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MicroRNAs as a clue to overcome breast cancer treatment resistance
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Abstract

Breast cancer is the most frequent cancer in women worldwide. Despite the improvement in diagnosis and treatments, the
rates of cancer relapse and resistance to therapies remain higher than desirable. Alterations in microRNAs have been linked
to changes in critical processes related to cancer development and progression. Their involvement in resistance or sensitivity
to breast cancer treatments has been documented by different in vivo and in vitro experiments. The most significant microR-
NAs implicated in modulating resistance to breast cancer therapies are summarized in this review. Resistance to therapy has
been linked to cellular processes such as cell cycle, apoptosis, epithelial-to-mesenchymal transition, stemness phenotype,
or receptor signaling pathways, and the role of microRNAs in their regulation has already been described. The modulation
of specific microRNAs may modify treatment response and improve survival rates and cancer patients’ quality of life. As a
result, a greater understanding of microRNAs, their targets, and the signaling pathways through which they act is needed.
This information could be useful to design new therapeutic strategies, to reduce resistance to the available treatments, and

to open the door to possible new clinical approaches.
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1 Introduction

Cancer is one of the major causes of death and morbidity
worldwide, leading to numerous adverse socioeconomic
effects. Particularly, breast cancer (BC) has been the most
frequently diagnosed cancer in 2020, with 2.3 million new
cases worldwide. Although lung cancer remains the leading
cause of cancer death (18%), BC accounts for 6.9% of the
total [1]. Resistance to treatments is currently one of the
main challenges in the clinical management of BC patients.
The latest generation of anti-BC agents has increased the
specificity and effectiveness of the treatment. Despite this,
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the molecular mechanisms of drug resistance are often not
fully understood and difficult to overcome. A deeper under-
standing of the processes involved in BC development, the
mechanisms of action of therapies, and the causes of resist-
ance may aid in modulating and improving the response to
the current treatments.

Epigenetic mechanisms, and specifically microRNAs
(miRNAs), can act as regulators of treatment response. Mod-
ulation of gene expression by miRNAs is the most impor-
tant post-transcriptional regulatory mechanism. miRNAs
regulate the expression of their target genes mostly through
binding to the 3" untranslated regions (3'UTR) from mes-
senger RNAs (mRNAs), which leads to their degradation or
the inhibition of their translation into protein. Remarkably,
the role of miRNAs in the pathogenesis of cancer has been
widely described [2-16]. miRNAs are known to be impli-
cated in regulating the hallmarks of cancer such as cell pro-
liferation, growth, apoptosis, invasion, metastasis, immune
system scape, and altered metabolism [17]. Importantly,
miRNAs can also modulate drug sensitivity/resistance by
regulating genes involved in biological processes related to
response to treatments.
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Outstandingly, miRNAs show high stability, which makes
them good candidates as non-invasive biomarkers for early
diagnosis, follow-up, response prediction, and even as a pos-
sible treatment strategy for cancer patients. This promising
scenario has led to extensive research about miRNAs in can-
cer. In the BC research field, most of the studies are focused
on the miRNAs’ differential expression between cancer
patients’ and healthy donors’ samples and their potential
use in diagnosis, as well as in uncovering the cancer-related
mechanisms behind miRNAs dysregulation. However, just
a small percentage of the studies evaluate the influence of
miRNAs in response to a particular treatment. Given the
importance of identifying biomarkers for treatment response
prediction and the critical function of miRNAs in the control
of fundamental biological processes, the role of miRNAs in
BC therapy response must be highlighted.

In this review, the available information about miRNAs
that modulate the response to specific BC treatments and
how they regulate several cellular processes is summarized.
Deeply understanding of these processes could help to
improve clinical approaches and to adapt therapies to indi-
vidual patients in a process called precision medicine.

1.1 miRNAs and cell cycle

Cell cycle dysregulation is a recognized hallmark of cancer,
and its aberrant activation has been related to poor prognosis
and drug resistance. The cell cycle includes four sequential
phases: GO/G1 (Gap 0/1), S (synthesis), G2 (Gap 2), and
M (mitosis) that are regulated by cyclin-dependent kinases
(CDKs). CDKs play an important role in controlling cell
division, which leads to cellular growth. They are hyperac-
tivated and dysregulated in several types of tumors [18-20].
Different miRNAs have been described to target genes
involved in cell cycle regulation, leading to drug resistance
or sensitivity (Table 1 and Fig. 1).

On the one hand, several miRNAs have been shown to
induce cell cycle arrest as a result of targeting cyclins. One
of them is miR-34a, which was demonstrated to increase
resistance to docetaxel (DTX) in luminal BC cells, prob-
ably through inhibition of cyclin D1 (CCND1) and B-cell
lymphoma 2 (BCL-2), then inducing G1 arrest and blocking
DTX effectiveness as a consequence [21]. miR-93 has also
been linked to cell cycle arrest in the G1/S phase. Bao et al.
[22] described that miR-93 expression was reduced in pacli-
taxel (PTX)-resistant BC samples compared to responder
patients. E2F transcription factor 1 (E2FI) and CCNDI were
found to be direct targets of this miRNA. Their downregula-
tion led to cell cycle arrest in G1 and enhanced apoptosis
due to the inhibition of AKT phosphorylation (p-AKT),
reduction of BCL-2, and increment of BCL-2-associated X,
apoptosis regulator (BAX) expression levels, which could
result in an enhancement of PTX sensitivity. E2F ] has been
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Table.1 MiRNAs and cell cycle (bold, direct targets; italicized, indi-
rectly downregulated targets; italicized and *, indirectly upregulated
targets)

MiRNAs Drug Targets Reference
miR-7 5-Fluorouracil CCNE1 [28]
miR-16 Trastuzumab FUBP1 [27]
Lapatinib CCNJ
miR-17 Cisplatin JAB1 [37]
p2751%
miR-22-3p Fulvestrant FOXP1 [34]
HDAC4
p21°P1
miR-26a Tamoxifen E2F7 [31]
Trastuzumab CCNE2 [29]
miR-29¢ Paclitaxel CDK6 [38]
miR-30b Trastuzumab CCNE2 [29]
miR-34a Docetaxel CCND1 [21]
miR-93 Paclitaxel E2F1 [22]
CCND1
miR-107 Paclitaxel TPD52 [24]
CCNDI
miR-122-5p Doxorubicin CDK2 [39]
CDK4
CDK6
miR-221/222  Tamoxifen p27\ipl [36]
miR-223 Palbociclib EGF pathway [40]
miR-302b Cisplatin E2F1 [23]
miR-342 Tamoxifen GEMIN4 [25]
BMP7
CCNBI
miR-449a Doxorubicin CCNE2 [32]
miR-449b CDK2
miR-449¢ E2F
miR-512-3p  Doxorubicin CDCA3 [26]
miR-519a Tamoxifen p21¢Pt [33]
RB1
miR-663b Tamoxifen TP73 [35]
TP53*
p21*

also identified as a direct target gene of miR-302b, which
increases sensitivity to cisplatin (CIS) [23]. The tumor
protein D52 (TPD52) was identified as a direct target of
miR-107, which was found to be upregulated in BC tumors
compared to healthy breast samples. TPD52 downregula-
tion leads to a decrease in CCND1 and PTX resistance [24].
Another study found downregulation of miR-342 in tamox-
ifen (TAM)-resistant BC cell lines and tumors. This miRNA
directly targets Gem nuclear organelle-associated protein 4
(GEMIN4) and Bone morphogenetic protein 7 (BMP7), lead-
ing to indirect cyclin B1 (CCNB1) downregulation. Res-
toration of the expression of miR-342 increased BC cells’
sensitivity to TAM by enhancing apoptosis and cell cycle
arrest [25]. Furthermore, the expression of miR-512-3p was
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Fig. 1 Schematic representation
of miRNAs involved in drug
resistance through regulating
cell cycle. Arrows indicate acti-
vation and line with a perpen-
dicular line at the end indicates
inhibition. miRNAs increasing
drug resistance are represented
in red color, and miRNAs
increasing drug sensitivity are
represented in green color.

CIS, cisplatin; DOX, doxoru-
bicin; DTX, docetaxel; FUL,
fulvestrant; PTX, paclitaxel;
RAD, radiation; TAM, tamox-
ifen; TRA, trastuzumab; 5-FU,
5-fluorouracil
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found to be downregulated in triple-negative BC (TNBC).
Its expression was related to cell cycle arrest, reduced pro-
liferation, migration, and also with doxorubicin (DOX) sen-
sitivity by directly targeting cell division cycle associated 3
(CDCA3), which is an oncogene that triggers mitotic entry
[26]. Moreover, it was found that trastuzumab (TRA) and
lapatinib (LAP) treatments in human epidermal growth fac-
tor receptor 2 positive (HER2 +) BC cells blocked phospho-
inositide 3-kinase (PI3K) pathway resulting in high miR-16
levels. Far upstream element binding protein 1 (FUBPI) and
Cyclin J (CCNJ) were identified as its direct targets, which
when upregulated, promote proliferation. Consequently,
miR-16 upregulation inhibited BC cell proliferation and cor-
related with good treatment response to anti-HER?2 therapy
[27].

Considering cyclin E, an important regulator of the G1/S
transition, Yang et al. [28] showed that cyclin E1 (CCNE]I)
was a direct target of miR-7, whose reduced expression was
related to 5-fluorouracil (5-FU) resistance. It was demon-
strated that miR-7 overexpression could restore the sensi-
tivity to 5-FU chemotherapy treatment. Besides, miR-30b
and miR-26a have also been identified as TRA-response
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regulators by directly regulating cyclin E2 (CCNE2) and
halting the cell cycle in G1 [29, 30]. Moreover, E2F tran-
scription factor 7 (E2F7) was found upregulated in estrogen
receptor-positive (ER+) BC, leading to TAM resistance.
Liu et al. [31] described E2F7 as a miR-26a direct target
and this miRNA reversed TAM resistance. Furthermore,
miR-449a, miR-449b, and miR-449c are implicated in cell
cycle control and chemotherapy resistance. Tormo et al. [32]
found its dysregulation in DOX-treated cells. Herein, miR-
449a, b, and c reduced cell cycle regulators such as CCNE2,
E2F1, E2F3, and CDK2, resulting in a cell cycle arrest in
GO0. Additionally, overexpression of miRs-449 in resistant
TNBC cells was able to re-establish sensitivity to DOX.

In addition to the cyclin E regulation, miRNAs can also
target p21P! and p275P!, which are cyclin E inhibitors. On
the one hand, miR-519a, miR-22-3p, and miR-663b have
been described to downregulate p21°P!. miR-519 was found
to be upregulated in TAM-resistant cells and correlated with
poor prognosis and lower survival. It was shown to target
three important cell cycle and PI3K/AKT pathway elements:
p21°P! Phosphatase and Tensin Homolog (PTEN), and
RB transcriptional corepressor 1 (RB1) [33]. By contrast,
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miR-22-3p and miR-663b have the opposite effect as those
miRNAs upregulate p21¢P! expression. miR-22-3p has a
dual role in re-sensitizing fulvestrant (FUL)-resistant BC
cells through a p21¢P!-dependent mechanism, as it targets
their transcriptional repressors forkhead box P1 (FOXP1)
and Histone Deacetylase 4 (HDAC4), and also through p53
acetylation, leading to activation of p21P! [34]. Concerning
miR-663b, Jiang et al. [35] described that it directly regu-
lates the expression of TP73, which is a tumor suppressor
protein that controls cell cycle and apoptosis through p53
trans-activation response genes and increases TAM resist-
ance. miR-663b inhibition downregulated BCL-2 and upreg-
ulated cell cycle and apoptosis gene regulators such as p53,
p21°?! and Bax.

On the other hand, multiple miRNAs control p275P! lev-
els. miR-221/222 were shown to directly target this gene.
Miller et al. [36] found that their expression was related to
resistance to TAM in HER2 + BC cells by targeting p27-7!.
Besides this, Wang et al. [37] observed that miR-17 was
downregulated in TNBC, acting as a tumor suppressor and
indirectly regulating p275P! expression through its direct tar-
get c-Jun activation domain-binding protein-1 (JABI). It was
described that JABI expression was related to proliferation,
invasion, p275P! repression, and also with CIS resistance.
Downregulation of JABI resulted in higher p27"P! levels,
cell cycle arrest in G1, and a higher sensitivity to CIS.

Moreover, some other miRNAs have been shown to
modulate drug resistance through targeting CDKs. One of
them is miR-29c, which was downregulated in BC tissues
compared to healthy tissues, being CDKG6 its direct target
[38]. miR-29c¢ overexpression decreased CDKG6 level, induc-
ing cell cycle arrest and PTX sensitivity. Furthermore, Zang
et al. [39] analyzed the expression of miR-122-5p in DOX-
resistant cells under resveratrol treatment. Results showed
that miR-122-5p was upregulated by resveratrol exposure
and directly targets CDK2, CDK4, CDK6, and BCL-2, thus
promoting cell cycle arrest, diminishing viability, and pro-
moting apoptosis in DOX resistant cells.

Additionally, Citron et al. [40] showed that miR-223
expression levels could predict the effect of CDK4/6 inhibi-
tors and palbociclib (PAB), as well as patients’ prognosis for
invasive ductal carcinoma. It was demonstrated that miR-223
was downregulated in luminal and HER2 + BC subtypes.
Its low expression was correlated with cell cycle deregula-
tion, poor prognosis, PAB resistance, and low survival in
BC patients.

1.2 miRNAs and DNA repair checkpoints
Most chemotherapeutic agents currently in use for cancer
therapy induce direct or indirect DNA damage through

double-strand breaks (DSB). This kind of DNA dam-
age is repaired by two different mechanisms: homologous
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recombination (HR) or non-homologous end-joining
(NHEJ). HR is an error-free repair and occurs mostly in cells
in the S/G2 phase of the cell cycle; Breast Cancer Suscep-
tibility gene 1 (BRCA1), Breast Cancer Susceptibility gene
2 (BRCA2), and RAS associated with diabetes protein 51
(RADS51) are important HR members. NHEJ is an error-
prone repair and occurs mostly in the G1 phase of the cell
cycle [41]. Ataxia-telangiectasia mutated (ATM), ataxia-
telangiectasia and Rad3-related (ATR), and DNA-dependent
protein kinase catalytic subunit (DNA-PKCs) are directly
activated in response to DNA damage [42]. In this scenario,
some miRNAs are involved in controlling the activation of
DNA repair pathways (Table 2 and Fig. 2).

BRCALI is involved in several cellular pathways that
maintain genomic stability, including DNA damage repair,
DNA damage-induced cell cycle checkpoint activation, pro-
tein ubiquitination, chromatin remodeling, and transcrip-
tional regulation and apoptosis [43]. Therefore, its regula-
tion by miRNAs affects drugs sensitivity. One example is
miR-182, which downregulates the expression of BRCAI.
Moreover, overexpression of this miRNA in BC cells was
demonstrated to increase the sensitivity to poly-ADP-ribose-
polymerasel (PARP1) inhibitors (PARPi). Conversely,

Table.2 MiRNAs and DNA repair checkpoints (bold, direct targets;
italicized, indirectly downregulated targets; italicized and *, indirectly
upregulated targets)

MiRNAs Drug Targets Reference
miR-15a Radiation CHK1 [50]
miR-15b WEE1
miR-16
miR-30c Doxorubicin FANCF [52]
REV1
miR-124 Camptothecin ATMIN [47]
Doxorubicin PARP1
Etoposide
ITonizing radiation
Temozolomide
5-fluorouracil
miR-125a-3p Docetaxel BRCA1 [46]
miR-140 5-fluorouracil FEN1 [51]
Cisplatin
Doxorubicin
Paclitaxel
miR-181a/b Olaparib ATM [48]
miR-182 PARP inhibitors: BRCA1 [44]
4-Amino-1, 8-
Naphthalimide
ABT-888
Olaparib
miR-218 Cisplatin BRCA1 [45]
miR-302b Cisplatin E2F1 [23]
ATM
miR-891b N-methyl-N'-nitro-N- PARP1 [49]

nitrosoguanidine
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Fig.2 Schematic representation
of miRNAs involved in drug
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inhibition of miR-182 enhances BRCA1 levels and induces
resistance to PARPi [44]. Besides, the miR-218 [45] and
miR-125a-3p [46] have been described to be downregulated
in CIS-resistant and DTX-resistant cell lines, respectively.
Their ectopic expression in BC drug-resistant cells induced
sensitivity through directly targeting BRCAI expression.
Along with that, miR-124 [47] act as tumor suppressor by
sensitizing the BC cells to camptothecin (CPT), etoposide
(ETO), DOX, ionizing radiation (RAD), temozolomide
(TMZ), and 5-FU via targeting DNA repair-related genes
ATM Interactor (ATMIN), PARP1, and ATM. Besides, miR-
181a/b act as tumor suppressor by sensitizing the BC cells
to PARPI via targeting ATM [48]. Moreover, E2F 1 has been
identified as a direct target gene of miR-302b. E2F1 is not
only a master regulator of the G1/S transition but also a posi-
tive regulator of ATM. When miR-302b is overexpressed,
DNA repair after CIS treatment is ineffective due to a lack
of ATM, resulting in induced apoptosis and increased drug
effect [23]. Furthermore, miR-891b increases the sensitiv-
ity of the BC cells to the cytotoxic effects of the chemo-
therapeutic DNA-damaging agent N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) by suppressing the expression
of PARP1 [49].

Besides, the upregulation of the miR-15 family (miR-
15a/15b/16) increases the sensitivity to RAD. This effect
is mediated by the downregulation of checkpoint kinase 1
(CHKI) and WEEI, which participate in RAD-induced G2
arrest and increase cell proliferation [50].

DOX resistance is a major challenge for the treatment
of BC. In this context, miR-140 has been described to play
tumor suppressor functions through downregulation of Flap
Endonuclease 1 (FENI), which is involved in DNA repair
and cancer progression. Its role in chemotherapy response
has been established since its overexpression sensitized cells
to 5-FU, CIS, DOX, and PTX. In addition, it has been dem-
onstrated that the transcription factor Ying Yang 1 (YY1),
which promotes miR-140 expression, is downregulated in
DOX-resistant models [51]. On the other hand, the role of
miR-30c has been linked to DOX response in p5S3-mutated
BC, a well-described feature in chemotherapy resistance. It
has been shown that p53 activates miR-30c, which targets
the DNA repair protein Fanconi anemia complementation
group F protein (FANCF) and the DNA polymerase REV1
(REV1) protein, thus sensitizing cells to DOX. In parallel,
reduced miR-30c levels were correlated with p53-mutated
BC and associated with lower survival [52].

1.3 miRNAs and cell death

Cell death has a prominent role in various physiological and
pathophysiological processes in the human body. Apopto-
sis, autophagy, and programmed necrosis are the three main
forms of programmed cell death [53-63]. Due to the fact
that miRNAs can modulate cell death, there is an increasing
interest in drug-miRNA combination anticancer therapies
(Table 3 and Fig. 3).
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Table.3 MiRNAs and cell death (bold, direct targets; italicized, indi-
rectly downregulated targets; italicized and *, indirectly upregulated
targets)

MiRNAs Drug Targets Reference
miR-7 Paclitaxel BCL-2 [76]
Carboplatin
miR-15a/16 Tamoxifen BCL-2 [67]
miR-21 Doxorubicin PPIA [69]
Paclitaxel BCL-2* [97]
PDCD4
miR-24-2 Docetaxel BCL-2 [78]
miR-24-3p Tamoxifen BIM [85]
miR-27a Doxorubicin CTH [104]
SLC7A11
NFE2L2
miR-30c Doxorubicin YWHAZ [84]
miR-31 Doxorubicin BCL-2 [70]
miR-34a Docetaxel BCL-2 [21]
Doxorubicin [71]
miR-93 Paclitaxel BCL-2 [22]
BAX*
miR-100 Cisplatin HAX-1 [94]
miR-106a Cisplatin BCL-2 [77]
miR-122-5p Doxorubicin BCL-2 [39]
miR-125b Doxorubicin BCL-2 [72]
Paclitaxel BAK1 [65]
miR-128 Doxorubicin BMI-1 [93]
miR-129-5p Taxol HMGBI1 [106]
miR-134 Cisplatin STATSB [68]
HSP90
BCL-2
miR-143-3p Paclitaxel CIAPIN1 [98]
miR-149-5p Paclitaxel BAX* [66]
miR-181b Doxorubicin BIM [88]
miR-191 Doxorubicin SOX4 [91]
miR-192-5p Doxorubicin PPIA [89]
JNK
BAD
CAS9
miR-193b Doxorubicin MCL-1 [79]
miR-195 Doxorubicin RAF-1 [74]
BCL-2*
miR-200c Doxorubicin BMI-1 [92]
TRKB
miR-203a-3p Paclitaxel BCL-XL [81]
miR-203b-3p
miR-214 Tamoxifen ucCP2 [101]
miR-221 Cisplatin BIM [86]
BAX
BAK
miR-222 Doxorubicin BIM [87]
miR-320a Tamoxifen ARPP-19 [103]
ERRYy
miR-378a-5p Cisplatin SUFU [100]
Paclitaxel
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Table.3 (continued)

MiRNAs Drug Targets Reference
miR-381 Doxorubicin FYN [83]
PERK
p38
miR-424 Doxorubicin PDCD4 [96]
miR-451 Paclitaxel BCL-2 [75]
miR-451a Tamoxifen 14-3-3¢ [102]
miR-489 Doxorubicin BCL-2 [73]
miR-512-3p Epirubicin LIVIN [99]
Gemcitabine CAS3
Docetaxel CAS9
miR-519d Cisplatin MCL-1 [80]
miR-567 Trastuzumab ATGS5 [105]
miR-663b Tamoxifen TP73 [35]
BAX*
miR-944 Cisplatin BNIP3 [95]
miR-1307 Cisplatin MDM44 [90]

The intrinsic or mitochondrial pathway is the most well-
studied apoptosis mechanism. Herein, BAX and/or BCL-2
Antagonist/killer 1 (BAK) trigger the release of cytochrome-
¢ from mitochondria to the cytoplasm, where it binds Apop-
totic peptidase activating factor 1 (APAF-1) and induces
activation of caspases. Activation of BAX/BAK is inhib-
ited by the anti-apoptotic BCL-2 family members, which
are bind by pro-apoptotic BH3-only proteins [64]. There-
fore, miRNAs that regulate those molecules can increase or
decrease the efficacy of anti-cancer drugs. Some examples
are miR-125b, which confers resistance to PTX by suppress-
ing the expression of BAK/ [65], miR-149-5p that was found
downregulated in PTX-resistant cells and its overexpression
demonstrated to increase BAX expression [66], or miR-663b
that confers TAM resistance by indirectly upregulating BAX
[35].

Additional miRNAs modulate drug response through reg-
ulating the expression of BCL-2 family members. Cittelly
et al. found that ER + breast tumors expressing HER2A16
(an oncogenic isoform of HER2) were resistant to TAM in
part through upregulation of the BCL-2 expression, which
is negatively regulated by miR-15a and miR-16 [67]. miR-
134 overexpression inhibits signal transducer and activator
of transcription 5-B (STAT5B), which in turn decreases heat
shock protein 90 (HSP90) and BCL-2 levels, resulting in a
decreased cell proliferation and increased CIS-induced apop-
tosis [68]. Regarding DOX, miR-21 [69] acts as an oncomiR
that positively regulates BCL-2 expression leading to drug
resistance. On the other hand, several miRNAs, such as miR-
31[70], miR-34a [21, 71], miR-122-5p [39], miR-125b [72],
and miR-489 [73] have been described as effectors of DOX
therapy through direct translational repression of BCL-2.
Besides, miR-195 was found downregulated in BC cells and
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tumor samples from multidrug-resistant (MDR) patients. Its
upregulation increases the sensitivity to DOX and inhibits
rapidly accelerated fibrosarcoma-1 (RAF-1), which is a tar-
get gene that activates the expression of BCL-2 and P-gly-
coprotein (P-gp) in BC cells [74]. miR-451 also inhibits the
expression of BCL-2, which increases PTX-induced apop-
tosis in BC cell lines [75]. Besides, miR-7 overexpression
associates with a better response in BC patients treated with
PTX and carboplatin (CAR) chemotherapy due to negatively
regulation of BCL-2 and multidrug resistance-associated

FUL TAM FUL TAM FUL TAM

protein 1 (MRPI) gene [76]. miR-93 is also an enhancer
of PTX sensitivity through indirectly inducing BCL-2 inhi-
bition and BAX enhancement [22]. In contrast, miR-106a
is upregulated in BC tissue compared to its adjacent tis-
sue, and in vitro models showed that the downregulation
of this miRNA reduced BCL-2 and ATP-binding cassette
super-family G member 2 (ABCG?2), enhancing CIS sensi-
tivity [77]. Besides, miR-24-2 increases sensitivity to DTX
through targeting BCL-2, thus improving the treatment
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strategy by reducing the side effects of the drugs and mini-
mizing the chemotherapeutic dose [78].

Furthermore, miRNAs miR-193b and miR-519d modulate
drug resistance through targeting the BCL-2 family member
myeloid cell leukemia 1 (MCL-1). miR-193b restored sen-
sitivity to DOX [79], and miR-519d increased CIS-induced
cell death in BC stem cells (BCSCs) [80]. Moreover, miR-
203a-3p and miR-203b-3p have been reported to decrease
of the antiapoptotic protein BCL-XL and to be correlated
to PTX sensitivity in BC positively regulated by MYC in
cell line models of PTX-responsive BC [81]. Several BCL-2
family members are under control of Jun N-terminal Kinase
(JNK) and/or p38 MAPK cascades at a transcriptional and/
or post-transcriptional level [82] and several miRNAs regu-
late apoptosis by modulating those pathways. miR-381 is
downregulated in DOX-resistant BC models, and its tran-
sient overexpression re-sensitizes cells to this chemothera-
peutic agent in vivo and in vitro. It has been proposed that
the FYN gene could be part of this process, being identified
as a direct target of miR-381 and with a prominent role in
the MAPK signaling cascade. Thus, it was confirmed that
miR-381 overexpression inhibited the phosphorylation
level of extracellular regulated kinase (ERK) and p38 by
targeting FYN [83]. miR-30c is also downregulated in DOX-
acquired resistant models, and its restoration re-sensitizes
cells through inhibition of the anti-apoptotic gene Tyrosine
3-Monooxygenase/Tryptophan 5-Monooxygenase Activa-
tion Protein Zeta (YWHAZ), which specifically regulates the
p38 MAPK signaling pathway [84].

Besides, some miRNAs regulate BH3-only proteins such
as BCL-2 like 11(commonly called BIM) and BCL-2 asso-
ciated agonist of cell death (BAD), which are inhibitors of
BCL-2 [64]. One example is miR-24-3p, whose overex-
pression in TAM-acquired resistance BC models has been
linked to the direct repression of its target gene BIM [85]. In
contrast, Ye et al. showed that anti-miR-221-induced BIM
upregulation, accompanied by BAK and BAX activation,
resulting in CIS-induced apoptosis [86]. miR-222 inhibi-
tion also enhanced DOX-induced apoptosis by activating
the BIM-caspase pathway [87]. miR-181b also acts as a
promoter of DOX resistance in tumor cells by targeting the
expression of BIM, resulting in maintenance of mitochon-
drial membrane potential and avoiding activation of caspases
cascade after DOX treatment [88]. Moreover, downregula-
tion of miR-192-5p has been observed in BC cell lines with
DOX resistance. Its overexpression promotes apoptosis and
re-sensitizes DOX-resistant cells by directly targeting pep-
tidylprolyl isomerase A (PPIA), which promotes the expres-
sion of INK, BAD, and Caspase 9 (CAS9) [89].

P53 also plays an important role in the intrinsic apop-
totic pathway by activating the transcription of BH3-only
proteins Superoxide-generating NADPH Oxidase heavy
chain subunit A (NOXA) and BCL-2 binding component 3
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(PUMA/BBC3) [64]. Wang et al. pointed out miR-1307 as
an enhancer of CIS chemosensitivity by targeting MDMH4,
a known p53 inhibitor [90]. Besides, miR-191 establishes a
regulatory feedback loop with p53 (its negative regulator)
and Sex determining Region Y-box transcription factor 4
(SOX4) (its target gene, that in turn promotes p53 activ-
ity), highlighting the importance of the p53/miR-191/SO0X4
axis in the regulation of cell death and DOX resistance [91].
Moreover, some other miRNAs contribute to drug resistance
by regulating polycomb ring finger BMII proto-oncogene,
which is involved in stem maintenance and in the regulation
of senescence. Therefore, BMI1 functions as a transcrip-
tional repressor of various genes, including p/9Arf, which
results in degradation of p53, leading to anti-apoptotic
effects [92]. Reduction of miR-128 leads to overexpression
of BMII and ATP Binding Cassette Subfamily C Member
5 (ABCC5) [93], while inhibition of miR-200c leads to
overexpression of BMI1 and Tropomyosin receptor kinase
B (TRKB) [92]. Due to this fact, the inhibition of miR-128
and miR-200c contributes to DOX resistance in BC [92, 93].

Dysregulation of mitochondrial membrane potential
induces intrinsic apoptosis. miR-100 was found to be down-
regulated in BC cell lines with acquired resistance to CIS.
Overexpression of miR-100 showed increased sensitivity to
CIS, due to modulation of the HCLS1 associated protein
X-1(HAX-1), which is an inhibitor of mitochondrial apop-
tosis that maintains mitochondrial membrane potential in
cancer cells [94]. miR-944 inhibitors facilitated CIS-induced
loss of mitochondrial membrane potential in resistant mod-
els, resulting in intrinsic apoptosis via targeting BCL?2 inter-
acting protein 3 (BNIP3) [95].

Moreover, programmed cell death 4 (PDCD4), a tumor
suppressor involved in apoptosis, is targeted by miR-424 and
miR-21-5p. Adaption to hypoxia by hypoxia-inducible factor
1 (HIF-1a) has been described to induce miR-424, which in
turn suppresses the level of PDCD4, a protein involved in
DOX-induced apoptosis, leading to chemoresistance [96].
miR-21-5p has been described as an oncogene, and Tao et al.
pointed its role in resistance to PTX in vitro and in vivo
through targeting PDCD4 gene [97].

miR-143-3p decreases resistance to PTX through regula-
tion of the protein cytokine-induced apoptosis inhibitor 1
(CIAPINI) in the TNBC PTX-resistant mouse model [98].
miR-512-3p has also been described as a potential apoptosis
enhancer after treatment with epirubicin (EPB), gemcitabine
(GCB), and DTX through direct modulation of the Livin
gene, which is a negative regulator of apoptosis by bind-
ing molecules such as Caspase 3 (CAS3) or CAS9 [99].
Besides, the long non-coding RNA Growth Arrest Specific
5 (IncRNA GASY) increases sensitivity to CIS and PTX in
TNBC by binding miR-378a-5p, which targets the pro-apop-
totic gene domain suppressor of fused protein (also known
as SUFU) [100].
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Despite the intrinsic apoptotic pathway is the most stud-
ied, there are also other mechanisms of cell death, such as
autophagy. This is a process to recycle intracellular com-
ponents that usually promotes cell survival but can also
give rise to cell death through self-digestion [64]. In this
context, regulation of autophagy by miRNAs can modulate
drug response. There are some miRNAs such as miR-214,
and miR-451a that increased the sensitivity of BC cells to
TAM and FUL through inhibiting autophagy by targeting
Uncoupling protein 2 (UCP2) [101] and 14-3-3C (a key
proliferative and antiapoptotic factor in BC) [102], respec-
tively. miR-320a also inhibits autophagy through targeting
phosphoprotein regulated by cAMP (ARPP-19) and estro-
gen-related receptor gamma (ERRy) [103]. Furthermore,
miR-27a has been identified as a negative regulator of sur-
vival and chemoresistance of BCSCs. The gain of miR-27a
function sensitized cells to chemotherapeutic treatment by
targeting genes involved in reactive oxygen species detoxi-
fication and impaired autophagy after DOX treatment [104].

miR-567 expression is significantly low in TRA-resistant
cells. Its exosome-packed gain-of-function enhances apopto-
sis and reduces autophagy, re-sensitizing cells to TRA, both
in vivo and in vitro models, in part by targeting autophagy-
related 5 (ATGS) gene, strongly associated with cancer ini-
tiation [105]. miR-129-5p has been reported to increase sen-
sitivity to taxol in BC models by inhibiting autophagy. This
process included direct regulation of high mobility group
box 1 (HMGBI), a regulator of autophagy [106].

1.4 miRNAs and receptors
1.4.1 ErbB receptors

The ErbB family comprises four transmembrane tyrosine
kinase receptors (TKR) that act as receptors for the members
of the Epidermal Growth Factor (EGF) family of extracel-
lular protein ligands [107]. Except for HER?2 (also known as
ErbB2), which has not a described ligand, the EGF Recep-
tor (EGFR) (also known as ErbB1 or HER1), HER3 (also
known as ErbB3), and HER4 (also known as ErbB4) form
homo- and heterodimers after ligand binding [108]. The
ligand-receptor interaction leads to the intracellular TK
domain’s autophosphorylation, thus promoting tumor cell
survival, proliferation, migration, and invasion by activa-
tion of downstream signaling pathways, such as PI3K and
MAPK [107]. Dysregulation of receptors, which may occur
due to overexpression, amplification, or mutation, is linked
to the development of many cancer types, including BC, by
promoting its malignant phenotype. [109]. Several miRNAs
regulate ErbB receptors enhancing or suppressing its func-
tions, leading to an alteration in therapy response [110, 111]
(Table 4 and Fig. 4).

Table.4 MiRNAs and receptors (bold, direct targets; italicized, indi-
rectly downregulated targets; italicized and *, indirectly upregulated
targets)

MiRNAs Drug Targets Reference
miR-7 Doxorubicin EGFR [113]
Trastuzumab SCR [130]
HER2A16
miR-10b Tamoxifen HDAC4 [147]
ERa*
miR-26a Tamoxifen HER2 [125]
miR-26-b
miR-27a Endoxifen ZBTB10-Sp1 [154]
Tamoxifen ERa* [155]
Toremifene
miR-125a+ Paclitaxel HER3 [137]
miR-205 Trastuzumab AKT
SRC
miR-135a Tamoxifen ESR1 [158]
ESRRA
NCOA1
PIM2
MRAS
LCP1
miR-137 Trastuzumab Eps8 [115]
Tamoxifen SRC3 [159]
GREBI [160]
TFF1
miR-141 Trastuzumab HER4 [141]
miR-182 Trastuzumab FOXO1 [127]
Numb
NICD*
HESI*
HIF-1a*
p-AKT*
miR-186p Tamoxifen EREG [116]
miR-199b Trastuzumab HER2 [126]
miR-200c Trastuzumab ZEB1 [128]
ZNF217
HER?2
miR-205 Trastuzumab HER3 [134]
Gefitinib VEGF-A [135]
Lapatinib [136]
Docetaxel
miR-205 Lapatinib HER2 [138]
(in BCSC) po63
EGFR
miR-221 Tamoxifen ERx [36]
miR-222 p27 [150]
[151]
miR-335 Tamoxifen ERax [152]
miR-342 Tamoxifen ERa* [153]
miR-375 Trastuzumab IGFI1R [118]
miR-450b-3p Doxorubicin HER3 [140]
Trastuzumab
miR-451 Tamoxifen 14-3-3¢ [122]
EGFR
HER?2
miR-451a Tamoxifen 14-3-3¢ [102]
ERa*
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Table.4 (continued)

increasing TAM and TRA response [114, 115]. Additionally,
epiregulin (EREG), an agonist of EGFR, was upregulated in

MiRNAs Drug Targets Reference
TAM-resistant BC cells and negatively regulated by miR-
miR-452 Tamoxifen UGT1A1 [156] 186-3p [116].

R.502b b bici fg;:R 1o Moreover, the miR-630 acts as a tumor suppressor in
m? ) Oxoru. rem [119] HER?2 overexpressing tumors. The miR-630 overexpres-
miR-575 Tamoxifen CDKNI1B [149] . . . . ..

BRCA1 sion induced a decrease in the protein levels of insulin-like

ERa* growth factor 1 receptor IGF1R), EGFR, and HER2, as well

miR-630 Afatinib IGFIR [117] as its phosphorylated forms, turning the cells more sensitive

Lapatinib EGFR to HER-targeting agents (LAP, neratinib (NER), and afatinib

Neratinib HER2 (AFA)) [117]. Additionally, IGFIR is also targeted by miR-

miR-873 Tamoxifen g}?m Hgg 375, which is downregulated in TRA-resistant HER2 +BC
a

In BC, EGFR overexpression is associated with larger
tumor size and poor clinical outcomes [112]. In this context,
several miRNAs have been shown to regulate EGFR and its
downstream pathway. One example is miR-7, which is down-
regulated in BC cells resistant to DOX. The miR-7 overex-
pression re-sensitized these cells by inhibiting EGFR/PI3K
signaling pathway [113]. miR-137 also inhibits EGFR/PI3K
pathway by targeting EGFR pathway substrate (EPSS), thus

cells and patients. The TRA sensitivity is restored by miR-
375 overexpression, which reduces IGFIR and p-AKT pro-
tein levels [118]. Moreover, Zhang et al. [119] found that
miR-502b was upregulated in patients with good response to
DOX. They identified that miR-502b directly targets /IGFIR,
and the expression of this miRNA was related to apopto-
sis induced by DOX through the inactivation of the PI3K
pathway.

In ER + BC cells, TAM treatment led to an upregula-
tion of the 14-3-3C, a key factor that binds and stabilizes
proteins like EGFR or HER2 [120]. Moreover, high levels

TAM

LAP NER AFA T PTX TRA
DOX miR-630 miR-26a miR-125a
miR-502b miR-26b GCB LAP TRA DTX PTX
TRA TRA miR-205
@ miR-375 nox miR-199b-5p  pp DOX TRA
1 e “"l' miR-200c miR-AiOb-sp
» LAP
EXTRACELULAR miR-186-3p : }—miR-205-5p — 4 v
FLUID TAM | .
SRNNNNNRNNNNNNRS IGFIR pesesssssssse I EGFR pasansse m (TITTTT]
|
1] | | 20886
CYTOPLASM '\ | TAM
TAM TRA 1 miR 451
iR-137 Eps8 |
miR-137 — Qg L 14:3:37
TRA
C
miR-342 L T T J
l miR-451a DOX
TAM miR-27a | MAPK pathway PI3K pathway miR-20a
miR-10b miR-452 I miR-29a
miR-575 TAM } miR 1/ 3(9-5p ' DOX miR-200c
TAM I miR-135a RAS TRA PI3K <= miR-221-3p miR-202-5p
m!R-221 ‘ miR-126 1 o miR-489
miR-222 TAM e miR-182 I I bOX DTX
miR-335 miR-137 miR-542-3 ANA LET miR-19
p
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MEK miR-424 1 miR-205 miR-222
- i PTX DOX GCB FUL
NUCIEDS S miR-100 TAM TRA
ST T T T N . ERK mTOR 5FU miR-21
( ? Proliferation 7 Invasion “ iy ; mii-(-544 PTX
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| : 3 miR-101
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# miR-144

Fig.4 Schematic representation of miRNAs involved in drug resist-
ance through regulating receptors and PI3K/AKT/PTEN/mTOR path-
way. Arrows indicate activation and line with a perpendicular line at
the end indicates inhibition. miRNAs increasing drug resistance are
represented in red color, and miRNAs increasing drug sensitivity are
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represented in green color. AFA, afatinib; ANA, anastrozole; DOX,
doxorubicin; DTX, docetaxel; FUL, fulvestrant; GCB, gemcitabine;
LAP, lapatinib; LET, letrozole; NER, neratinib; PTX, paclitaxel;
RAD, radiation; TAM, tamoxifen; TRA, trastuzumab; 5-FU, 5-fluo-
rouracil
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of 14-3-3C were associated with a poor clinical outcome
of BC patients treated with TAM [121]. Bergamaschi et al.
reported that miR-451 upregulation reduced the expression
of 14-3-3C and, consequently, restored TAM effectiveness in
endocrine therapy-resistant cells, and reduced HER2, EGFR,
and MAPK signaling pathway [122].

The HER2 overexpression or amplification is present in
approximately 20 to 30% of BCs and is associated with poor
prognosis and disease progression once it increases prolif-
eration and metastasis rates [123]. This receptor is the most
well-established therapeutic target in HER2 +BC, with sev-
eral targeted therapies approved, such as TRA or LAP [124].
In ER 4+ BC cells resistant to TAM, an upregulation of HER2
was found. The miR-26a/b inhibits the translation of HER2
and revert TAM resistance [125]. Moreover, miR-199b-5p
directly inhibits HER2 expression leading to inhibition of
its downstream signaling and its combination with TRA was
demonstrated to enhance the treatment efficacy [126]. Addi-
tionally, in HER2 +BC cells, miR-182 plays an essential
role in the induction of TRA resistance; in turn, TRA treat-
ment reduces miR-182 levels. This miRNA is responsible
for the inactivation of Forkhead box protein O1 (FOXO1)
and NUMB endocytic adaptor protein (NUMB), whereas
it induces Notch Intracellular Domain (NICD), Hes fam-
ily BHLH transcription factor 1 (Hes1), Hypoxia-inducible
factor 1-alpha (HIF-1a), and p-AKT levels. The inhibition
of miR-182 alone and/or in combination with TRA reduced
the p-AKT levels leading to an upregulation of FOXOI1 in
TRA-sensitive and TRA-resistant cells, which induced sen-
sitization to TRA [127]. The miR-200c is another miRNA
that regulates HER2 expression in TRA-resistant cells, and
low miR-200c expression may underlie therapy resistance.
TRA sensitivity was restored by miR-200c overexpression,
which targets Zinc finger protein 217 (ZNF217) and Zinc
finger E-box binding homeobox 1 (ZEB1) [128].

Besides, the HER2A 16 oncogenic isoform of the HER2
receptor is present in approximately 50% of HER2 + BC
and promotes TRA resistance [129]. The re-expression of
miR-7 reverted the HER2A16 expression induced by TRA
through the inactivation of Steroid Receptor Coactivator
(SRC) [130].

Moreover, the heterodimerization of HER3 with HER2
plays a vital role in HER2 signaling pathway activation.
The HER3 overexpression is related to a higher relapse
rate, being a cause of resistance to HER2-mediated ther-
apies [131, 132]. miR-205 functions as tumor suppressor
miRNA and improves the response to the TK inhibitors gefi-
tinib (GEF) and LAP and to TRA through abrogating the
expression of HER3 along with vascular endothelial growth
factor A (VEGF-A) and targets AKT-mediated pathway in
BC cells [133, 134]. Moreover, higher miR-205 expression
levels were associated with better outcomes in HER2+BC
patients treated with adjuvant TRA [135]. Similar results

were obtained with the overexpression of miR-205 in BC
cells that increased the sensitivity to DTX. Likewise, the in
vivo results demonstrated a synergistic effect between miR-
205 and DTX [136]. In HER2-overexpressing BC cells, miR-
125a and miR-205 were related with HER3 regulation. The
combination of these two miRNAs inhibited HER3 expres-
sion and reduced the levels of phosphorylated HER3, AKT,
and SRC and, as a consequence, the therapeutic efficacy of
TRA and PTX against HER2 + BC was enhanced [137]. In
contrast, miR-205-5p upregulation was found in BCSCs. In
these cells, the high miR-205-5p targeted ERBB pathway
and led to LAP resistance. Specifically, miR-205-5p directly
repressed HER2 and indirectly EGFR (via miR-205/p63/
EGFR regulation) [138]. Additionally, miR-205-5p expres-
sion sustained the BC cells stem-like phenotype contributing
to tumor aggressiveness and therapy resistance [138, 139].
The miR-450b-3p is another miRNA that directly inhibits
HER3 expression and represses the downstream signaling
pathway. The overexpression of this miRNA enhanced sen-
sitivity to TRA and DOX by repressing proliferative signal
pathways via HER3/HER2/PI3K/AKT axis. Also, the com-
bination of low levels of miR-450b-3p with high expression
of HER3 was associated with lower overall survival in BC
patients, suggesting a tumor repressor role of miR-450b-3p
[140].

Despite the lack of certainty about the HER4 role in BC,
miR-141 was proposed as an anti-tumor miRNA. It targets
HER4 and is downregulated in the TRA-acquired resistance
BC tumor model, where its overexpression enhanced the
treatment response [141].

1.4.2 Estrogen receptor

ERa is overexpressed in approximately 75% of BCs [142].
It participates in several cellular pathways that regulate gene
expression, cell growth, and survival [143]. For ER +BC
patients, selective ER modulators (SERMs) such as TAM,
selective ER downregulators (SERDs), and blockers of
estrogen biosynthesis (aromatase inhibitors) are the main
treatment strategies [144]. ER expression is key for estrogen-
dependent growth, and its levels are associated with therapy
response and prognosis [145]. The acquisition of resistance
to endocrine therapies can be related to loss or reduction of
ER expression, or loss of estrogen dependence by activation
of alternative signaling pathways, among other mechanisms
[142]. Several miRNAs have been described to be involved
in TAM resistance in BC patients, either through ER modu-
lation or by targeting genes from the ER signaling pathway
[146] (Table 4 and Fig. 4).

Five miRNAs were described to be implicated in TAM
resistance acquisition. miR-10b and miR-575 increase resist-
ance by indirectly promoting ER. Oppositely, miR-221,
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miR-222, and miR-335 increase resistance by direct repres-
sion of ERa.

miR-10b was found to be overexpressed in TAM-resist-
ant cells, and its expression was inversely correlated with
TAM sensitivity. This miRNA directly targets (HDAC4)
and, consequently, induces TAM resistance [147]. HDAC4
was described as a transcriptional suppressor of ERa expres-
sion, thus establishing a possible explanation for the mecha-
nism beyond TAM resistance [148]. In ER +BC cells with
acquired TAM resistance, miR-575 was also found to be
upregulated. Likewise, miR-575 overexpression was asso-
ciated with poor outcomes in ER +BC patients. Further-
more, miR-575 targets Cyclin-dependent Kinase Inhibitor
1B (CDKNIB) and BRCAL1, two proteins that antagonize
ERa activity by abolishing ERa-CCND1 interactions, thus
contributing to TAM resistance [149]. Besides, miR-221
and miR-222 were overexpressed in HER2 + BC tissues
and cells and conferred TAM resistance by targeting p27%P!
and ERa [36, 150, 151]. Additionally, miR-335 (miR-335-3p
and miR-335-5p) overexpression also enhanced resistance
to TAM by repression of ERa and potentially through tar-
geting genes involved in the ERa signaling pathway [152].

Regarding the miRNAs that restore TAM sensitivity, four
of them are described to promote ERa: miR-342, miR-451,
miR-27a, and miR-452. By contrast, three miRNAS repress
ERa: miR-135a by directly targeting Estrogen Receptor 1
(ESRI), and miR-137 and miR-873 by targeting ER pathway.
In BC tissues, miR-342 expression was positively correlated
with ERa expression. Therefore, miR-342 induction in estro-
gen-dependent BC cells led to ERa upregulation and sensi-
tized cells to TAM [153]. Moreover, Zhen-Ru et al. demon-
strated that miR-451a overexpression improved sensitivity
to TAM by decreasing 14-3-3( expression and reducing the
AKT/mTOR signaling pathway activation while increasing
ERa expression [102]. miR-27a showed decreased expres-
sion in TAM-resistant cells. High miR-27a levels were asso-
ciated with increased in vitro sensitivity to SERMs such as
TAM, endoxifen, and toremifene, and higher overall sur-
vival in ER +BC patients that underwent endocrine thera-
pies. Additionally, miR-27a overexpression increased the
ERa levels, leading to sensitization for SERM treatments
[154]. An indirect regulation of ERa by miR-27a via Zinc
finger and BTB domain-containing 10-Sp/ transcription
factor (ZBTB10-Spl) repression had been suggested [155].
Interestingly, in TNBC, miR-452 can be indirectly related to
TAM sensitization. In this specific BC subtype, UDP Glu-
curonosyltransferase Family 1 member A1 (UGT1A1) was
found to be a target gene of miR-452. UGT1A1 induced
abnormal glycosylation in ERa and decreased its expres-
sion. Restoring the miR-452 expression in TNBC cells, the
expression and function of UGT1A1 were reverted [156]
leading to a rise in ERa expression that is essential to sensi-
tize the cells to TAM [157].
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miR-135a is another miRNA related to TAM resistance
in BC. miR-135A1 locus deletion and reduced miR-135a
expression were associated with poor prognosis in ER+BC
patients. In contrast to the previously described miRNAs,
miR-135a seems to be related with ER gene inhibition, as the
TAM-mediated loss of miR-135a increased the expression
of its target genes ESR/, Estrogen-related Receptor Alpha
(ESRRA), Nuclear receptor Coactivator 1(NCOAI), Pim-2
proto-oncogene, serine/threonine kinase (PIM2), Muscle
RAS oncogene homolog (MRAS), and Lymphocyte cyto-
solic protein 1 (LCP1) and consequently led to activation of
the ERK1/2 and AKT pathways. So, the crosstalk between
miR-135a, ERa, and ERK1/2/AKT induced resistance to
TAM in ER + BC cells [158]. Besides, the miR-137/SRC3
axis seems to contribute to TAM resistance in an ER-sign-
aling-dependent manner. In BC patients treated with TAM
therapy, high Steroid receptor coactivator-3 (SRC3) levels
were associated with lower disease-free survival, indicating
resistance to therapy [159]. miR-137 suppresses ER signal-
ing by direct targeting SRC3 and related to the transcription
of ER-target genes, such as Growth-Regulating Estrogen
Receptor Binding 1 (GREBI) and Trefoil Factor 1 (TFF1)
[160]. Additionally, the miR-873 downregulation has also
been associated with TAM resistance by the CDK3-ERa
pathway. Low mir-873 levels were found in TAM-resistant
cells together with overexpression CDK3, which is a direct
target of miR-873 and responsible for ERa phosphorylation.
Induction of miR-873 restored TAM sensitivity by decreas-
ing the ERa transcriptional activity and ERa recruitment on
ERE sequences in a CDK3-dependent manner [161, 162].

1.5 miRNAs and PI3BK/AKT/PTEN/mTOR pathway

PI3K/AKT/PTEN/mTOR pathway regulates multiple cell
functions, such as cell proliferation, cell survival, differen-
tiation, and angiogenesis, in normal conditions [163]. There-
fore, modulation of this pathway by miRNAs could be one
of the mechanisms involved in BC drug resistance. This
pathway is activated after a particular ligand, such as insu-
lin or growth factors, binds to TKs or G-protein-coupled-
receptors in the cell membrane. Subsequently, PI3K activa-
tion promotes the phosphorylation of phosphatidylinositol 4,
5-biphosphate (PIP2) to phosphatidylinositol 3,4,5—triphos-
phate (PIP3), which initiates the signaling cascade that
implicates AKT phosphorylation and activation. After that,
mTOR is activated through AKT and triggers several bio-
logical functions, such as cell proliferation, invasion, and
angiogenesis [163]. PTEN is a master negative regulator of
the pathway by preventing the activation of PIP3. It is widely
described in the literature that PTEN expression is disrupted
in many types of tumors due to genetic alterations or epige-
netic regulations, producing a continuous PI3K activation
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Table.5 miRNAs and PI3K pathway (bold, direct targets; italicized,
indirectly downregulated targets; italicized and *, indirectly upregu-
lated targets)

MiRNAs Drug Targets Reference
miR-19 Doxorubicin PTEN [165]
Docetaxel
miR-20a Doxorubicin PTEN [172]
miR-21 Doxorubicin PTEN [166]
Gemcitabine [169]
Fulvestrant [168]
Tamoxifen [167]
Trastuzumab
miR-29a Doxorubicin PTEN [173]
miR-100 Paclitaxel mTOR [180]
miR-101 Tamoxifen MAGI-2 [178]
PTEN
miR-125b Anastrozole AKT/mTOR* [184]
Letrozole
miR-126 Trastuzumab PIK3R2 [182]
miR-144 Radiation PTEN [170]
miR-149-5p Paclitaxel MYDS8 [66]
miR-200c Doxorubicin ZEB1 [174]
PTEN
miR-202-5p Doxorubicin PTEN [171]
miR-205 Anastrozole AKT/mTOR* [184]
Letrozole
miR-221-3p Doxorubicin PIK3R1 [183]
miR-222 Doxorubicin PTEN [175]
Docetaxel FOX01 [173]
[176]
miR-424 Anastrozole AKT/mTOR [184]
Letrozole
miR-489 Doxorubicin SPIN1 [73]
VAV3
AKT3
miR-519a Tamoxifen PTEN [33]
CDKNI1A
miR-520 h Paclitaxel OTUD3 [177]
PTEN
miR-542-3p Trastuzumab PI3K pathway [181]
miR-544 5-Fluorouracil mTOR [179]

and initiating epithelial-to-mesenchymal transition (EMT)
process and drug resistance [164].

miRNAs that directly target PTEN were found to be
dysregulated in BC (Table 5 and Fig. 4). Liang et al. [165]
demonstrated that PTEN downregulation in DOX and DTX-
resistant BC tumors was controlled by miR-19, which has
an oncogenic effect. Besides, numerous authors focused on
the study of miR-21, which also modulates PTEN expres-
sion and regulates sensitivity to different drugs such as DOX
[166], TRA [167], TAM [168], FUL [168], and GCB [169].
Moreover, miR-144 overexpression was correlated with
increased resistance against RAD in BC cell lines. This
miRNA increased proliferation, migration, and invasion by

downregulating PTEN expression and activating the PI3K
pathway [170]. The downregulation of PTEN was also
directly linked to miR-202-5p [171], miR-20a [172], and
miR-29a [173] and their overexpression increased cell prolif-
eration and DOX resistance, and decreased apoptosis levels
through the PI3K/AKT activation pathway. Furthermore,
miR-200c was found downregulated in DOX-resistant BC
cells. Its direct target ZEB1 negatively regulates E-cadherin
(CDH1) and PTEN, thus activating the PI3K pathway, con-
ferring drug resistance [174]. Interestingly, miR-489 was
found to be downregulated in DOX-resistant BC tissues,
which was correlated with poor prognosis. Its overexpres-
sion increased chemosensitivity and inhibited prolifera-
tion, migration, and invasion through targeting Spindlin 1
(SPINI), which activated the PI3K/AKT pathway involved
in chemoresistance. Moreover, Vav guanine nucleotide
exchange factor 3 (VAV3), BCL-2, and AKT3, which are
involved in cell growth, were also found to be direct targets
of miR-489 [73]. Zhong et al. [173] and Shen et al. [175]
demonstrated that miR-222 promoted resistance to both
DOX and DTX by targeting PTEN and indirectly inhibit-
ing FOXO1, which is an AKT pathway inhibitor implicated
in tumor suppressor functions such as cell cycle, apoptosis
regulation, and cell differentiation. Additionally, Gu et al.
[176] found that miR-222 promoted resistance to TAM by
targeting PTEN as a result of the decrease of GASS5, which is
a molecular sponge for miR-222. Moreover, miR-520 h was
described as a PTEN modulator by targeting OTU Deubiq-
uitinase 3 (OTUD3), a deubiquitinase that controls PTEN
degradation. This miRNA promoted PTX resistance and
poor prognosis in BC patients, increasing proliferation and
reducing PTX-mediated apoptosis [177]. Likewise, Sach-
deva et al. [178] found that estradiol controlled miR-101
functions. In the absence of estradiol, miR-101 indirectly
regulated PTEN expression through its direct target Mem-
brane Associated Guanylate kinase, WW and PDZ domain
containing 2 (MAGI-2), then activating AKT and producing
TAM resistance. In addition, miR-519a was identified upreg-
ulated in TAM-resistant cells, and PTEN was described as
its direct target among other genes such as RB/ and CDKIA
[33]. It was demonstrated that patients with high levels of
miR-519a presented lower survival and worse response to
TAM treatment.

miR-149-5p was found downregulated in PTX-resistant
cells, and Myeloid Differentiation primary response gene
88 (MYDS8S8), a PI3K/AKT pathway activator, has been
described as its direct target. Besides, higher expression of
BAX was observed, which led to enhanced apoptosis [66].
In another way, miR-544 [179] and miR-100 [180] directly
target mTOR and have been associated with 5-FU and PTX
sensitivity, respectively, in BC cell lines and patients.

Furthermore, miR-542-3p expression was induced by
TRA treatment in HER2 + BC cell lines. The re-expression
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of miR-542-3p increased TRA sensitivity and led to apop-
tosis through blockage of G1/S checkpoint and lower PI3K
pathway activation [181]. Additionally, in TRA-resistant
HER?2 + BC cells, Phosphoinositide-3-Kinase Regulatory
subunit 2 (PIK3R2) was described as a direct target of
miR-126. Low miR-126 levels were translated into PIK3R2
upregulation leading to enhanced drug resistance and higher
migration and invasion rates [182]. Moreover, miR-221-3p
promoted resistance to DOX in BC by decreasing PIK3R]
expression and consequent PI3K pathway activation [183].
Besides modulation of AKT/mTOR pathway has also been
involved in aromatase inhibitors resistance, as shown by
Vilquin et al. that found that overexpression of miR-125b
and miR-205, and downregulation of miR-424 confer resist-
ance to letrozole (LET) and anastrozole by activating the
AKT/mTOR pathway [184].

1.6 miRNAs and stemness and epithelial
to mesenchymal transition

Nowadays, it has been demonstrated that BC comprises a
heterogeneous population of cells. Those can be roughly
classified into two main populations: BCSCs and differenti-
ated cells. BCSCs are a minor population of cells that carry
a high tumorigenic capacity and are involved in resistance
to different therapies [185-192].

Several molecular pathways are involved in BCSCs-phe-
notype regulation; among them, the most important is EMT.
This process occurs during cancer development, where there
is a loss of expression of epithelial-associated molecules
like CDH1 and an increase of mesenchymal-associated mol-
ecules such as N-cadherin (CDH2), vimentin (VIM), and
fibronectin (FN1) [188, 193]. As a result, the cells increase
their invasion and migration capacity [185, 186, 188] and
can nest in different tissues where they can proliferate to
originate new tumors in a process known as metastasis
[188]. There are different molecules involved in the induc-
tion of EMT, including Snail Family Transcriptional Repres-
sor 1 (SNAI1), ZEB1/2, Twist Family BHLH Transcription
Factor 1/2 (TWIST1/2) [194, 195], and some growth factors
such as Transforming Growth Factor-beta (TGF-f), EGF,
and Tumor Necrosis Factor-alpha (TNFo) [193].

In this scenario, miRNAs play an important role in regu-
lating stemness and EMT by targeting several genes involved
in these two pathways (Table 6 and Fig. 5). miR-200 family
is the most studied miRNA family across those involved in
EMT regulation. It comprises five members: miR-141, miR-
200a, miR-200b, miR-200c, and miR-429 [196], which can
downregulate ZEBI and ZEB2 [196—198]. As a result, it has
been shown that overexpression of miR-200 reverses EMT in
different cancer cell lines [199]. Among the miR-200 family,
miR-200c is the most studied member. It is able to reduce
migration and invasion in BC by inhibiting EMT [199, 200].
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Table.6 MiRNAs and EMT/CSC (bold, direct targets; italicized, indi-
rectly downregulated targets; italicized and *, indirectly upregulated
targets)

MiRNAs Drug Targets Reference
miR-18b-5p Paclitaxel DOCK4 [244]
miR-21 Trastuzumab  PTEN [249]
[167]
miR-25 Doxorubicin EP300 [234]
y-radiation CDH1 [235]
Etoposide
Colchicine
Paclitaxel
miR-30c Doxorubicin TWF1 [214]
Paclitaxel
miR-33a-5p Doxorubicin elF5A2 [215]
miR-34a Doxorubicin NOTCH1 [227]
Paclitaxel WNT1 [228]
Sunitinib CD44 [229]
Trastuzumab [230]
[231]
miR-93 Doxorubicin EP300 [234]
y-radiation CDHI [235]
Etoposide PTEN [247]
Colchicine
Paclitaxel
miR-93-3p Cisplatin SPFR1 [237]
miR-105 Wnt/B-catenin pathway
miR-106-b Doxorubicin EP300 [234]
y-radiation CDHI [235]
Etoposide
Colchicine
Paclitaxel
miR-124 Doxorubicin STAT3 [232]
ALDH]I
OCT4
SOX2
HIF-1
miR-125 Trastuzumab  SNAI1 [222]
miR-128 Letrozole TGF-pRI [270]
miR-129-5p Doxorubicin SOX4 [216]
Epirubicin TWIST1 [217]
miR-137 Doxorubicin DUSP4 [218]
miR-139-5p Docetaxel NOTCH1 [226]
miR-140-5p Doxorubicin WNT1 [240]
OCT4
ALDH]I
miR-141-3p Trastuzumab CDKS8 [209]
SMAD2/3
TGF-p pathway
miR-155 Doxorubicin FOXO-3a [245]
Paclitaxel C/EBP-f [246]
BMI1*
SLUG*
SNAII*
EZH2*
CDH]I
TGF-p
TSPANS
miR-190 Tamoxifen SOX9 [241]
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Table.6 (continued) Table.6 (continued)
MiRNAs Drug Targets Reference MiRNAs Drug Targets Reference
miR-197 Cisplatin NLK [239] miR-873 Gemcitabine  ZEB1 [212]
miR-200 Paclitaxel Jagged2 [203] Doxorubicin  CDHI* [213]
miR-200b 5-fluorouracil FN1 [201] II?;‘)}-)I]JI
Carbopla'tip ZEB1 [205] OCT4
Doxorgblcln FN1 [206] ALDHIAI
Tamoxifen ARRDC3 [207] NANOG
Fulvestrant CDHI
VIM SOX2
7ZEB1/2 miR-1236 Cisplatin SLC9A1 [242]
CDH2
VIM
SLUG It has been illustrated that miR-200b/c acts as a tumor sup-
¢-MYB pressor by targeting multiple genes involved in EMT and
miR-200c Carboplatin  ZEB172 [174] metastasis, thus having a role in drug resistance in BC. This
Doxorubicin CDHI* [202] . . . . .
Paclitaxel PTEN [204] family of miRNAs increases sensitivity to chemotherapeutic
Fulvestrant Akt pathway [206] drugs, including CAR and DOX [174, 201, 202], PTX [203,
Tamoxifen VIM [207] 204], 5-FU [205], and to other drugs such as FUL, TAM
Trastuzumab  SOX2 [128] [206, 207], and TRA [128, 208, 209] through downregula-
gf;g [208] tion of EMT inductors. In addition, miR-200c has been dem-
VIM onstrated to be upregulated in BC patients who experienced
c-MYB low response to neoadjuvant chemotherapy compared to
ZNF217 those with high response to the treatment [210]. ZEBI is also
;gg;ﬁigathway regulated by other miRNAs. One of these miRNAs is miR-
BMI1 708-3p, which acts as a tumor suppressor miRNA, targeting
NOTCH two EMT markers, CDH2 and VIM, resulting in repression
WNT of EMT, metastasis, and improvement of sensitivity to DOX
miR2213p  Doxorubicin I;i(gllihog pathway [238] in. vitro and in vivo [21 1.]. Wang et al. den?o.n'strateq thgt
miR3403p  Paclitaxel YWHAZ 219] miR-873 ove.rexpressmn 1ncreases. GCB sen51'F1V1ty while its
SLUG downregulation promotes drug resistance and increases mes-
SNAII enchymal phenotype by CDH1 downregulation and upregu-
VIM lation of ZEB1 target genes such as Yes1-Associated Tran-
CDHI* scriptional Regulator (YAPI) [212]. Gao et al. showed that
miR-340-5p  Docetaxel LGRS ] (220] miR-873 is also associated with attenuation of DOX resist-
) ) Wnilj-catenin pathway ance through direct targeting Programmed Death-ligand
miR-375 Tamoxifen ;?SI? g%g 1 (PD-LI). PD-L1 inhibition led to decreased capacity of
miR-489 Doxorubicin  SMAD3 [221] mammosphere formation in vitro, tumor formation in vivo,
miR-520b-5p Trastuzumab ~ CD44 (231] and repression of stemness markers such as Octamer-binding
miR-520c-3p Trastuzumab ~ CD44 (231] transcription factor 4 (OCT4), Aldehyde dehydrogenase 1
miR-548 Doxorubicin  PBLD (243] family (ALDH1A1), NANOG, and SRY (sex determining
miR-587-5p  Trastuzumab  CD44 (231] region Y)-box transcription factor 2 (SOX2), thus increasing
miR-7083p  Doxorubicin  ZEBI 211] the efficacy of DOX treatment [213].
Docetaxel CDH2 [233] Several miRNAs have been related to DOX sensitivity.
VIM Among them, miR-30c increases the sensitivity to DOX
CD47 and PTX and reverts some EMT traits by inhibiting the
miR-760 Doxorubicin ~ Nanog [223] expression of the cytoskeleton gene Twinfilin-1 (TWF1)
g)ﬁzl [214]. Guan et al. showed miR-33a-5p association with
miR-766 5-fluorouracil  PTEN (248] DOX response in TNBC cells. Its overexpression increases
VIM DOX sensitivity by decreasing EMT through its direct tar-
CDH? get, Eukaryotic Translation Initiation Factor 5A2 (elF5A2)
SNAI

[215]. miR-129-5p has also been linked with EMT and
drug resistance. Luan et al. found miR-129-5p expres-
sion lower in DOX-resistant cells and confirmed that its
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Fig.5 Schematic representation of miRNAs involved in drug resist-
ance through regulating stemness and epithelial to mesenchymal tran-
sition. Arrows indicate activation and line with a perpendicular line at
the end indicates inhibition. miRNAs increasing drug resistance are
represented in red color, and miRNAs increasing drug sensitivity are

overexpression reverts EMT through SOX4 modulation
and increases sensitivity to DOX [216]. In addition, a
high miR-129-5p expression also promotes EPB sensitiv-
ity due to EMT inhibition by direct TWISTI repression
[217]. miR-137 also attenuates DOX resistance by directly
targeting Dual Specificity Phosphatase 4 (DUSP4) and
decreasing EMT in vitro and in vivo [218]. Yan et al. found
miR-340-3p to be downregulated in MCF7-PTX-resistant
cells while LncRNA H19, which binds and regulates miR-
340, was overexpressed. miR-340-3p mimics transfection
inhibited SLUG, SNAII, and VIM expression; increased
CDHI1; and restrained migration and invasion properties
due to its direct regulation of YWHAZ [219]. The coun-
terpart strand of this miRNA, miR-340-5p, inhibited
DTX resistance through downregulation of Leucine-rich
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represented in green color. CAR, carboplatin; CIS, cisplatin; COL,
colchicine; DEC, decitabine; DOX, doxorubicin; DTX, docetaxel;
EPB, epirubicin; ETO, etoposide; FUL, fulvestrant; GCB, gemcit-
abine; LET, letrozole; PTX, paclitaxel; RAD, radiation; SUN, suni-
tinib; TAM, tamoxifen; TRA, trastuzumab; 5-FU, 5-fluorouracil

repeat-containing G-protein coupled receptor 5 (LGRS) via
suppressing the Wnt/p-catenin pathway [220]. Moreover,
Jiang et al. studied the effect of miR-489 in DOX-resistant
cells. This miRNA is downregulated in resistant cells, and
its overexpression demonstrated to revert chemoresistance
through regulation of Smad3, which plays an important
role in TGF-B-induced EMT [221]. TRA-resistant cells
generated by Dong et al. showed miR-125 downregulation
and overexpression of its regulator Terminal differentia-
tion-induced non-coding RNA (IncRNA TINCR). Upregu-
lation of miR-125 and consequent inhibition of TINCR
suppresses EMT and migration ability by directly binding
miRNA to SNAII. These results suggest that TINCR/miR-
125/SNAI1 would be a promising target to overcome TRA
resistance in HER2 + BC [222].
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Several miRNAs have been studied due to their role in
drug resistance by direct or indirect regulation of stemness.
Among them, Hu et al. demonstrated that miR-760 is down-
regulated in DOX-resistant cell lines and chemoresistant BC
tissues. Its higher expression in vitro directly targets NANOG
and regulates VIM and CDHI, leading to higher growth
inhibition by DOX [223]. Moreover, it has been proved
that miR-375 overexpression increases sensitivity to TAM
mediated by downregulation of Homeobox B3 (HOXB3) and
metadherin (MTDH), which are mainly involved in regulat-
ing some features of CSCs, as well as EMT [224, 225].

NOTCHI1 is a receptor involved in the maintenance
and self-renewal of BCSCs [187, 194]. miR-34a and miR-
139-5p have been described to target NOTCH1I directly.
Consequently, their upregulation increases the sensitivity
to several drugs and reduces some CSCs traits. miR-139-5p
inhibits migration and invasion, induces cell cycle arrest,
and increases sensitivity to DTX [226], whereas miR-34a
has been described to be downregulated in breast tumors and
to increase sensitivity to DOX [227] and PTX [228]. miR-
34a has also been described to be involved in the multi-target
TKR inhibitor sunitinib response by decreasing the invasion
capacity of MCF7 BC cells by directly targeting Wnt Family
Member 1 (WNT1) [229]. CD44 is also a target of miR-34a,
and it is closely linked to BC progression and particularly
to TRA resistance due to its ability to prevent the binding
between this antibody and HER2 receptor [230, 231]. miR-
34a together with miR-520c-3p, miR-520b-5p, and miR-
587-5p inhibit metastasis and cancer stemness in BC by
targeting CD44. Upregulation of these miRNAs increases
the efficiency of HER2-targeting strategies and would be
foreseeable that their use may conquer TRA resistance more
effectively [231].

Signal Transducer and Activator of Transcription 3
(STAT?3) is also upregulated in BCSCs compared to epithe-
lial cancer cells. Liu et al. found upregulation of STAT3 in
DOX-resistant cells while downregulation of miR-124. Sup-
pression of STAT3 by direct miR-124 targeting reduced drug
resistance, migration, and expression of ALDH1, OCT4,
SOX2, and HIF-1a [232].

Tan et al. found miR-708 to be downregulated in BCSCs
compared to adherent cells. Inhibition of miR-708 leads to
a higher ability of mammosphere formation in vitro and
tumor formation in vivo, and it associates to better response
to chemotherapy and higher survival in patients. CD47 was
validated as a direct target of miR-708, and its inhibition
reduced the self-renewal capacity, increased phagocytosis
of BCSCs by macrophages, and sensitivity to DTX [233].

Increasing evidence suggests that the function of some
other miRNAs is mainly involved in the EMT process
that plays a crucial role in MDR by the promotion of
tumor metastasis. Zhou et al. demonstrated that the miR-
106b~25 cluster is involved in DOX-resistance [234], and

Hu et al. related its overexpression in BC cells to resist-
ance to DOX, y-RAD, ETO, colchicine, and PTX [235].
miRNAs like miR-106b, miR-93, and miR-25 were dem-
onstrated to activate EMT by inhibition of E1A Binding
Protein P300 (EP300), a transcriptional activator of CDH1
[234, 235]. Furthermore, this cluster has also been demon-
strated to upregulate NOTCHI1 at the post-transcriptional
level by targeting the E3 ubiquitin ligase Neural precur-
sor cell expressed developmentally downregulated 4-like
(NEDD4L). As a result, it induces BC tumor initiation in
vitro and in vivo [236].

The Wnt/p-catenin signaling pathway is also involved
in stemness in BC. This pathway has been demonstrated
to be regulated by several miRNAs such as miR-105
and miR-93-3p. Those miRNAs target Secreted Frizzled
Related protein 1 (SPFRI), which is a suppressor of the
Wnt/B-catenin signaling pathway. Due to this fact, Li et al.
demonstrated that those miRNAs promote CIS resistance
[237]. In the same trend, miR-221-3p is upregulated in
DOX-resistant cells and non-responder patients’ tumor
samples. miR-221-3p mimics decreased growth inhibition
rate of DOX through targeting Dickkopf Wnt signaling
pathway inhibitor 2 (DKK?2), a critical modulator of Wnt/
p-catenin signaling pathway, and consequently upregulated
ATP Binding Cassette Subfamily B Member 1 (ABCB1).
Simultaneously, miR-221 is regulated by Inc-RNA-GASS.
Thus, Chen et al. propose the GAS5-miR-221-DKK2 axis
as a potential strategy to beat chemoresistance in BC by
inactivation of the Wnt pathway [238].

Moreover, Tang et al. elucidated the role of miR-197
on chemotherapy resistance. The authors observed that
Taurine Upregulated 1 (TUG1) could sponge miR-197
and simultaneously miR-197 represses Nemo Like Kinase
(NLK). Interestingly, NLK is a negative regulator of Wnt
signaling, which mediates stemness and chemoresistance.
In this context, overexpression of miR-197 is associated
with low expression of TUG1 and NLK and consequently
Wnt pathway activation, thus decreasing CIS sensitivity
[239].

On the other hand, several microRNAs increase sensitiv-
ity to drugs by inhibiting the Wnt/p-catenin signaling path-
way. In this context, Wu et al. found miR-140-5p markedly
downregulated in BCSCs compared to non-BCSCs. Overex-
pression of miR-140-5p decreased self-renewal ability and
sensitized BC cells to DOX through directly targeting WNT1
in vitro and in vivo. Wnt pathway inhibition decreased stem
cell markers such as OCT4 and ALDH1 and pumps such as
ATP Binding Cassette Subfamily B Member 1 (ABCB1)
[240]. Another example is miR-190, whose overexpression
rendered cells high sensitivity to TAM in vitro and in vivo
and decreased mammosphere formation and BCSCs popula-
tion through directly targeting SRY (Sex determining Region
Y)-box transcription 9 (SOX9) and consequently inactivating
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the Wnt/B-catenin pathway [241]. Moreover, Jia et al. trans-
ferred adipose mesenchymal stem cell-derived exosomes
to CIS-resistant BC cells and increased drug sensitivity. It
was identified miR-1236 as a specific cargo of exosomes,
which targets explicitly Solute Carrier Family 9 Member Al
(SLC9A1), a protein overexpressed in resistant cells with a
role in migration capacity by activating the Wnt/B-catenin
axis [242].

Liang et al. found miR-548 overexpressed in the MDA-
MB-231 DOX-resistant cell line. miR-548, which is regu-
lated by circular RNA CircKDMA4C, promotes EMT, inva-
sion ability, and DOX resistance; thus, it has been proposed
as an oncogenic miRNA. Phenazine Biosynthesis Like Pro-
tein Domain Containing (PBLD) was validated as a miR-548
target and is involved in response to chemotherapy and EMT
[243].

Wang et al. identified miR-18b-5p to be upregulated in
PTX-resistant BC cells. LncRNA AC073284.4 is downregu-
lated in resistant cells and directly regulates miR-18b-5p by
a negative correlation, while miR-18b-5p targets Dedicator
of Cytokinesis 4 (DOCK4), which has a role in adhesion,
invasion, and metastasis capacity [244].

Carvalho Santos et al. and Wu et al. found miR-155
upregulation in BCSCs and drug-resistant cells [245, 246].
Indeed, overexpression of miR-155 increased the population
of stem-like cells. Exosomes secreted from chemoresistant
cells were miR-155 enriched, and their transfer to chemo-
sensitive cells was able to decrease the effect of DOX and
PTX and increase their migration potential by upregulating
EMT markers expression such as BMI1, SLUG, SNAII,
and Enhancer Of Zeste 2 Polycomb Repressive Complex
2 Subunit (EZH2) and decrease of CDHI through direct
inhibition of Forkhead box O3a (FOX0-3a) and CCAAT-
enhancer-binding protein (C/EBP-f3) which causes loss of
TGF-f inhibitory effect [245]. Tetraspanin 5 (TSPANS) is
also a direct target of miR-155, which reduces stemness and
decitabine resistance in TNBC cells [246].

Moreover, PTEN has also been described to be involved
in EMT inhibition by several authors. Due to this fact, miR-
NAs targeting PTEN can be potential EMT inductors, giving
rise to drug resistance. Among them, miR-93, miR-766, and
miR-21 have been validated as a direct regulators of PTEN.
miR-93 was overexpressed in DOX-resistant cells, and it
decreased sensitivity to DOX by inducing EMT [247]. In
the same trend, miR-766 increased invasion and migration
capacity and expression of VIM, CDH2, and SNAI1 and
promoted 5-FU resistance [248]. Besides, miR-21 has also
been demonstrated to involve the induction of EMT and
resistance to TRA in HER2 +BC [167, 249].
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Table.7 MiRNAs and pumps (bold, direct targets; italicized, indi-
rectly downregulated targets)

MiRNAs Drug Targets Reference
miR-7 Cisplatin ABCC1 [262]
Carboplatin [76]
Paclitaxel
miR-19b Doxorubicin ABCBI1 [254]
miR-24 Paclitaxel ABCB9 [261]
miR-27b Docetaxel ENPP1 [275]
ABCG2
miR-106a Cisplatin ABCG2 [77]
miR-124-3p Doxorubicin ABCC4 [268]
miR-128 Doxorubicin ABCC5 [93]
miR-134 Doxorubicin ABCC1 [264]
miR-137 Doxorubicin ABCB1 [251]
miR-140-5p Doxorubicin ABCBI [240]
miR-148a-3p Doxorubicin SPIN1 [258]
miR-148b-3p ABCB4
miR-152-3p CYP2C8
UGT2B4
UGT2B17
miR-181a Mitoxantrone ABCG2 [271]
miR-181b-2-3p Doxorubicin ABCC3 [266]
miR-195 Doxorubicin RAF-1 [74]
ABCBI
miR-199a Doxorubicin ABCC1 [265]
Vincristine
Paclitaxel
miR-200c Doxorubicin ABCB1 [210]
miR-206 Paclitaxel ABCBI1 [256]
miR-221-3p Doxorubicin DKK2 [238]
ABCBI
miR-298 Doxorubicin ABCB1 [252]
miR-302a/b/c/d Mitoxantrone ABCG2 [274]
miR-320a Doxorubicin TRPC5 [255]
NFAT3
ABCBI
miR-326 Doxorubicin ABCC1 [263]
VP-16
miR-328 Mitoxantrone ABCG2 [272]
miR-345 Cisplatin ABCC1 [262]
miR-381 Cisplatin ABCB1 [257]
miR-451 Doxorubicin ABCB1 [253]
miR-487 Mitoxantrone ABCG2 [273]
miR-503 Doxorubicin elF4G [276]
Tamoxifen ABCBI
Taxol ABCC1
ABCG2

1.7 Efflux pumps and miRNAs

Another mechanism of resistance to chemotherapy is medi-
ated by ATP-dependent efflux pumps, which decrease the
intracellular concentration of drugs. These proteins belong
to the family of ATP-binding cassette (ABC) transporters,
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which comprises 48 members classified in seven subfami-
lies (ABCA-ABCG) [250]. Due to this fact, some authors
have studied the regulation of different ABC transporters by
miRNAs in cells with acquired resistance to chemotherapy
(Table 7 and Fig. 6).

The most studied ABC transporter is the ABCB1, also
called P-gp or MDR1, which is able to transport hydropho-
bic drugs with a neutral or positive charge like DOX [250].
Zhu et al. Chen et al., Bao et al. and Kovalchuk et al. dem-
onstrated that miR-137, miR-200c, miR-298, and miR-451
were downregulated in DOX-resistant cells, respectively.
The overexpression of those miRNAs increased sensitiv-
ity to DOX by targeting ABCBI [210, 251-253]. miR-195
also enhances DOX sensitivity through indirect inhibition of
ABCBI, which is mediated by direct targeting of RAF-1 [74].
Moreover, Thorne et al. demonstrated that overexpression of
miR-19b sensitizes cells to DOX via non-canonical binding
to ABCB1 with the RNA-binding protein HuR [254]. The
miR-320a was also reported to be an indirect inhibitor of
ABCBI downregulated in DOX-resistant cells. He et al. dem-
onstrated that miR-320a targets Transient Receptor Poten-
tial Channel C5 (TRPC5), which induces the activation of
Nuclear Factor of Activated T-cells isoform C3 (NFATC3)
and stimulates ABCBI expression. It was also demonstrated
that the transcription factor v-ets erythroblastosis virus

increasing drug sensitivity are represented in green color. CAR, car-
boplatin; CIS, cisplatin; DOX, doxorubicin; DTX, docetaxel; ETO,
etoposide; MIT, mitoxantrone; PTX, paclitaxel; TAM, tamoxifen;
TAX, taxol; VIN, vincristine

E26 oncogene homolog 1 (ETS-1) is an inhibitor of miR-
320a and it is upregulated in chemoresistant cells. These
results were validated in samples from chemoresistant
patients [255]. In this line, miR-221-3p is another inductor
of ABCBI1 expression through directly targeting Dickkopf
WNT Signaling Pathway Inhibitor 2 (DKK?2) [238]. As pre-
viously mentioned, miR-140-5p also promoted sensitivity to
DOX through downregulation of ABCBI, maybe by target-
ing the Wnt-1/B-catenin signaling pathway [240]. ABCB1
is not only able to transport DOX but also PTX and CIS.
In line with this, Wang et al. demonstrated that IncRNA
ferritin heavy chain 1 pseudogene 3 (IncFTHI1P3) was over-
expressed in PTX-resistant tissue and cells. This promotes
PTX resistance through upregulation of ABCBI by targeting
miR-206 [256]. Yi et al. also demonstrated that miR-381
was downregulated in CIS-resistant tissues and cells, and
its overexpression re-sensitized the cells to CIS by targeting
ABCBI [257].

Chen et al. showed that miR-148/152 family (miR-
148a-3p, miR-148b-3p and miR-152-3p) increases sen-
sitivity to DOX. This effect is mediated by targeting
SPINI, which regulates drug transporter and metaboliz-
ing enzymes ATP Binding Cassette Subfamily B Mem-
ber 4 (ABCB4), Cytochrome P4502C8 (CYP2CS), UDP
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Glucuronosyltransferase Family 2 Member B4 (UGT2B4),
and UGT2B17 [258].

Some authors have studied the implication of the ABCB9
transporter in drug resistance, which has been described in
malignant pleural mesothelioma [259], and non-small cell
lung cancer [260], but almost nothing is known in BC. Gong
et al. found that miR-24 was downregulated in PTX-resistant
BC patients, and its overexpression increased the sensitivity
to PTX in resistant cells by targeting ABCB9 [261].

ATP Binding Cassette Subfamily C Member 1 (ABCC1)
is another ABC transporter that carries hydrophobic mol-
ecules with neutral or negative charge [250]. Its down-
regulation by different miRNAs has been found in several
BC-resistant cells. Pogribny et al. found that miR-345 and
miR-7 were downregulated in CIS-resistant cells compared
with the parental cell line. It was found that both miRNAs
target the ABCCI gene. Hence, the upregulation of those
molecules gives, as a result, an increased sensitivity to CIS
[262]. Besides, Hong et al. observed that miR-7 expression
was higher in patients with pathological complete response
treated with PTX plus CAR than in patients with non-path-
ological complete response. Its higher expression was also
associated with higher disease-free survival, thus associat-
ing miR-7 with better therapeutic response. Besides, it was
demonstrated that miR-7 directly targets BCL-2 and ABCCI,
and the upregulation of those molecules promoted sensitivity
to CAR and PTX in vitro [76]. Moreover, Liang et al. deter-
mined that miR-326 was downregulated in an MDR cell line
and BC tissues. It was demonstrated that miR-326 targets
ABCClI, and its upregulation augmented the sensibility to
DOX and the ETO [263]. Otherwise, miR-134 was also
found to be downregulated in BC cells from cell lines and
patients resistant to DOX. Lu et al. demonstrated that this
molecule targets ABCCI and that its upregulation increases
DOX sensitivity [264]. The IncRNAs are also supposed to
be implicated in drug resistance and sensitivity. Accord-
ing to Chang et al. linc00518 and MRP1 are upregulated
in BC tissues and a MDR cell line. The downregulation of
linc00518 was associated with enhanced sensitivity to DOX,
vincristine, and PTX. It was demonstrated that lincO0518
act as a sponge for miR-199a, thus inhibiting its expression,
and miR-199a decrease the expression of ABCCI by direct
targeting [265].

Zeng et al. found that curcumol induces miR-181b-2-3p,
which enhances sensitivity to DOX by directly targeting
ABCC3 [266].

The ABCC4 transporter cannot only transport a wide
range of drugs but also endogenous molecules [267]. Hu
et al. determined that miR-124-3p was downregulated in
DOX-resistant cells and BC tissue compared to normal,
while ABCC4 was upregulated. It was also demonstrated
that the overexpression of this miRNA in resistant cell lines
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downregulates ABCC4, thus leading to sensibility to DOX
[268].

The ABCCS transporter can transport different drugs and
has a high affinity for the cyclic nucleotide cGMP [269].
Zhu et al. found that downregulation of miR-128 is associ-
ated with resistance to chemotherapy and poor survival in
BC patients. It was demonstrated that this miRNA is able
to downregulate ABCC5, and its upregulation led to an
increased sensitivity to DOX [93]. Furthermore, miR-128
has been linked to resistance to LET. This miRNA is upreg-
ulated in LET-resistant cell lines and directly inhibits the
expression of TGF-BRI. Inhibition of miR-128 re-sensitize
resistant cells [270].

The ABC transporters described above cannot transport
mitoxantrone (MIT) efficiently. By studying cells with resist-
ance to this drug, it was found ABCG2, which is also called
MIT-resistance-gene (MXR), BC resistance protein (BCRP),
or ABCP (ABC transporter in the placenta), as a possible
resistance mechanism [250]. ABCG?2 is the target of several
miRNAs like miR-181a, miR-328, miR-487, and the miR-
302s family (miR-302a/b/c/d), which are downregulated in
MIT-resistant BC cells [271-274]. Besides the transport
of MIT, ABCG2 is also able to transport DTX and CIS.
Takahashi et al. described that miR-27b is upregulated in
BC patients. This miRNA targets Ectonucleotide Pyroph-
osphatase/Phosphodiesterase 1 (ENPPI), thus promoting
the cell surface localization of ABCG?2 and attenuates the
chemoresistance to DTX [275]. Besides, miR-106a enhances
CIS sensitivity through targeting ABCG2 [77].

Moreover, it has been described that miR-503 is able
to regulate different ABC transporters: ABCB1, ABCCl,
and ABCG2. Pan et al. confirmed it and showed that its
upregulation increases DOX, TAM, and taxol sensitivity in
luminal BC. The authors also demonstrated that this effect
is mediated by eukaryotic translation initiation factor 4-y 1
(eIF4G) [276].

2 Discussion

The influence of miRNAs on BC treatments response has
been widely proven, and our knowledge about it is constantly
increasing. Notwithstanding, it is still necessary to better
understand the pathways affected by miRNAs, the interac-
tions between them, and their usefulness as potential pre-
dictive and therapeutic tools in combination with current
treatments.

Three main issues are pursued to take advantage of the
usefulness of miRNAs in overcoming drug resistance. First
is the use of miRNAs in BC diagnosis, prediction response to
treatments, and patients’ prognosis. Certainly, miRNAs are
highly stable molecules that can be detected in tissue sam-
ples and body fluids. The last can be obtained by minimally
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invasive procedures, which is relevant to consider miRNAs
as potential biomarkers. However, some limitations must
be addressed, such as the limited sensitivity of the current
technologies and the need to identify and validate miRNA
signatures to predict treatment response in different BC sub-
types and therapies. The findings obtained from the currently
available studies are still inconsistent, owing to a signifi-
cant variability in the number of enrolled samples, which
is insufficient in many cases, or to the unsettled require-
ments for patients’ inclusion. Second, there are discrepancies
between studies regarding the association between miRNAs
and their target genes, possibly due to the specific aims of
the researchers. Extensive multicenter studies need to be
combined with basic research to better characterize specific
miRNAs and their related pathways. Therefore, identifying
their multiple targets involved in cancer-related pathways is
necessary to improve the use of miRNAs in the clinical con-
text. Third, several drugs that block altered pathways in BC
are being tested alone or in combination with classical thera-
pies. However, the therapeutic approaches using miRNAs
are mainly in the preclinical stage, and only a few of them
are undergoing clinical trials in cancer [277, 278]. miRNA
mimics or antagonist are primarily used to promote or to
inhibit the miRNA'’s effect in cancer, depending on their role
as anti-tumor or oncogenic agents. These molecules can be
administered directly or through several strategies such as
viral vectors or nanoparticles to target cancer cells. None-
theless, drug delivery methods must be improved to address
issues such as off-target effects, poor transfection efficacy,
and short compound’s average lifetime.

In conclusion, miRNA-based therapeutic approaches to
overcome BC resistance are very promising. Moreover, BC
requires more precise and individualized management of the
patients due to the heterogeneous nature of the disease. In
this context, miRNAs could help to identify tumors with
worse prognosis and with different response to a specific
therapy. In addition, miRNA-signatures could be used to
stratify patients and to design personalized approaches for
BC treatment. More efforts are needed to define the most
relevant miRNAs, to standardize their detection, and to
develop specific and effective signatures and miRNA-based
delivery strategies. Altogether, these advances could lead
to a relevant change in the management of BC patients and
improve diagnosis, prognosis, and overall survival.
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