitivity of MDA-
MB-468/miR-18a/inh was not different from MDA-MB-468/miR-18a/cont at various
doses from 10 µM to 100 µM (p > 0.05). With 200 µM paclitaxel treatment, there was
a 12% increase in the cell viability of MDA-MB-468/miR-18a/inh when compared to
MDA-MB-468/miR-18a/cont (p = 0.005) (Figure 3E). The Selectivity Index calculated was
58% for MDA-MB-468/miR-18a/inh and 72% for MDA-MB-468/miR-18a/cont (p = 0.2)
(Supplementary Figure S5a).

Cells with hybrid luminal/basal–epithelial/mesenchymal features tend to display
enhanced cancer stem cell (CSC) properties [43]. Integrin β3/CD61 is also identified as
a mammary progenitor marker that identifies the cancer stem cell population enriched
for tumorigenic potential [44]. The association of miR-18a/low tumours with integrin
β3 in post-neoadjuvant residual tumours intrigued us to probe for the same association
in primary treatment naïve tumours of our cohort. ER-negative tumours of our cohort
were also stratified based on miR-18a lower quartile expression into miR-18a/low (n = 30)
tumours. Within miR-18a/low tumours, there was a significantly negative correlation
between ITGB3 and miR-18a (Pearson’s correlation co-efficient: −0.42, p = 0.02) (Figure 3F).
To examine other features of cancer stemness displayed by miR-18a/low tumours, q-PCR
assay for cancer stemness associated genes, SALL4, LGR5, BMPR1B, was performed in
these tumours. A stemness score was arrived at by calculating the mean gene score of
SALL4, LGR5, BMPR1B and ITGB3. Within miR-18a/low tumours, there was a negative
association between miR-18a and the stemness score (Pearson’s correlation co-efficient:
−0.33, p = 0.06) (Figure 3G), implying that as miR-18a levels reduced, the stemness score
was higher in these ER-negative tumours. The levels of ALDH1A1 and BMP4 were also high
in the METABRIC miR-18a/low tumours on analysis of the DEGs (p < 0.05) (Supplementary
Figure S4). BMP4 is implicated in promoting metastasis in breast cancer by enhancing
cancer stemness. On miR-18a inhibition in MDA-MB-468, we also observed an increase in
the levels of ALDH1A1 by 50% (p = 0.04) (Figure 3H).

To further examine the effects of miR-18a inhibition on cells enriched for cancer
stemness, MDA-MB-231 cells transfected with ALDH1A1-DsRed2N1 plasmid was used.
miR-18a was inhibited in MDA-MB-231 cells with ALDH1A1-DsRed2N1 reporter and
the control (DsRed2N1) cells using the microOFF™ inhibitor and inhibitor negative con-
trol as described in the methods. To confirm the stemness of ALDH1A1-DsRed2N1 cells,
the level of stemness-associated genes LGR-5 and SOX2 were assessed by q-PCR and
were found to be higher than control (DsRed2N1) cells (Supplementary Figure S5b). Post-
transfection, the cells were subjected to drug sensitivity assays with paclitaxel with vary-
ing doses from 10 µM to 200 µM. ALDH1A1/miR-18a/inh cells were more resistant
(by 14%) than ALDH1A1/miR-18a/cont only at a 200 µM dose of paclitaxel (p = 0.06).
However, ALDH1A1/miR-18a/inh cells were significantly more chemo-resistant than
DSRED2N1/miR-18a/inh at both 50 µM (by 18%; p = 0.05) and 200 µM (by 16%; p = 0.03)
doses of paclitaxel (Figure 3I). Although we did not observe an overwhelming effect on
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chemoresistance after miR-18a inhibition in the cell lines, inhibition of miR-18a in stem-
like cells over-expressing ALDHA1 led to an increase in chemoresistance, an indication
that low miR-18a levels in cells with stem-like attributes may convert them into a more
chemo-resistant phenotype.

To further confirm the role of low miR-18a in rendering stemness attribute to breast
cancer cells, mammosphere-forming ability was evaluated in MDA-MB-468 and MDA-
MB-453. MDA-MB-468/miR-18a/cont and MDA-MB-453/miR-18a/cont formed a lesser
number of distinct spheres than MDA-MB-468/miR-18a/inh and MDA-MB-453/miR-
18a/inh (Figure 3J). The spheres were serially propagated, and extreme limiting dilution
assay was performed to assess the clonogenicity of the spheres formed. The clonogenicity
(1/stem cell frequency) was 1/1031 in MDA-MB-468/miR-18a/inh cells and almost two
times lower in MDA-MB-468/miR-18a/cont (1/2454) cells (p = 0.01) (Figure 3K,L). The
clonogenicity (1/stem cell frequency) was 1/233 in MDA-MB-453/miR-18a/inh cells and
approximately four times lower in MDA-MB-453/miR-18a/cont (1/929) cells (p < 0.001)
(Supplementary Figure S6).

3.4. Lower Levels of miR-18a in ER-Negative Breast Cancer Correlates with Increased
Stromal-Immune Infiltration and Immunosuppression

A bioinformatic approach was followed to estimate the proportion of immune infiltrate
in miR-18a/low tumours of the TCGA and the METABRIC cohort as described in the
methods. The ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumour
tissues using Expression data) is a tool that uses gene expression data for predicting tumour
purity, and the presence of infiltrating stromal/immune cells in tumour tissues. The
ESTIMATE score generates three different scores. The stromal score depicts the stromal
presence in these tumours and the immune score captures the immune infiltration in the
tumours. These two scores form the basis of the ESTIMATE score that is an inference
of the tumour purity. The miR-18a/low tumours were associated with a higher stromal
(p < 0.0001) (Figure 4A) and immune score (p = 0.008) (Figure 4B). These tumours also had a
higher ESTIMATE score when compared to miR-18a/high tumours (p < 0.0001) (Figure 4C).

Most of the traits we have identified as associated with miR-18a/low tumours overlap
with that of the claudin-low tumours. The claudin-low subtype represents ER-negative
tumours that express EMT- and stemness-associated genes. They are also known to have
marked stromal and immune infiltration. They are associated with a lower proliferation
rate and a lower Ki-67 index when compared to non-claudin-low tumours [45]. Tumours
from the METABRIC series were used to examine the proportion of claudin-low and basal
tumours in the miR-18a/high and low tumours. When only basal and claudin-low tumours
are grouped together, 21/28 of miR-18a/low tumours represent the claudin-low subtype
when compared to only 18/60 of miR-18a/high tumours (p < 0.0001) (Figure 4D).

Further, to examine if the immune–stromal infiltration in miR-18a/low tumours was
suggestive of an immunosuppressive microenvironment, immune cell identification was
performed using CIBERSORT analysis, a method that describes the cell composition of
complex tissue from their gene expression profiles in tumours. The analysis in both the
cohorts revealed that ER-negative tumours with low miR-18a correlated with increased propor-
tions of M2 macrophages (TCGA—p = 0.007) and decreased proportion of M1 macrophages
(METABRIC—p = 0.01) (Figure 4E,F). miR-18a/low tumours also had a significantly lower
presence of T-follicular helper cells (TCGA—p < 0.0001, METABRIC—p = 0.02), which are
specialised T cells that play a crucial role in protective immunity by helping B cells [46]
(Figure 4G,H). Further evaluation of the immune composition was performed using Immu-
CellAI, a gene expression-based method for estimating the abundance of multiple types of
T-cell subsets, in the TCGA cohort. miR-18a/low tumours had a lower proportion of Th2
(Type 2 helper cells) (p < 0.0001) and a higher proportion of Tr1 (Type 1 regulatory T cells)
(p = 0.01) (Figure 4I,J). Th2 cells participate in building anti-tumour immunity and aid in
tumour clearance and Tr1 mediate immune suppression and establish peripheral tolerance.
The differential expression of M1 macrophages in TCGA and differential expression of M2
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macrophages, Type 2 helper and Type-1 regulatory cells in METABRIC datasets did not
emerge as statistically significant (Supplementary Figure S7a).
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Figure 4. Correlation of low miR-18a levels with immune suppression in ER-negative breast cancer.
(A–C) ESTIMATE-generated Stromal score, Immune score and Estimate score for miR-18a/high and
miR-18a/low tumours of TCGA cohort. (D) Graph representing proportion of claudin-low and basal
tumour subtypes in miR-18a/low and miR-18a/high, ER-negative tumours of METABRIC series.
(E,F) CIBERSORT analysis depicting the proportions of M2 and M1 macrophages in miR-18a/high
and miR-18a/low tumours. (G,H) CIBERSORT analysis depicting the proportions of T follicular
helper cells in miR-18a/high and miR-18a/low, ER-negative tumours of TCGA and METABRIC
cohorts, respectively. (I,J) ImmuneCellAI analysis depicting the proportions of Th2 (Type 2 helper
cells) and Tr1 (Type 1 regulatory T cells) in miR-18a/high and miR-18a/low, ER-negative tumours of
TCGA series respectively.

3.5. HIF-1α Inhibition Leads to a Reversal of Hybrid E/M Phenotype in miR-18a Inhibited Cells

To further decipher the clinical relevance and the prognostic implication of low miR-
18a levels in ER-negative breast cancer, a Kaplan–Meier survival analysis was performed
on the METABRIC series of samples. Tumours were stratified based on the median expres-
sion levels of miR-18a in both ER-negative (median—8.2) and ER-positive tumour sam-
ples (median—7.3). The analysis was then performed between ER-positive/miR-18a/low
(n = 370), ER-positive/miR-18a/high (n = 377), ER-negative/miR-18a/low (n = 105) and
ER-negative/miR-18a/high (n = 106) tumour samples (Figure 5A). There was no sig-
nificant difference in disease-free survival between the ER-negative/miR-18a/low tu-
mours and the ER-negative/miR-18a/high tumours (p = 0.9). However, the disease-free
survival was significantly different between the ER-positive/miR-18a/low tumours vs.
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ER-negative/miR-18a/low tumours (p = 0.001) and the ER-positive/miR-18a/high tu-
mours vs. ER-negative/miR-18a/low tumours (p = 0.001). The mean survival time for
ER-negative/miR-18a/low tumours was 114 months when compared to 141 months in
ER-positive/miR-18a/low tumours.
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Figure 5. Effect of miR-18a inhibition on mice-induced tumours in vivo and association with HIF1A
expression. (A) Kaplan–Meier analysis depicting disease-free survival in ER-positive/miR-18a/low,
ER-positive/miR-18a/high, ER-negative/miR-18a/low and ER-negative/miR-18a/high tumours
of the METABRIC cohort. (B) Expression of HIF1A in ER-positive/miR-18a/low, ER-positive/miR-
18a/high, ER-negative/miR-18a/low and ER-negative/miR-18a/high tumours of the TCGA cohort.
(C) Increased expression levels of HIF-1α in MDA-MB-468/miR-18a/inh in comparison to MDA-MB-
468/miR-18a/cont. (D) Images of tumours harvested from mice injected with miR-18a/antagomiR
cells and antagomiR negative control cells post-21-days of injection. (E) Box plot depicting the average
weight of the tumours harvested from miR-18a/antagomiR and the antagomiR negative control mice.
(F,G) Immunofluorescence to demonstrate the dual positivity of E-cadherin and Vimentin in tumour
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sections from miR-18a/antagomiR tumour and absence of dual positivity of E-cadherin and Vimentin
in antagomiR negative control tumour. (H) Quantitative analysis of immunofluorescence for expres-
sion of Vimentin and E-cadherin in MDA-MB-468/miR-18a/cont, MDA-MB-468/miR-18a/inh and
MDA-MB-468/miR-18a/inh + CAY10585. (I) Percentage of migration as measured by wound healing
assay in MDA-MB-468/miR-18a/cont, MDA-MB-468/miR-18a/inh and MDA-MB-468/miR-18a/inh
+ CAY10585.

A target scan analysis was then performed to decipher the gene targets of miR-18a that
may be differentially expressed and driving the effects brought about by the low miR-18a
levels in the miR-18a/low tumours of the ER-negative breast cancer subtype. Fifteen targets
identified by at least three different target mining software were shortlisted (Table 1). The
expression levels of these targets were analysed in the tumours of the TCGA by stratifying
both ER-positive and ER-negative tumours into two groups each based on upper and
lower quartiles of miR-18a expression. Of all the targets, PDE4D and more significantly,
HIF1A showed high expression in ER-negative miR-18a/low tumours (Figure 5B). HIF1A
emerged as the target predicted by all target prediction tools and miR-18a dependent HIF-
1α and hypoxic regulation has already been reported in basal breast cancer previously [18].
Hence, the levels of HIF-1α protein were probed in MDA-MB-468/miR-18a/inh and MDA-
MB-231/miR-18a/inh cells. There was only a marginal increase in the HIF-1α levels in
MDA-MB-231/miR-18a/inh cells (Supplementary Figure S7b); however, the expression
doubled in MDA-MB-468 post-miR-18a inhibition (p = 0.05) (Figure 5C). This increase
in the HIF-1α levels prompted us to examine the presence of an activated hypoxic gene
expression, if any. Genes involved in hypoxia were retrieved using literature mining [47–49]
and were mapped to TCGA dataset. The genes which were showing a significant difference
(p < 0.05) between miR-18a/high and low tumours were filtered. The heatmap representing
the pattern of expression of filtered hypoxia genes shows that the hypoxia-related genes
were up-regulated in the miR-18a/low tumours (Supplementary Figure S7c).

Table 1. List of miR-18a targets: Target scan analysis was performed to decipher the gene targets of
miR-18a. Fifteen targets identified by at least three different target mining softwares and their known
function are enlisted below.

Sl No. Gene Function (Source—GeneCards, NCBI Gene)

1 HIF1A Mediates hypoxia-induced expression of mRNA-encoding genes; regulates the expression of
non-coding RNAs, which are critical regulators of migration, invasion and metastasis

2 BBX Transcription factor necessary for cell cycle progression from G1 to S phase

3 CDK19 Mediator kinases, transcriptional co-regulators

4 DICER1 Responsible for cleaving double-stranded RNAs into small interfering RNAs and microRNAs

5 NEDD9 Positive regulator of epithelial–mesenchymal transition and promotes invasion

6 EPB41L1 Role in cell adhesion and migration, malignant progression

7 ESR1 Regulates the transcription of estrogen-inducible genes that play a role in growth, metabolism, sexual
development, gestation

8 GLRB Down-regulation of neuronal excitability, generation of inhibitory postsynaptic currents

9 INADL Mediate protein–protein interactions, regulate the formation and stabilization of tight junctions

10 MAP3K1 Serine/threonine kinase in multiple cell signalling cascades

11 PDE4D Major regulators of cAMP-hydrolyzing activity

12 PHC3 Transcriptional repression, chromatin remodelling and modification of histones

13 RORA Interacts with NM23-2, a nucleoside diphosphate kinase involved in organogenesis and differentiation,
as well as with NM23-1, the product of a tumour metastasis suppressor candidate gene

14 SH3BP4 Involved in cargo-specific control of clathrin-mediated endocytosis, specifically controlling the
internalization of a specific protein receptor.

15 ZNF367 Transcriptionally activates KIF15 and regulates cell cycle
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To further evaluate the tumourigenic potential of miR-18a-inhibited cells, in vivo
xenograft experiments were performed by inducing orthotopic tumours in NSG/NOD-
SCID mice. The tumours formed with miR-18a/antagomiR cells were larger in vol-
ume by 21% when compared to tumours formed from antagomiR negative control cells
(p = 0.1) (Figure 5D,E). miR-18a/antagomiR cells formed a distinct mass of tumour. How-
ever, the negative control cells formed only small bud of tumours in the mouse mam-
mary glands as evident from the H&E analysis of the tumour sections (Supplementary
Figure S7d). Immunofluorescence staining was performed on the tumour sections from the
miR-18a/antagomiR tumours and the antagomiR negative control tumours for the markers
Vimentin and E-cadherin. miR-18a/antagomiR tumours showed a higher proportion of
cells co-expressing Vimentin and E-cadherin (Figure 5F,G and Supplementary Figure S7e)
when compared to negative control tumours. The results further support the hypothesis
that low levels of miR-18a drive tumour progression by enriching for hybrid E/M cells in
ER-negative breast cancer.

Further to confirm the role of HIF-1α in miR-18a-inhibited cells, the HIF-1α pathway
was blocked using CAY10585, a HIF-1α inhibitor that suppresses transcription of HIF-1α
target genes. We observed that the percentage of hybrid E/M cells (Vimentin+ E-cadherin+)
reduced by 30% (p = 0.01) accompanied by an increase in the proportion of cells that were
Vimentin–E-cadherin+ (p = 0.02) (Figure 5H). Moreover, the migratory ability of the MDA-
MB-468/miR-18a/inh cells was found to decrease by 22% with HIF-1α pathway inhibition
(p < 0.05) (Figure 5I). The results show the existence of a possible HIF-1α-dependent
pathway regulated by low levels of miR-18a in the ER-negative subtype driving the hybrid
E/M phenotype.

4. Discussion

The complexity of the ER-negative subtype of breast cancer arises due to the heteroge-
neous nature of the disease and this poses a challenge to effective treatment and eventually
the prognosis of the patients [5,6]. The ER-negative subtype is usually more aggressive and
has a worse prognosis than the ER-positive subtype. A better understanding of the disease
exists with the advancement in genomics; however, the ER-negative subtype has very few
targeted and tailored therapy options [50]. The molecular subtyping studies, especially
the PAM50 classification, have unravelled the existence of basal-like and Her2-enriched
subclasses within the ER-negative subtype [51].

Genome sequencing and mutational profiling conducted by the TCGA network and
multiple other groups have led to the identification of mutational signatures that not only
affect genomic signatures but also bring about epigenetic changes [5,7]. This may be causal
for tumour heterogeneity leading to differential activation of signalling pathways that
eventually lead to divergent molecular signatures. More reports emerge with evidence of
a single miRNA playing tumour-promoting roles and tumour-suppressive roles among
cancer subtypes [15,52]. We have previously reported the tumour-promoting role of high
levels of miR-18a that leads to Wnt pathway activation, thus promoting metastasis and poor
prognosis in ER-positive breast cancer. We have also identified that miR-18a-driven Wnt
pathway activation may be the basis for the ‘immune cold’ phenotype that is displayed by
ER-positive tumours [16,17]. In this manuscript, we present evidence for atypical biology
that may be driven by low levels of miR-18a in the absence of expression of the hormone
receptors ER and PR.

The ER-negative tumours of our cohort expressed higher levels of miR-18a when
compared to ER-positive tumours. The high levels of miR-18a expression and its effect on
prognosis in triple-negative breast cancers have been reported previously [18,19]. Never-
theless, the tumours that expressed lower levels of this miRNA within the ER-negative
subtype were found to retain a different biology. These tumours were found to have both
epithelial and mesenchymal traits thus exhibiting the traits of hybrid E/M tumours. In
addition, they were found to have increased luminal traits also making them luminal/basal
hybrid tumours. In vitro and computational analysis further confirmed these findings. The
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miR-18a/low tumours were associated with a lower Ki-67 index, lower proliferation rates
and features of increased migration and EMT. ALDH1A1 levels increased post-inhibition
of miR-18a and this led to an increase in drug resistance. Inhibition of miR-18a also in-
creased clonogenicity and mammosphere-forming ability. In silico analysis also showed a
correlation of low miR-18a levels to immunosuppression in ER-negative tumours.

It was also intriguing that a large proportion of miR-18a/low tumours overlapped
with the claudin-low tumours. These findings are clinically relevant as the claudin-low
is a much-uncharacterised subtype of breast cancer. We did not observe any difference
between the prognosis of miR-18a/low and miR-18a/high tumours of the ER-negative
subtype. This may be attributed to the heterogeneity in gene expression patterns and
mutational profiles generally noted in ER-negative tumours. Biological pathways altered
in ER-negative tumours are complex and varied due to the heterogeneity of these tumours
being an admixture of triple negative, HER2-amplified and claudin-low-like tumours. ER
is central to the biology of breast cancer and our findings confer roles played by miR-18a
in ER-negative tumours through ER regulation. Interestingly, in in vivo models, miR-18a-
inhibited cells formed larger tumours and they expressed more hybrid E/M cells.

The ER-negative tumours considered for analysis comprised of tumours featured
by the absence of ER expression and presence/absence of the HER2 growth factor. On
performing the various in silico analysis after stratification of the miR-18a/low tumours
based on HER2 status, the changes in phenotype observed in miR-18a/low tumours were
similar in both the groups. This is an indication that miR-18a plays a similar role in both
TNBC and ER-HER2+ tumours (Supplementary Figures S8–S10).

Regulation of a miR-18a-mediated hypoxic gene signature by activation of HIF-1α
in basal breast cancer has been reported previously [18]. We also observed that the miR-
18a/low tumours expressed high levels of HIF1A. HIF-1α inhibition using a small molecule
in miR-18a-inhibited cells brought down the proportion of hybrid E/M cells and the
migratory ability. The results mirror the observations reported previously where it was
noted that the maintenance of a highly tumourigenic E/M hybrid state was brought about
by activation of EMT-inducing transcription factors and canonical Wnt signalling in basal
breast cancer cells. The role of hypoxia-driven signalling through the activation of P4HA2
in maintaining the partial or hybrid E/M phenotype in breast cancer was also recently
examined [53,54].

miR-18a regulates ER signalling by binding to the 3′UTR and regulating its expression
and this may be one of the ways by which epigenetic silencing of ER is mediated during the
evolution of ER-negative tumours [55]. Higher levels of miR-18a in ER-negative tumours
may be an implication of such a regulation. However, lower levels of miR-18a in these
tumours may be activating pathways required for the enrichment of hybrid E/M cells that
lead to a multitude of phenotype changes. Recent studies render functionalities of gene
expression tuning and expression buffering to miRNAs. Expression buffering is a process
by which weakening in the variance of the expression level of the target genes is mediated
by miRNAs [52]. The biology seen in miR-18a/low tumours may be attributed to such a
buffering function where low levels fail to buffer the mean levels of miR-18a target genes
such as HIF1A and thus lead to alternate phenotypic changes. The blocking of HIF-1α
and reversal of hybrid E/M phenotype is a confirmation of such altered buffering. The
novelty of the study includes the unravelling of the novel association of low miR-18a levels
and the enrichment of hybrid E/M cells that leads to phenotypic changes including that
of increased migration and stemness in a subgroup of ER-negative tumours that may be
HIF-1α driven.

Limitations of this study include a smaller sample size of miR-18a/low ER-negative tu-
mours used for the analysis. However, the fact that we were able to verify the observations
in two larger datasets increases the credibility of the observations made in clinical speci-
mens. In vitro results further validate and strengthen our results and observations. The
immune suppression phenotype observed was identified using only an in silico approach.
Further, in vitro validations need to be performed to confirm the immunosuppressive
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effects of miR-18a in ER-negative tumours. Since the discovery of miRNAs in the field
of cancer, there also has been an increase in the focus on the therapeutic implications of
these small molecules. miRNA-based anti-cancer therapeutics are currently being devel-
oped with the goal of improving disease-free survival in cancer [56]. The main benefit of
employing anti-miRNA-based strategies is based on the concept that multiple effectors of
various signalling pathways can be targeted. Strategies that include the use of antisense
oligonucleotides and targeted nanoparticle therapy have emerged as very promising for
personalised treatment in cancer [57,58]. Multiple studies have recently emerged that
have used nanocarriers for the successful targeted delivery of microRNAs [59–61]. The
pleiotropic and multifaceted nature of these small regulatory molecules makes them attrac-
tive drug targets and amenable to tweaking, especially for the ER-negative subtype that is
vastly heterogeneous. Stratifying these tumours based on epigenetic phenotypic alterations
can become a promising strategy for personalised medicine.
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E/M Epithelial/Mesenchymal
miRNAs microRNAs
ELDA Extreme limiting dilution assay
EMT Epithelial to Mesenchymal Transition
E/M hybrid Epithelial–Mesenchymal Hybrid
EMP Epithelial–Mesenchymal Plasticity
NCCS National Centre for Cell Science
ATCC American Type Culture Collection
PFA Paraformaldehyde
FFPE Formalin-fixed paraffin-embedded
QC Quality control
NACT Neoadjuvant chemotherapy
IHC Immunohistochemistry
DEGs Differentially Expressed Genes
FGF Fibroblast growth factor
EGF Epidermal growth factor
CSC Cancer stem cell

ESTIMATE
Estimation of Stromal and Immune cells in Malignant Tumour tissues using
Expression data
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miR-18a in cancer biology. Rep. Pr. Oncol. Radiother. 2020, 25, 808–819. [CrossRef]
15. Shen, K.; Cao, Z.; Zhu, R.; You, L.; Zhang, T. The dual functional role of MicroRNA-18a (miR-18a) in cancer development. Clin.

Transl. Med. 2019, 8, 32. [CrossRef]
16. Nair, M.G.; Prabhu, J.S.; Korlimarla, A.; Rajarajan, S.; Hari, P.S.; Kaul, R.; Alexander, A.; Raghavan, R.; Srinath, B.S.; Sridhar,

T.S. miR-18a activates Wnt pathway in ER-positive breast cancer and is associated with poor prognosis. Cancer Med. 2020, 9,
5587–5597. [CrossRef]

17. Nair, M.G.; Snijesh, V.P.; Patil, S.; Anupama, C.E.; Mukherjee, G.; Kumar, R.V.; Prabhu, J.S.; Sridhar, T.S. miR-18a Mediates
Immune Evasion in ER-Positive Breast Cancer through Wnt Signaling. Cells 2022, 11, 1672. [CrossRef]

18. Krutilina, R.; Sun, W.; Sethuraman, A.; Brown, M.; Seagroves, T.N.; Pfeffer, L.M.; Ignatova, T.; Fan, M. MicroRNA-18a inhibits
hypoxia-inducible factor 1α activity and lung metastasis in basal breast cancers. Breast Cancer Res. 2014, 16, R78. [CrossRef]

19. Sha, L.Y.; Zhang, Y.; Wang, W.; Sui, X.; Liu, S.K.; Wang, T.; Zhang, H. MiR-18a upregulation decreases Dicer expression and
confers paclitaxel resistance in triple negative breast cancer. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 2201–2208.

20. Nair, M.G.; Desai, K.; Prabhu, J.S.; Hari, P.S.; Remacle, J.; Sridhar, T.S. β3 integrin promotes chemoresistance to epirubicin in
MDA-MB-231 through repression of the pro-apoptotic protein, BAD. Exp. Cell Res. 2016, 346, 137–145. [CrossRef]

21. Freeberg, M.A.; Fromont, L.A.; D’Altri, T.; Romero, A.F.; Ciges, J.I.; Jene, A.; Kerry, G.; Moldes, M.; Ariosa, R.; Bahena, S.; et al.
The European Genome-phenome Archive in 2021. Nucleic Acids Res 2022, 50, D980–D987. [CrossRef] [PubMed]

22. Aftimos, P.; Azim, H.A.; Sotiriou, C. Chapter 26—Molecular Biology of Breast Cancer. In Molecular Pathology, 2ed Edition; Coleman,
W.B., Tsongalis, G.J., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 569–588.

23. Jia, R.; Li, Z.; Liang, W.; Ji, Y.; Weng, Y.; Liang, Y.; Ning, P. Identification of key genes unique to the luminal a and basal-like breast
cancer subtypes via bioinformatic analysis. World J. Surg. Oncol. 2020, 18, 268. [CrossRef] [PubMed]

24. Prabhu, J.S.; Korlimarla, A.; Anupama, C.E.; Alexander, A.; Raghavan, R.; Kaul, R.; Desai, K.; Rajarajan, S.; Manjunath, S.; Correa,
M.; et al. Dissecting the Biological Heterogeneity within Hormone Receptor Positive HER2 Negative Breast Cancer by Gene
Expression Markers Identifies Indolent Tumors within Late Stage Disease. Transl. Oncol. 2017, 10, 699–706. [CrossRef] [PubMed]

25. Prabhu, J.S.; Korlimarla, A.; Desai, K.; Alexander, A.; Raghavan, R.; Anupama, C.; Dendukuri, N.; Manjunath, S.; Correa, M.;
Raman, N.; et al. A Majority of Low (1–10%) ER Positive Breast Cancers Behave Like Hormone Receptor Negative Tumors. J.
Cancer 2014, 5, 156–165. [CrossRef] [PubMed]

26. Sørlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA
2001, 98, 10869–10874. [CrossRef] [PubMed]

27. Tan, T.Z.; Miow, Q.H.; Miki, Y.; Noda, T.; Mori, S.; Huang, R.Y.; Thiery, J.P. Epithelial-mesenchymal transition spectrum
quantification and its efficacy in deciphering survival and drug responses of cancer patients. EMBO Mol. Med. 2014, 6, 1279–1293.
[CrossRef] [PubMed]

28. Barbie, D.A.; Tamayo, P.; Boehm, J.S.; Kim, S.Y.; Moody, S.E.; Dunn, I.F.; Schinzel, A.C.; Sandy, P.; Meylan, E.; Scholl, C.; et al.
Systematic RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature 2009, 462, 108–112. [CrossRef]

29. Martínez-Jiménez, F.; Muiños, F.; Sentís, I.; Deu-Pons, J.; Reyes-Salazar, I.; Arnedo-Pac, C.; Mularoni, L.; Pich, O.; Bonet, J.; Kranas,
H.; et al. A compendium of mutational cancer driver genes. Nat. Rev. Cancer 2020, 20, 555–572. [CrossRef]

https://doi.org/10.1038/modpathol.3800255
https://doi.org/10.7497/j.issn.2095-3941.2015.0030
https://doi.org/10.1093/jnci/djx270
https://doi.org/10.3389/fmed.2017.00227
https://doi.org/10.3389/fgene.2021.610087
https://doi.org/10.1038/sigtrans.2015.4
https://doi.org/10.7150/thno.46142
https://doi.org/10.3390/ijms21238905
https://doi.org/10.1007/s10555-012-9368-6
https://doi.org/10.1038/nature22816
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.1016/j.rpor.2020.07.006
https://doi.org/10.1186/s40169-019-0250-9
https://doi.org/10.1002/cam4.3183
https://doi.org/10.3390/cells11101672
https://doi.org/10.1186/bcr3693
https://doi.org/10.1016/j.yexcr.2016.05.015
https://doi.org/10.1093/nar/gkab1059
https://www.ncbi.nlm.nih.gov/pubmed/34791407
https://doi.org/10.1186/s12957-020-02042-z
https://www.ncbi.nlm.nih.gov/pubmed/33066779
https://doi.org/10.1016/j.tranon.2017.04.011
https://www.ncbi.nlm.nih.gov/pubmed/28704710
https://doi.org/10.7150/jca.7668
https://www.ncbi.nlm.nih.gov/pubmed/24563670
https://doi.org/10.1073/pnas.191367098
https://www.ncbi.nlm.nih.gov/pubmed/11553815
https://doi.org/10.15252/emmm.201404208
https://www.ncbi.nlm.nih.gov/pubmed/25214461
https://doi.org/10.1038/nature08460
https://doi.org/10.1038/s41568-020-0290-x


Cells 2024, 13, 821 23 of 24

30. Chen, J.; Bardes, E.E.; Aronow, B.J.; Jegga, A.G. ToppGene Suite for gene list enrichment analysis and candidate gene prioritization.
Nucleic Acids Res. 2009, 37, W305–W311. [CrossRef]

31. Walter, W.; Sánchez-Cabo, F.; Ricote, M. GOplot: An R package for visually combining expression data with functional analysis.
Bioinformatics 2015, 31, 2912–2914. [CrossRef]

32. Mak, M.P.; Tong, P.; Diao, L.; Cardnell, R.J.; Gibbons, D.L.; William, W.N.; Skoulidis, F.; Parra, E.R.; Rodriguez-Canales, J.; Wistuba,
I.I.; et al. A Patient-Derived, Pan-Cancer EMT Signature Identifies Global Molecular Alterations and Immune Target Enrichment
Following Epithelial-to-Mesenchymal Transition. Clin. Cancer Res. 2016, 22, 609–620. [CrossRef] [PubMed]

33. Gröger, C.J.; Grubinger, M.; Waldhör, T.; Vierlinger, K.; Mikulits, W. Meta-Analysis of Gene Expression Signatures Defining the
Epithelial to Mesenchymal Transition during Cancer Progression. PLoS ONE 2012, 7, e51136. [CrossRef]

34. Shanmugam, G.; Mohan, A.; Kumari, K.; Louis, J.M.; Soumya Krishnan, U.; Balagopal, P.G.; George, N.A.; Sebastian, P.; Maliekal,
T.T. A novel reporter construct for screening small molecule inhibitors that specifically target self-renewing cancer cells. Exp. Cell
Res. 2019, 383, 111551. [CrossRef]

35. Filippi, S.; Paccosi, E.; Balzerano, A.; Ferretti, M.; Poli, G.; Taborri, J.; Brancorsini, S.; Proietti-De-Santis, L. CSA Antisense Targeting
Enhances Anticancer Drug Sensitivity in Breast Cancer Cells, including the Triple-Negative Subtype. Cancers 2022, 14, 1687.
[CrossRef]

36. Hu, Y.; Smyth, G.K. ELDA: Extreme limiting dilution analysis for comparing depleted and enriched populations in stem cell and
other assays. J. Immunol. Methods 2009, 347, 70–78. [CrossRef]

37. Yoshihara, K.; Shahmoradgoli, M.; Martínez, E.; Vegesna, R.; Kim, H.; Torres-Garcia, W.; Treviño, V.; Shen, H.; Laird, P.W.; Levine,
D.A.; et al. Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 2013, 4, 2612.
[CrossRef] [PubMed]

38. Miao, Y.-R.; Zhang, Q.; Lei, Q.; Luo, M.; Xie, G.-Y.; Wang, H.; Guo, A.-Y. ImmuCellAI: A unique method for comprehensive T-cell
subsets abundance prediction and its application in cancer immunotherapy. Adv. Sci. 2019, 7, 1902880. [CrossRef]

39. Xu, L.; Yu, W.; Xiao, H.; Lin, K. BIRC5 is a prognostic biomarker associated with tumor immune cell infiltration. Sci. Rep. 2021, 11,
390. [CrossRef]

40. Ziegler, Y.; Laws, M.J.; Sanabria Guillen, V.; Kim, S.H.; Dey, P.; Smith, B.P.; Gong, P.; Bindman, N.; Zhao, Y.; Carlson, K.; et al.
Suppression of FOXM1 activities and breast cancer growth in vitro and in vivo by a new class of compounds. NPJ Breast Cancer
2019, 5, 45. [CrossRef]

41. Choi, C.-H. ABC transporters as multidrug resistance mechanisms and the development of chemosensitizers for their reversal.
Cancer Cell Int. 2005, 5, 30. [CrossRef]

42. Duvivier, L.; Gerard, L.; Diaz, A.; Gillet, J.-P. Linking ABC transporters to the hallmarks of cancer. Trends Cancer 2024, 10, 124–134.
[CrossRef] [PubMed]

43. Quan, Q.; Wang, X.; Lu, C.; Ma, W.; Wang, Y.; Xia, G.; Wang, C.; Yang, G. Cancer stem-like cells with hybrid epithe-
lial/mesenchymal phenotype leading the collective invasion. Cancer Sci. 2020, 111, 467–476. [CrossRef] [PubMed]

44. Vaillant, F.; Asselin-Labat, M.L.; Shackleton, M.; Forrest, N.C.; Lindeman, G.J.; Visvader, J.E. The mammary progenitor marker
CD61/beta3 integrin identifies cancer stem cells in mouse models of mammary tumorigenesis. Cancer Res. 2008, 68, 7711–7717.
[CrossRef] [PubMed]

45. Pommier, R.M.; Sanlaville, A.; Tonon, L.; Kielbassa, J.; Thomas, E.; Ferrari, A.; Sertier, A.-S.; Hollande, F.; Martinez, P.; Tissier, A.;
et al. Comprehensive characterization of claudin-low breast tumors reflects the impact of the cell-of-origin on cancer evolution.
Nat. Commun. 2020, 11, 3431. [CrossRef]

46. Gu-Trantien, C.; Willard-Gallo, K. Tumor-infiltrating follicular helper T cells: The new kids on the block. Oncoimmunology 2013, 2,
e26066. [CrossRef]

47. Yang, L.; Roberts, D.; Takhar, M.; Erho, N.; Bibby, B.A.S.; Thiruthaneeswaran, N.; Bhandari, V.; Cheng, W.C.; Haider, S.; McCorry,
A.M.B.; et al. Development and Validation of a 28-gene Hypoxia-related Prognostic Signature for Localized Prostate Cancer.
EBioMedicine 2018, 31, 182–189. [CrossRef] [PubMed]

48. Ye, I.C.; Fertig, E.J.; DiGiacomo, J.W.; Considine, M.; Godet, I.; Gilkes, D.M. Molecular Portrait of Hypoxia in Breast Cancer: A
Prognostic Signature and Novel HIF-Regulated Genes. Mol. Cancer Res. 2018, 16, 1889–1901. [CrossRef] [PubMed]

49. Zhang, Q.; Qiao, L.; Liao, J.; Liu, Q.; Liu, P.; Liu, L. A novel hypoxia gene signature indicates prognosis and immune mi-
croenvironments characters in patients with hepatocellular carcinoma. J. Cell Mol. Med. 2021, 25, 3772–3784. [CrossRef]
[PubMed]

50. Chen, J.Q.; Russo, J. ERalpha-negative and triple negative breast cancer: Molecular features and potential therapeutic approaches.
Biochim. Biophys. Acta 2009, 1796, 162–175. [CrossRef]

51. Parker, J.S.; Mullins, M.; Cheang, M.C.; Leung, S.; Voduc, D.; Vickery, T.; Davies, S.; Fauron, C.; He, X.; Hu, Z.; et al. Supervised
risk predictor of breast cancer based on intrinsic subtypes. J. Clin. Oncol. 2009, 27, 1160–1167. [CrossRef]

52. Wu, C.I.; Shen, Y.; Tang, T. Evolution under canalization and the dual roles of microRNAs: A hypothesis. Genome Res. 2009, 19,
734–743. [CrossRef] [PubMed]

53. Aggarwal, V.; Sahoo, S.; Donnenberg, V.S.; Chakraborty, P.; Jolly, M.K.; Sant, S. P4HA2: A link between tumor-intrinsic hypoxia,
partial EMT and collective migration. Adv. Cancer Biol. Metastasis 2022, 5, 100057. [CrossRef] [PubMed]

https://doi.org/10.1093/nar/gkp427
https://doi.org/10.1093/bioinformatics/btv300
https://doi.org/10.1158/1078-0432.Ccr-15-0876
https://www.ncbi.nlm.nih.gov/pubmed/26420858
https://doi.org/10.1371/journal.pone.0051136
https://doi.org/10.1016/j.yexcr.2019.111551
https://doi.org/10.3390/cancers14071687
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1038/ncomms3612
https://www.ncbi.nlm.nih.gov/pubmed/24113773
https://doi.org/10.1101/872184
https://doi.org/10.1038/s41598-020-79736-7
https://doi.org/10.1038/s41523-019-0141-7
https://doi.org/10.1186/1475-2867-5-30
https://doi.org/10.1016/j.trecan.2023.09.013
https://www.ncbi.nlm.nih.gov/pubmed/37884430
https://doi.org/10.1111/cas.14285
https://www.ncbi.nlm.nih.gov/pubmed/31845453
https://doi.org/10.1158/0008-5472.Can-08-1949
https://www.ncbi.nlm.nih.gov/pubmed/18829523
https://doi.org/10.1038/s41467-020-17249-7
https://doi.org/10.4161/onci.26066
https://doi.org/10.1016/j.ebiom.2018.04.019
https://www.ncbi.nlm.nih.gov/pubmed/29729848
https://doi.org/10.1158/1541-7786.Mcr-18-0345
https://www.ncbi.nlm.nih.gov/pubmed/30037853
https://doi.org/10.1111/jcmm.16249
https://www.ncbi.nlm.nih.gov/pubmed/33616276
https://doi.org/10.1016/j.bbcan.2009.06.003
https://doi.org/10.1200/jco.2008.18.1370
https://doi.org/10.1101/gr.084640.108
https://www.ncbi.nlm.nih.gov/pubmed/19411598
https://doi.org/10.1016/j.adcanc.2022.100057
https://www.ncbi.nlm.nih.gov/pubmed/36187341


Cells 2024, 13, 821 24 of 24

54. Kröger, C.; Afeyan, A.; Mraz, J.; Eaton, E.N.; Reinhardt, F.; Khodor, Y.L.; Thiru, P.; Bierie, B.; Ye, X.; Burge, C.B.; et al. Acquisition
of a hybrid E/M state is essential for tumorigenicity of basal breast cancer cells. Proc. Natl. Acad. Sci. USA 2019, 116, 7353–7362.
[CrossRef] [PubMed]

55. Liu, W.H.; Yeh, S.H.; Lu, C.C.; Yu, S.L.; Chen, H.Y.; Lin, C.Y.; Chen, D.S.; Chen, P.J. MicroRNA-18a prevents estrogen receptor-alpha
expression, promoting proliferation of hepatocellular carcinoma cells. Gastroenterology 2009, 136, 683–693. [CrossRef] [PubMed]

56. Ghanbarian, H.; Yıldız, M.T.; Tutar, Y. MicroRNA Targeting. Methods Mol. Biol. 2022, 2257, 105–130. [CrossRef] [PubMed]
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