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Abstract: Despite its controversial roles in different cancer types, miR-205 has been mainly described
as an oncosuppressive microRNA (miRNA), with some contrasting results, in breast cancer. The role
of miR-205 in the occurrence or progression of breast cancer has been extensively studied since
the first evidence of its aberrant expression in tumor tissues versus normal counterparts. To date,
it is known that the expression of miR-205 in the different subtypes of breast cancer is decreasing
from the less aggressive subtype, estrogen receptor/progesterone receptor positive breast cancer,
to the more aggressive, triple negative breast cancer, influencing metastasis capability, response to
therapy and patient survival. In this review, we summarize the most important discoveries that have
highlighted the functional role of this miRNA in breast cancer initiation and progression, in stemness
maintenance, in the tumor microenvironment, its potential role as a biomarker and its relevance
in normal breast physiology—the still open questions. Finally, emerging evidence reveals the role
of some lncRNAs in breast cancer progression as sponges of miR-205. Here, we also reviewed the
studies in this field.

Keywords: miR-205; breast cancer; oncogenic pathways; therapy

1. Introduction

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs (19–25 nucleotides),
and their main function is to downregulate their target gene binding to the 3′UTR of mR-
NAs. In cancer, miRNAs are classified as oncogenes or oncosuppressors based on their
capability to target tumor suppressor genes or oncogenes, respectively. It is well known
that miRNAs, downregulating their targets, are involved in the biological steps of tumor
progression such as cancer initiation, proliferation, metastasis, epithelial-to-mesenchymal
transition (EMT), stemness maintenance, and therapeutic response and resistance. There-
fore, dysregulated miRNAs could be used as biomarkers for diagnosis and potential targets
for cancer treatment [1].

In this review, we focused our attention on the role of miR-205 in human breast cancer
disease. MiR-205 is located on chromosome 1q32.2 and its structure is highly conserved,
and it has been mainly described as an oncosuppressive miRNA in breast cancer [1].

Breast cancer is the most widespread female malignancy in the world and it is
divided into three different subtypes by immunohistochemistry classification: estro-
gen/progesterone positive (ER+/PR+), human epidermal growth factor receptor 2 positive
(HER2+) and triple negative breast cancer (TNBC); and in five different subtypes by molec-
ular classification: Luminal A, Luminal B, HER2-enriched, basal-like breast cancer and
normal-like [2]. In 2005, we reported for the first time the aberrant expression of miR-205
in breast cancer tissues, which is also negatively associated with the presence of vascu-
lar invasion [3]. A couple of years later, Sempere L.F. and colleagues provided a deeper
evaluation of the expression pattern of this microRNA in the breast tissues by in situ
hybridization (ISH), revealing that it is normally confined to a specific cell subpopulation,
the myoepitelial/basal cell layer; this particular accumulation is lost in the neoplastic
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counterpart [4]. Thus, many studies reveal that miR-205 has a decreasing expression from
the less aggressive subtype, the ER+/PR+ breast cancer, to the more aggressive subtype,
the TNBC. Indeed, miR-205 is overexpressed in ER+/PR+ breast cancer in comparison
with HER2+ breast cancer, and in TNBC it is downregulated compared to the other sub-
types [1]. MiR-205 was not only downregulated in tumors versus normal tissue, but a lower
expression was also reported in metastases in comparison with normal tissues, and in
metastatic lymph nodes in comparison with primary tumors [5,6]. Moreover, it was demon-
strated that miR-205 expression was decreased in inflammatory breast cancer compared
with non-inflammatory breast cancer [7]. All these findings suggest that the loss of this
miRNA promotes cancer progression. Moreover, Berber U. and colleagues demonstrated
that lower miR-205 levels potentially predict lymph node metastasis in TNBC patients [8].
Consistently, miR-205 downregulation in tumor tissues has been associated with poor
prognosis in early breast cancer, including within specific breast tumor subtypes, such as
TNBC and HER2+ malignances [9–12]. Furthermore, it is known that miRNAs could be
found in the circulation of cancer patients. Concerning miR-205, it is downregulated in
the serum of breast cancer patients compared to healthy people, suggesting that miR-205
might be useful for the clinical diagnosis of breast cancers [13,14]. However, contrasting
results were reported by different studies; circulating levels of miR-205 were found sig-
nificantly upregulated in the serum of breast cancer patients and associated, along with
miR-19a, with resistance to neoadjuvant chemotherapy in Luminal A breast cancer [15,16].
In contrast, a very recent report reveals instead that serum levels of miR-205 and -375
are associated with responsiveness to neoadjuvant chemotherapy in Luminal A tumors,
whereas miR-205 and -21 serum levels are associated with responsiveness to neoadjuvant
chemotherapy in Luminal B tumors [17]. This discrepancy might be related to different
methods of normalization, which still represents an issue for circulating microRNAs and
underlines how these findings need to be further investigated to support a potential use of
circulating miR-205 as a biomarker in breast cancer patients. In parallel to expression pro-
files, functional studies have been performed to assess the biological role of this molecule
and to dissect the regulatory pathways it is able to regulate. Here, we summarize miR-205’s
impact on the major oncogenic pathways in breast cancer. Main miR-205 direct targets are
reported in Table 1.

Table 1. Summary of miR-205 main targets and the consequent oncosuppressive effect in breast cancer cells.

miR-205
Target Target Function Effects of miR-205 Targeting in Breast Cancer

E2F1 transcription factor Reduction in cell proliferation, cell cycle progression and clonogenic potential
in vitro, and inhibition of tumor growth in vivo [18]LAMC1 matrix glycoprotein

KLF12 transcription factor Reduction in proliferation, invasion and increase in apoptosis [19]

NFIB transcription factor Reduction in cell cycle progression, cell proliferation and increase in apoptosis
[20]

AMOT angiostatin binding protein Inhibition of cell growth [21]

ERp29 chaperone protein Increase in gemcitabine sensitivity [22]

HER3 tyrosine-kinase receptor Increase in sensitivity to TKI inhibitors and Trastuzumab in HER2+
malignances [11,23,25]

CLCN3 chloride voltage-gated channel Reduction in 3D spheroid proliferation [26]

ZEB1 zinc finger protein
Inhibition of EMT [27]

SIP1 zinc finger protein

Ubc13 ubiquitin E2 conjugating enzyme Enhancement of cell radiosensitivity [12]

HMGB3 chromatin-binding protein Inhibition of EMT [28]

HMGB1 chromatin-binding protein Inhibition of EMT and reduction in tumor invasion [29]

RunX2 transcription factor Inhibition of EMT, invasion, migration and stemness maintenance [30]

ITGA5 integrin protein Suppression of TNBC tumor growth, migration and cancer stem cells [31]

VEGF-A growth factor Reduction in in vivo lung metastasis, induction of apoptosis and better
response to neoadjuvant chemotherapy [32,33]

FGF2 growth factor Induction of apoptosis and better response to neoadjuvant chemotherapy [33]
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2. Role of miR-205 in Cell Growth, Proliferation and Responsiveness to Therapy

In 2012, our group investigated the miR-205 spectrum of action in TNBC. Firstly,
we proved that this miRNA exerts an oncosuppressive function by directly targeting E2F
Transcription Factor 1 (E2F1) and Laminin Subunit Gamma 1 (LAMC1) [18]. E2F1 is a well-
known master regulator of cell cycles, whereas LAMC1 belongs to the laminin family and
has been associated with cell adhesion, proliferation and migration [34]. Interestingly,
we also demonstrated that the known oncosuppressor p53 is an important transcription
factor for the miRNA [18]. MiR-205 is, in fact, directly transactivated by p53 and this axis
could prevent breast cancer cell cycle progression. It is well known that p53 is indeed
able to induce both cell cycle arrest and cell death and it participates in various steps of
differentiation and development [35].

More recently, it has been shown that miR-205 directly targets Krüppel-like factor
12 (KLF12) to reduce the progression of breast cancer (BC) basal-like malignances [19].
In particular, the ectopic expression of miR-205 in basal B TNBC MDA-MB-468 cells leads to
a significant decrease in cell invasion and apoptosis. The miR-205-KLF12 regulation could
be crucial for BC basal-like disease. KLF12 is indeed able to regulate different biological
processes of cancer cells, such as cell growth, cell apoptosis, differentiation, proliferation
and angiogenesis [36,37].

MiR-205 has been also demonstrated to negatively regulate the oncogene Nuclear
factor I/B (NFIB) in ER+ breast cancer [20]. Chen H et al. demonstrated that Nuclear
factor I/B (NFIB) was upregulated in ER+ breast cancer versus normal tissue and that
NFIB promoted MCF-7 cell cycle progression and proliferation in in vitro experiments.
NFIB is overexpressed in different tumor subtypes and it affects tumor progression and
metastasis [38].

MiR-205 also participates in the cell proliferation of ER+/PR+ breast cancer; in fact,
studies have demonstrated that angiomotin (AMOT), an adaptor protein regulating tight
junctions, activates the ERK1/2 pathway to drive cell proliferation in ER+ breast cancer,
and that miR-205 interferes with this mechanism by directly targeting AMOT in MCF7
cells [21,39]. However, it is not infrequent to find contrasting evidence regarding the role
of a miRNA in the same pathology; miR-205 is no exception. In fact, Qiu C. and colleagues
reported that high levels of this miRNA are associated with an increased proliferation
and invasive ability in MCF7 cells and with a reduced survival time in breast cancer
patients [40].

MiR-205 modulation also impacts breast cancer’s responsiveness to therapy. For exam-
ple, miR-205 was seen to reduce gemcitabine resistance by targeting endoplasmic reticulum
protein 29 (ERp29) levels in breast cancer [22]. In contrast, Cai Y. et al. have demonstrated
that miR-205 has a synergistic effect with docetaxel in breast cancer both in in vitro and
in vivo models. Indeed, the re-introduction of miR-205 in MDA-MB-231 and MCF7 com-
bined with docetaxel inhibited colony formation ability and increased sensitivity to the
treatment in both cell lines. Moreover, MDA-MB-231/miR-205 stable clones xenografted
in vivo showed a reduction in tumor growth alone and a higher decrease in combination
with docetaxel [41]. In 2009, we demonstrated that miR-205 directly targets HER3 in
HER2+ breast cancer cell lines, leading to impairment of the Akt-mediated survival path-
way, and improved responsiveness to TKI inhibitors such as Gefitinib and Lapatinib [23].
Furthermore, we have recently demonstrated that miR-205 also enhances sensitivity to
trastuzumab by HER3 targeting and the impairment of Akt signaling in HER2+ breast
cancer models [11]. The direct targeting of HER3, HER2 favorite cognate receptor, was also
confirmed by other groups, either in breast cancer models or other tumor types, such as
prostate cancer [32,42]. For instance, miR-205-mediated HER3 targeting also leads to the
impairment of migration and invasion and the induction of apoptosis in the luminal MCF7
cell line [24]. MiR-205 was also seen to act on the downstream effectors of the HER2
signaling pathway. In fact, Takeno T. and colleagues recently demonstrated that miR-205
directly binds the 3′ UTR of chloride voltage-gated channel 3 (CLCN3) mRNA. CLCN3 is
induced by HER2 upregulation and is thought to regulate cell proliferation and apoptosis
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through the modulation of cell volume. Consequently, by using HER2-overexpressing
breast epithelial cell line MCF10A-ErbB2, they showed that miR-205 re-introduction or
CLCN3 silencing reduced 3D spheroid proliferation [26]. It is interesting to note that
the same group demonstrated that HER2 epigenetically represses miR-205 transcription
via the Ras/Raf/MEK/ERK pathway, likely to be a strategy exploited by tumor cells to
counteract miR-205 oncosuppressive activity [43,44]. Consistently, we observed a strong
downregulation of miR-205 in HER2+ breast cancer cell lines and in the tumor originating
from MMTV-neu transgenic mice (unpublished data).

Moreover, miR-205, together with miR-125b, inhibited HER3 expression and the
activation of downstream signaling, decreasing cell proliferation and enhancing the G1
phase of cell cycle in a HER2 positive breast cancer model. The expression of miR-205
and miR-125b also promotes the sensitivity to trastuzumab and to paclitaxel in HER2
positive breast cancer cell lines [45]. Downregulation of HER2/HER3 signaling by miR-205
was also demonstrated by Wang S. et al. Indeed, they reported that an HDAC inhibitor,
entinostat, specifically enhances the expression of miR-125a, miR-125b, and miR-205,
which act together to downmodulate HER2/HER3, thus inducing apoptosis in breast
cancer cells [25].

In addition, a downregulated expression of miR-205 was found in a patient-derived
xenograft (PDX) model from HER2 positive tumors resistant to trastuzumab [46].

3. Role of miR-205 in Epithelial-to-Mesenchymal Transition

During epithelial-to-mesenchymal transition, cancer cells acquire a mesenchymal–like
phenotype that enhances migration and invasion capability, with the consequence of an
improved metastatic potential [47].

In 2008, Gregory and colleagues conducted a pivotal study describing the capability
of the miR-205 and miR-200 family to inhibit EMT by directly targeting zinc finger E-box
binding homeobox 1 (ZEB1) and Smad interacting protein 1 (SIP1) [27]. This report has
really been seminal for a huge number of following studies performed in the last 10 years,
considering the crucial role of the EMT process in the tumor’s acquisition of features of
aggressiveness, invasiveness, and resistance to therapies. In fact, in 2014 Zhang P. and
colleagues demonstrated that miR-205 is downmodulated in radioresistant subpopulations
of breast cancer cells and that it enhances radiosensitivity. The mechanism related to
this phenomenon is the downregulation of DNA damage repair triggered by miR-205 re-
introduction, which targets ZEB1 and the ubiquitin-conjugating enzyme Ubc13. Moreover,
in this work, the authors therapeutically delivered miR-205 mimics via nanoliposomes,
resulting in the higher sensitivity to radiation in a breast cancer xenograft model [12].
The miR-205/ZEB1 axis in the MDA-MB-231 TNBC cell line has later been confirmed by
Lee J.Y. and colleagues [48]. The authors also demonstrated that miR-205 is epigenetically
modulated by the polycomb protein Mel-18, which impairs the DNMT-mediated promoter
methylation, leading to an increase in miR-205 expression and the silencing of direct targets
ZEB1/2.

Consistent with an epigenetic regulation of miR-205 expression, treatment with 5-Aza-
2′-Deoxycytidine (5-AZA) and Trichostatin A (TSA) de-represses miR-205 expression in
MDA-MB-231 TNBC cells [28]. Additionally, the authors showed the direct regulation of
an additional target, high mobility group box 3 (HMGB3), also linked to EMT.

Recently, Wang’s group demonstrated that miR-205 targets high mobility group box 1
(HMGB1) in the MDA-MB-231 TNBC cell line and this axis suppresses the EMT process;
in particular, they showed that the re-introduction of miR-205 inhibited HMGB1/RAGE
(receptor for advanced glycation end products) expression, resulting in the suppression of
tumor invasion and EMT [29].

Moreover, miR-205 is inhibited by the transglutaminase 2 (TG2) in order to induce
EMT in breast cancer cell lines; the GTP binding activity of TG2 represses miR-205 ex-
pression, thus allowing ZEB1 expression and function in in vitro assays [49]. In addition,
in in vivo experiments, stable miR-205 overexpression reduced bone metastases generated
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by intracardiac injection of MCF7 cells overexpressing an activated TG2. All these studies
confirm the central role of miR-205 in the regulation of EMT.

4. Role of miR-205 in Stemness Maintenance

Breast cancer stem cells (BCSCs) are cells with a high tumor formation capability that
present the self-renewal characteristics of stem cells [50]. These cells are CD44+/CD24-
and have a key role in the different steps of tumor initiation, progression and therapy
response. Increasing evidence confirms that miRNAs can modify the stemness of BCSCs,
altering breast cancer progression in terms of tumor formation, self-renewal, differentiation,
metastasis, tumorigenicity and chemotherapy resistance [51]. This evidence suggests
that a miRNA-based therapy might also be efficient in impacting tumor occurrence and
progression by affecting cancer stem cells, known to strongly contribute to tumor recurrence
and resistance to therapies [52].

In the context of miR-205, recent studies have demonstrated that this miRNA is down-
regulated in TNBCs, which, together with HER2+ malignances, are the tumors with the
highest number of BCSCs [53]. It has also been reported that miR-205 levels are negatively
correlated with stemness in breast cancer [30]. In particular, miR-205 overexpression re-
duces the expression of CD44+/CD24- markers in MDA-MB-231 TNBC cells by inhibiting
the expression of its target gene RUNX Family Transcription Factor 2 (RunX2), both in vitro
and in vivo. Indeed, in different BC cell lines the expression of miR-205 and RUNX2 are in-
versely correlated. The overexpression of RUNX2 and its role in tumor progression in breast
cancer have been demonstrated in different studies [54]. Moreover, RUNX2 overexpression
in the MCF7 breast cancer cell line induced EMT pathways [55]. Thus, the miR-205/RUNX2
axis leads to the inhibition of the EMT process, invasion, migration and stemness mainte-
nance in breast cancer.

Moreover, Xiao Y et al. demonstrated that, in contrast to integrin α5 (ITGA5) level,
the expression of miR-205 is lower in basal mesenchymal-like TNBC cells, and that miR-
205 suppresses TNBC tumor growth, migration and cancer stem cells by downregulating
ITGA5 levels [31]. ITGA5 is a member of the family of integrins, which play a role in cell
adhesion, proliferation, migration, invasion and cancer metastasis [56].

Surprisingly, De Cola and colleagues have reported the upregulation of miR-205 in
patient-derived breast cancer stem cells, with the consequent downregulation of Epidermal
Growth Factor Receptor (EGFR) and HER2 and resistance to Lapatinib [57]. In 2018, the same
group demonstrated that miR-205 silencing reduces BCSC metastatic potential in vitro and
in vivo by modulating the EMT pathway [58]. Even though this opposite mechanism might
be limited to BCSCs, it is not consistent with previously reported data, and it needs to be
further explored for potential consequences on responsiveness to anti-HER2 therapies.

5. Role of miR-205 in Shaping the Tumor Microenvironment

MiRNAs have been shown to act not only directly on tumor cells, but also on com-
ponents of the surrounding microenvironment, where they play crucial roles in molding
a pro or anti-tumorigenic milieu. For instance, miR-205 is also implicated in the process
of angiogenesis, crucial not only for tumor survival but also for cancer cell dissemina-
tion at secondary sites. Wu H. and colleagues demonstrated that MDA-MB-231 cell line
transfected with miR-205 shows reduced in vivo lung metastatic potential, at least in part
through vascular endothelial growth factor A (VEGF-A) repression [32]. VEGF is not only
implicated in the angiogenesis process, but it also regulates different pathways. For ex-
ample, in breast cancer patients, low expression levels of VEGF-A and fibroblast growth
factor 2 (FGF2) lead to a better response to neoadjuvant chemotherapy. In this context,
Hu Y.’s data suggest that miR-205 is able to target VEGF-A and FGF2 in breast cancer cells,
impairing the PI3K/AKT signaling and thus triggering apoptosis and the restoration of
chemo-sensitivity in resistant BC cells [33].

Moreover, in the specific context of tumor stromal cells, miR-205 is found downreg-
ulated in breast cancer-associated fibroblasts (CAFs) compared with normal fibroblasts
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(NFs) [59]. This is further supported by the work of Du YE et al., which shows that re-
duced levels of miR-205 in normal fibroblasts induced CAF phenotype and YAP1-mediated
angiogenesis [60].

Finally, it was demonstrated that miR-205, together with miR-31, is able to induce
a repression of metastatic potential when MDA-MB-231 TNBC cells are treated with
extracellular microvescicles (MVs) from mesenchymal stromal cells (MSCs) containing
these two miRNAs [61]. This effect is mediated by the downregulation of a common target,
leading to the suppression of migration, invasion and proliferation of breast cancer cells.

The role of miR-205 in the tumor microenvironment is still not completely elucidated
in breast cancer; more studies in this field are needed to better understand whether this
miRNA might counteract the known escape mechanisms triggered by tumor-associated
stromal cells.

6. Role of miR-205 in Normal Breast Physiology

Despite the well reported oncosuppressive function of miR-205 in established breast
tumors, the evidence concerning the role of this miRNA in normal breast physiology is a bit
controversial. MiR-205 expression is modulated during mammary gland morphogenesis;
indeed, it increases in both basal and luminal epithelium during pregnancy and lactation
with a subsequent increase in expression during late involution [62].

Surprisingly, whereas previous evidence associated miR-205 with stem cell progenitors
of normal breast tissue [63], the impaired expression of this microRNA in Wild Type (WT)
mouse models did not cause any defect in the mammary gland morphogenesis; instead,
it promoted ductal outgrowth, the spontaneous formation of hyperplatic lesions and, in 60%
of miR-205 KD mice, focal mammary carcinoma [64].

Furthermore, whereas in Balb/c mice the genetic knockout of miR-205 caused neona-
tal lethality with severely compromised epidermal and hair follicle growth, in a different
strain (FVB), Rosen and collaborators did not observe a lethal phenotype [65]. However,
a more recent paper reported that genetic loss of miR-205 did cause a reduced mammary
regenerative potential, but only under stress conditions [66]. In particular, a significant
difference in the gland outgrowth was observed only in mammary epithelial cell (MEC)
transplantation experiments, with a reduced number (1000) of cells in miR-205 WT ver-
sus KO mice. Vice versa, no effect was observed by transplanting 100,000 cells into the
mammary fat pad of the mice differing for miR-205 status.

Consistent with the report from Chao CH et al. [64] our own data indicate instead that
genetic loss of miR-205 induces mammary gland hyperplasia (unpublished data).

The role of miR-205 in normal physiology is currently an open question that needs
further investigation.

7. MiR-205 and Long Non-Coding RNAs

Long noncoding RNAs (lncRNAs) belong to a large class of non-coding RNAs,
>200 nucleotides long, that are involved in different biological processes, including cancer
cell invasion and metastasis [67]. Recently, many studies have shown the association of
lncRNAs with both breast cancer biology and miRNA’s expression, function and regu-
lation [68]. Indeed, lncRNAs can selectively bind miRNAs acting as sponges or decoys,
thus impeding their inhibitory activity on target mRNAs. Together, lncRNAs and miRNAs
could be used as predictive biomarkers or as therapeutic tools [69].

Recent studies have reported that some lncRNAs could act as sponges on miR-205,
modifying several mechanisms in breast cancer cells, such as EMT. For example, lncRNA-
ROR has been described to act as an endogenous RNA competing with miR-205, thus pre-
venting the degradation of miRNA target molecules and favoring the EMT process [70].
Moreover, in 2017, Grelet S. et al. demonstrated that lncRNA-PNUTS interacts with and
regulates miR-205. In more detail, lncRNA-PNUTS transiently sponges miR-205 to induce
an upregulation of ZEB factors with a consequent regulation of EMT and tumor progres-
sion. Indeed, the transfection of wild-type lncRNA-PNUTS induces EMT phenomenon,
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downregulating E-cadherin and upregulating ZEB1; conversely, the co-transfection with
miR-205 rescues this effect [71].

LncRNAs can also affect response to therapy. Indeed, Zhang H. Y. and colleagues
showed that lncRNA-ROR induced tamoxifen-resistance by miR-205-5p suppression [72].
Moreover, another lncRNA, named CCAT2, was shown to target miR-205 in TNBC, induc-
ing an oncogenic phenotype [73]. Surprisingly, another study revealed that miR-205-5p
regulation by lncRNA FGF14-AS2 inhibited proliferation, migration and invasion and pro-
moted apoptosis in breast cancer. In addition, the authors demonstrated an upregulation
of miR-205 in high stage breast cancer [74], suggesting an oncogenic role of this miRNA in
breast cancer progression.

The field of lncRNAs is still an unexplored world; consequently, more studies could
be necessary to completely elucidate their role in the modulation of miR-205 expression,
and certainly of other miRNAs.

8. Concluding Remarks

MicroRNAs are small RNA molecules aberrantly expressed in specific diseases, in-
cluding human cancer. MiRNA signatures associated with tumor diagnosis and predictions
of outcome and/or responsiveness to therapy have been identified. In particular, miR-205,
detectable in both neoplastic cells and serum of breast cancer patients, has been associ-
ated with better outcomes in different subtypes of breast cancer and following different
therapeutic treatments, indicating that the expression levels of this miRNA might serve as
a prognostic and/or predictive biomarker.

In addition, the functional role exerted by miRNAs in tumor occurrence and pro-
gression has raised the fascinating possibility of an innovative miRNA-based therapeutic
approach. Based on the discoveries regarding the role of miR-205 in breast cancer cell
intrinsic and extrinsic mechanisms, it is clear that this miRNA could be a valid candidate
as a therapeutic tool for breast cancer patients in the future. The feasibility of miRNAs
in therapy, alone or in combination with other drugs, has not been demonstrated yet.
Further studies are needed in this field to minimize the toxicity and the off-target effects.
Moreover, it is necessary to find a specific system to deliver the microRNAs directly to
the tumor. However, despite the contrasting ideas on miRNA-based therapy, the majority
of the studies demonstrate that miR-205 plays an oncosuppressive role in breast cancer,
acting both on neoplastic cells and tumor microenvironment, and its re-introduction in
tumors might be exploited to counteract tumor growth and to improve responsiveness to
breast cancer therapies, mainly anti-HER2 treatments. Accordingly, Lai et al. have created
a mathematical model describing a system biology-based investigation of combining the
feasibility of various miRNAs as monotherapy or adjuvant therapy for various cancers [75].
Among these microRNAs, the combination of miR-205 and miR-342 seems to have a high
impact on chemotherapy response.

Figure 1 summarizes miR-205 activity on the main oncogenic pathways altered in
breast cancer disease.
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Figure 1. Overview of miR-205 oncosuppressive activity in breast cancer (created with BioRender.com).
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Abbreviations
miRNA microRNA
EMT epithelial-to-mesenchymal transition
ER Estrogen receptor
PR Progesteron receptor
HER2 Human epidermal growth factor receptor 2
ISH in situ hybrizidation
BC breast cancer
TNBC triple negative breast cancer
E2F1 E2F Transcription Factor 1
LAMC1 Laminin Subunit Gamma 1
KLF12 Krüppel-like factor 12
NFIB Nuclear factor I/B
PDX Patient-derived xenograft
AMOT Angiomotin
ERp29 endoplasmic reticulum protein 29
CLCN3 chloride voltage-gated channel 3
ZEB1 E-box binding homeobox 1
SIP1 Smad interacting protein 1
Ubc13 Ubiquitin-conjugating enzyme E2 13
5-AZA 5-Aza-2′-deoxycytidine
TSA trichostatin A
HMGB3 high mobility group box 3
RAGE receptor for advanced glycation end products
TG2 transglutaminase 2
BCSC breast cancer stem cell
RunX2 RUNX Family Transcription Factor 2
ITGA5 Integrin α5
EGFR Epidermal Growth Factor Receptor
VEGF-A vascular endothelial growth factor A
FGF2 fibroblast growth factor 2
LncRNA long-non-coding RNA
CAF cancer associated fibroblast
NF normal fibroblast
MVs microvesicles
MSC mesenchymal stromal cell
HMGB1 high mobility group box 1
WT Wild Type
MEC mammary epithelial cells

References
1. Xiao, Y.; Humphries, B.; Yang, C.; Wang, Z. MiR-205 Dysregulations in Breast Cancer: The Complexity and Opportunities.

Noncoding RNA 2019, 5, 53. [CrossRef] [PubMed]
2. Sørlie, T.; Wang, Y.; Xiao, C.; Johnsen, H.; Naume, B.; Samaha, R.R.; Børresen-Dale, A.-L. Distinct molecular mechanisms

underlying clinically relevant subtypes of breast cancer: Gene expression analyses across three different platforms. BMC Genom.
2006, 7, 127. [CrossRef] [PubMed]

3. Iorio, M.V.; Ferracin, M.; Liu, C.-G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.; Campiglio, M.; et al.
MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65, 7065–7070. [CrossRef] [PubMed]

4. Sempere, L.F.; Christensen, M.; Silahtaroglu, A.; Bak, M.; Heath, C.V.; Schwartz, G.; Wells, W.; Kauppinen, S.; Cole, C.N. Altered
MicroRNA expression confined to specific epithelial cell subpopulations in breast cancer. Cancer Res. 2007, 67, 11612–11620.
[CrossRef] [PubMed]

5. Sun, E.-H.; Zhou, Q.; Liu, K.-S.; Wei, W.; Wang, C.-M.; Liu, X.-F.; Lu, C.; Ma, D.-Y. Screening miRNAs related to different subtypes
of breast cancer with miRNAs microarray. Eur. Rev. Med. Pharmacol. Sci. 2014, 18, 2783–2788. [PubMed]

6. Baffa, R.; Fassan, M.; Volinia, S.; O’Hara, B.; Liu, C.-G.; Palazzo, J.P.; Gardiman, M.; Rugge, M.; Gomella, L.G.; Croce, C.M.; et al.
MicroRNA expression profiling of human metastatic cancers identifies cancer gene targets. J. Pathol. 2009, 219, 214–221. [CrossRef]

7. Huo, L.; Wang, Y.; Gong, Y.; Krishnamurthy, S.; Wang, J.; Diao, L.; Liu, C.-G.; Liu, X.; Lin, F.; Symmans, W.F.; et al. Mi-
croRNA expression profiling identifies decreased expression of miR-205 in inflammatory breast cancer. Mod. Pathol. 2016,
29, 330–346. [CrossRef]

http://dx.doi.org/10.3390/ncrna5040053
http://www.ncbi.nlm.nih.gov/pubmed/31752366
http://dx.doi.org/10.1186/1471-2164-7-127
http://www.ncbi.nlm.nih.gov/pubmed/16729877
http://dx.doi.org/10.1158/0008-5472.CAN-05-1783
http://www.ncbi.nlm.nih.gov/pubmed/16103053
http://dx.doi.org/10.1158/0008-5472.CAN-07-5019
http://www.ncbi.nlm.nih.gov/pubmed/18089790
http://www.ncbi.nlm.nih.gov/pubmed/25339470
http://dx.doi.org/10.1002/path.2586
http://dx.doi.org/10.1038/modpathol.2016.38


Int. J. Mol. Sci. 2021, 22, 27 10 of 12

8. Berber, U.; Yilmaz, I.; Narli, G.; Haholu, A.; Kucukodaci, Z.; Demirel, D. miR-205 and miR-200c: Predictive Micro RNAs for
Lymph Node Metastasis in Triple Negative Breast Cancer. J. Breast Cancer 2014, 17, 143–148. [CrossRef]

9. Markou, A.; Yousef, G.M.; Stathopoulos, E.; Georgoulias, V.; Lianidou, E. Prognostic significance of metastasis-related microRNAs
in early breast cancer patients with a long follow-up. Clin. Chem. 2014, 60, 197–205. [CrossRef]

10. Radojicic, J.; Zaravinos, A.; Vrekoussis, T.; Kafousi, M.; Spandidos, D.A.; Stathopoulos, E.N. MicroRNA expression analysis in
triple-negative (ER, PR and Her2/neu) breast cancer. Cell Cycle 2011, 10, 507–517. [CrossRef]

11. Cataldo, A.; Piovan, C.; Plantamura, I.; D’Ippolito, E.; Camelliti, S.; Casalini, P.; Giussani, M.; Déas, O.; Cairo, S.; Judde, J.-G.; et al.
MiR-205 as predictive biomarker and adjuvant therapeutic tool in combination with trastuzumab. Oncotarget 2018, 9, 27920–27928.
[CrossRef] [PubMed]

12. Zhang, P.; Wang, L.; Rodriguez-Aguayo, C.; Yuan, Y.; Debeb, B.G.; Chen, D.; Sun, Y.; You, M.J.; Liu, Y.; Dean, D.C.; et al. miR-205
acts as a tumour radiosensitizer by targeting ZEB1 and Ubc13. Nat. Commun. 2014, 5, 5671. [CrossRef] [PubMed]

13. Liu, J.; Mao, Q.; Liu, Y.; Hao, X.; Zhang, S.; Zhang, J. Analysis of miR-205 and miR-155 expression in the blood of breast cancer
patients. Chin. J. Cancer Res. 2013, 25, 46–54. [CrossRef] [PubMed]

14. Zhang, H.; Li, B.; Zhao, H.; Chang, J. The expression and clinical significance of serum miR-205 for breast cancer and its role in
detection of human cancers. Int. J. Clin. Exp. Med. 2015, 8, 3034–3043. [PubMed]

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

16. Li, Q.; Liu, M.; Ma, F.; Luo, Y.; Cai, R.; Wang, L.; Xu, N.; Xu, B. Circulating miR-19a and miR-205 in serum may predict the
sensitivity of luminal A subtype of breast cancer patients to neoadjuvant chemotherapy with epirubicin plus paclitaxel. PLoS ONE
2014, 9, e104870. [CrossRef]

17. Chekhun, V.F.; Borikun, T.V.; Bazas, V.M.; Andriiv, A.V.; Klyusov, O.M.; Yalovenko, T.M.; Lukianova, N.Y. Association of
circulating miR-21, -205, and -182 with response of luminal breast cancers to neoadjuvant FAC and AC treatment. Exp. Oncol.
2020, 42, 162–166.

18. Piovan, C.; Palmieri, D.; Di Leva, G.; Braccioli, L.; Casalini, P.; Nuovo, G.; Tortoreto, M.; Sasso, M.; Plantamura, I.; Triulzi, T.; et al.
Oncosuppressive role of p53-induced miR-205 in triple negative breast cancer. Mol. Oncol. 2012, 6, 458–472. [CrossRef]

19. Guan, B.; Li, Q.; Shen, L.; Rao, Q.; Wang, Y.; Zhu, Y.; Zhou, X.-J.; Li, X.-H. MicroRNA-205 directly targets Krüppel-like factor 12
and is involved in invasion and apoptosis in basal-like breast carcinoma. Int. J. Oncol. 2016, 49, 720–734. [CrossRef]

20. Chen, H.; Yu, C.; Shen, L.; Wu, Y.; Wu, D.; Wang, Z.; Song, G.; Chen, L.; Hong, Y. NFIB functions as an oncogene in estrogen
receptor-positive breast cancer and is regulated by miR-205-5p. Pathol. Res. Pract. 2020, 216, 153236. [CrossRef]

21. Zhang, H.; Fan, Q. MicroRNA-205 inhibits the proliferation and invasion of breast cancer by regulating AMOT expression. Oncol.
Rep. 2015, 34, 2163–2170. [CrossRef] [PubMed]

22. Ma, C.; Shi, X.; Guo, W.; Feng, F.; Wang, G. miR-205-5p downregulation decreases gemcitabine sensitivity of breast cancer cells
via ERp29 upregulation. Exp. Ther. Med. 2019, 18, 3525–3533. [CrossRef] [PubMed]

23. Iorio, M.V.; Casalini, P.; Piovan, C.; Di Leva, G.; Merlo, A.; Triulzi, T.; Ménard, S.; Croce, C.M.; Tagliabue, E. microRNA-205
regulates HER3 in human breast cancer. Cancer Res. 2009, 69, 2195–2200. [CrossRef] [PubMed]

24. Wang, Z.; Liao, H.; Deng, Z.; Yang, P.; Du, N.; Zhanng, Y.; Ren, H. miRNA-205 affects infiltration and metastasis of breast cancer.
Biochem. Biophys. Res. Commun. 2013, 441, 139–143. [CrossRef] [PubMed]

25. Wang, S.; Huang, J.; Lyu, H.; Lee, C.-K.; Tan, J.; Wang, J.; Liu, B. Functional cooperation of miR-125a, miR-125b, and miR-205 in
entinostat-induced downregulation of erbB2/erbB3 and apoptosis in breast cancer cells. Cell Death Dis. 2013, 4, e556. [CrossRef]

26. Takeno, T.; Hasegawa, T.; Hasegawa, H.; Ueno, Y.; Hamataka, R.; Nakajima, A.; Okubo, J.; Sato, K.; Sakamaki, T. MicroRNA-205-5p
inhibits three-dimensional spheroid proliferation of ErbB2-overexpressing breast epithelial cells through direct targeting of
CLCN3. PeerJ 2019, 7, e7799. [CrossRef]

27. Gregory, P.A.; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.; Goodall, G.J. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 2008,
10, 593–601. [CrossRef]

28. Elgamal, O.A.; Park, J.-K.; Gusev, Y.; Azevedo-Pouly, A.C.P.; Jiang, J.; Roopra, A.; Schmittgen, T.D. Tumor suppressive function of
mir-205 in breast cancer is linked to HMGB3 regulation. PLoS ONE 2013, 8, e76402. [CrossRef]

29. Wang, L.; Kang, F.; Wang, J.; Yang, C.; He, D. Downregulation of miR-205 contributes to epithelial–mesenchymal transi-
tion and invasion in triple-negative breast cancer by targeting HMGB1–RAGE signaling pathway. Anticancer Drugs 2019,
30, 225–232. [CrossRef]

30. Zhang, L.; Liu, L.; Xu, X.; He, X.; Wang, G.; Fan, C.; Zheng, Q.; Li, F. miR-205/RunX2 axis negatively regulates CD44+/CD24-
breast cancer stem cell activity. Am. J. Cancer Res. 2020, 10, 1871–1887.

31. Xiao, Y.; Li, Y.; Tao, H.; Humphries, B.; Li, A.; Jiang, Y.; Yang, C.; Luo, R.; Wang, Z. Integrin α5 down-regulation by miR-205
suppresses triple negative breast cancer stemness and metastasis by inhibiting the Src/Vav2/Rac1 pathway. Cancer Lett. 2018,
433, 199–209. [CrossRef] [PubMed]

32. Wu, H.; Zhu, S.; Mo, Y.-Y. Suppression of cell growth and invasion by miR-205 in breast cancer. Cell Res. 2009, 19, 439–448.
[CrossRef] [PubMed]

33. Hu, Y.; Qiu, Y.; Yagüe, E.; Ji, W.; Liu, J.; Zhang, J. miRNA-205 targets VEGFA and FGF2 and regulates resistance to chemothera-
peutics in breast cancer. Cell Death Dis. 2016, 7, e2291. [CrossRef] [PubMed]

http://dx.doi.org/10.4048/jbc.2014.17.2.143
http://dx.doi.org/10.1373/clinchem.2013.210542
http://dx.doi.org/10.4161/cc.10.3.14754
http://dx.doi.org/10.18632/oncotarget.24723
http://www.ncbi.nlm.nih.gov/pubmed/29963251
http://dx.doi.org/10.1038/ncomms6671
http://www.ncbi.nlm.nih.gov/pubmed/25476932
http://dx.doi.org/10.3978/j.issn.1000-9604.2012.11.04
http://www.ncbi.nlm.nih.gov/pubmed/23372341
http://www.ncbi.nlm.nih.gov/pubmed/25932280
http://dx.doi.org/10.1016/j.gene.2015.01.062
http://www.ncbi.nlm.nih.gov/pubmed/25644077
http://dx.doi.org/10.1371/journal.pone.0104870
http://dx.doi.org/10.1016/j.molonc.2012.03.003
http://dx.doi.org/10.3892/ijo.2016.3573
http://dx.doi.org/10.1016/j.prp.2020.153236
http://dx.doi.org/10.3892/or.2015.4148
http://www.ncbi.nlm.nih.gov/pubmed/26239614
http://dx.doi.org/10.3892/etm.2019.7962
http://www.ncbi.nlm.nih.gov/pubmed/31602229
http://dx.doi.org/10.1158/0008-5472.CAN-08-2920
http://www.ncbi.nlm.nih.gov/pubmed/19276373
http://dx.doi.org/10.1016/j.bbrc.2013.10.025
http://www.ncbi.nlm.nih.gov/pubmed/24129185
http://dx.doi.org/10.1038/cddis.2013.79
http://dx.doi.org/10.7717/peerj.7799
http://dx.doi.org/10.1038/ncb1722
http://dx.doi.org/10.1371/journal.pone.0076402
http://dx.doi.org/10.1097/CAD.0000000000000705
http://dx.doi.org/10.1016/j.canlet.2018.06.037
http://www.ncbi.nlm.nih.gov/pubmed/29964204
http://dx.doi.org/10.1038/cr.2009.18
http://www.ncbi.nlm.nih.gov/pubmed/19238171
http://dx.doi.org/10.1038/cddis.2016.194
http://www.ncbi.nlm.nih.gov/pubmed/27362808


Int. J. Mol. Sci. 2021, 22, 27 11 of 12

34. Aumailley, M. The laminin family. Cell Adh. Migr. 2013, 7, 48–55. [CrossRef] [PubMed]
35. Vousden, K.H.; Prives, C. Blinded by the Light: The Growing Complexity of p53. Cell 2009, 137, 413–431. [CrossRef] [PubMed]
36. Tetreault, M.-P.; Yang, Y.; Katz, J.P. Krüppel-like factors in cancer. Nat. Rev. Cancer 2013, 13, 701–713. [CrossRef]
37. Kaczynski, J.; Cook, T.; Urrutia, R. Sp1- and Krüppel-like transcription factors. Genome Biol. 2003, 4, 206. [CrossRef]
38. Semenova, E.A.; Kwon, M.-C.; Monkhorst, K.; Song, J.-Y.; Bhaskaran, R.; Krijgsman, O.; Kuilman, T.; Peters, D.; Buikhuisen,

W.A.; Smit, E.F.; et al. Transcription Factor NFIB Is a Driver of Small Cell Lung Cancer Progression in Mice and Marks Metastatic
Disease in Patients. Cell Rep. 2016, 16, 631–643. [CrossRef]

39. Ranahan, W.P.; Han, Z.; Smith-Kinnaman, W.; Nabinger, S.C.; Heller, B.; Herbert, B.-S.; Chan, R.; Wells, C.D. The adaptor protein
AMOT promotes the proliferation of mammary epithelial cells via the prolonged activation of the extracellular signal-regulated
kinases. Cancer Res. 2011, 71, 2203–2211. [CrossRef]

40. Qiu, C.; Huang, F.; Zhang, Q.; Chen, W.; Zhang, H. miR-205-3p promotes proliferation and reduces apoptosis of breast cancer
MCF-7 cells and is associated with poor prognosis of breast cancer patients. J. Clin. Lab. Anal. 2019, 33, e22966. [CrossRef]

41. CAI, Y.; YAN, X.; ZHANG, G.; ZHAO, W.; JIAO, S. MicroRNA-205 increases the sensitivity of docetaxel in breast cancer. Oncol.
Lett. 2016, 11, 1105–1109. [CrossRef] [PubMed]

42. Gandellini, P.; Folini, M.; Longoni, N.; Pennati, M.; Binda, M.; Colecchia, M.; Salvioni, R.; Supino, R.; Moretti, R.; Limonta, P.; et al.
miR-205 Exerts tumor-suppressive functions in human prostate through down-regulation of protein kinase Cepsilon. Cancer Res.
2009, 69, 2287–2295. [CrossRef] [PubMed]

43. Adachi, R.; Horiuchi, S.; Sakurazawa, Y.; Hasegawa, T.; Sato, K.; Sakamaki, T. ErbB2 down-regulates microRNA-205 in breast
cancer. Biochem. Biophys. Res. Commun. 2011, 411, 804–808. [CrossRef] [PubMed]

44. Hasegawa, T.; Adachi, R.; Iwakata, H.; Takeno, T.; Sato, K.; Sakamaki, T. ErbB2 signaling epigenetically suppresses microRNA-205
transcription via Ras/Raf/MEK/ERK pathway in breast cancer. FEBS Open Bio. 2017, 7, 1154–1165. [CrossRef]

45. Lyu, H.; Huang, J.; He, Z.; Liu, B. Targeting of HER3 with Functional Cooperative miRNAs Enhances Therapeutic Activity in
HER2-Overexpressing Breast Cancer Cells. Biol. Proced. Online 2018, 20, 16. [CrossRef]

46. Whittle, J.R.; Lewis, M.T.; Lindeman, G.J.; Visvader, J.E. Patient-derived xenograft models of breast cancer and their predictive
power. Breast Cancer Res. 2015, 17, 17. [CrossRef]

47. Yilmaz, M.; Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 2009, 28, 15–33. [CrossRef]
48. Lee, J.-Y.; Park, M.K.; Park, J.-H.; Lee, H.J.; Shin, D.H.; Kang, Y.; Lee, C.H.; Kong, G. Loss of the polycomb protein Mel-18 enhances

the epithelial-mesenchymal transition by ZEB1 and ZEB2 expression through the downregulation of miR-205 in breast cancer.
Oncogene 2014, 33, 1325–1335. [CrossRef]

49. Seo, S.; Moon, Y.; Choi, J.; Yoon, S.; Jung, K.H.; Cheon, J.; Kim, W.; Kim, D.; Lee, C.H.; Kim, S.-W.; et al. The GTP binding activity
of transglutaminase 2 promotes bone metastasis of breast cancer cells by downregulating microRNA-205. Am. J. Cancer Res. 2019,
9, 597–607.

50. Geng, S.-Q.; Alexandrou, A.T.; Li, J.J. Breast Cancer Stem Cells: Multiple Capacities in Tumor Metastasis. Cancer Lett. 2014,
349, 1–7. [CrossRef]

51. Fan, X.; Chen, W.; Fu, Z.; Zeng, L.; Yin, Y.; Yuan, H. MicroRNAs, a subpopulation of regulators, are involved in breast cancer
progression through regulating breast cancer stem cells (Review). Oncol. Lett. 2017, 14, 5069–5076. [CrossRef] [PubMed]

52. Dey, P.; Rathod, M.; De, A. Targeting stem cells in the realm of drug-resistant breast cancer. Breast Cancer 2019, 11, 115–135.
[CrossRef] [PubMed]

53. Piasecka, D.; Braun, M.; Kordek, R.; Sadej, R.; Romanska, H. MicroRNAs in regulation of triple-negative breast cancer progression.
J. Cancer Res. Clin. Oncol. 2018, 144, 1401–1411. [CrossRef] [PubMed]

54. Onodera, Y.; Miki, Y.; Suzuki, T.; Takagi, K.; Akahira, J.; Sakyu, T.; Watanabe, M.; Inoue, S.; Ishida, T.; Ohuchi, N.; et al. Runx2 in
human breast carcinoma: Its potential roles in cancer progression. Cancer Sci. 2010, 101, 2670–2675. [CrossRef] [PubMed]

55. Wysokinski, D.; Blasiak, J.; Pawlowska, E. Role of RUNX2 in Breast Carcinogenesis. Int. J. Mol. Sci. 2015, 16, 20969–20993.
[CrossRef] [PubMed]

56. Hamidi, H.; Pietilä, M.; Ivaska, J. The complexity of integrins in cancer and new scopes for therapeutic targeting. Br. J. Cancer
2016, 115, 1017–1023. [CrossRef] [PubMed]

57. De Cola, A.; Volpe, S.; Budani, M.C.; Ferracin, M.; Lattanzio, R.; Turdo, A.; D’Agostino, D.; Capone, E.; Stassi, G.; Todaro, M.; et al.
miR-205-5p-mediated downregulation of ErbB/HER receptors in breast cancer stem cells results in targeted therapy resistance.
Cell Death Dis. 2015, 6, e1823. [CrossRef]

58. De Cola, A.; Lamolinara, A.; Lanuti, P.; Rossi, C.; Iezzi, M.; Marchisio, M.; Todaro, M.; De Laurenzi, V. MiR-205-5p inhibition by
locked nucleic acids impairs metastatic potential of breast cancer cells. Cell Death Dis. 2018, 9, 821. [CrossRef]

59. Zhao, L.; Sun, Y.; Hou, Y.; Peng, Q.; Wang, L.; Luo, H.; Tang, X.; Zeng, Z.; Liu, M. MiRNA expression analysis of cancer-associated
fibroblasts and normal fibroblasts in breast cancer. Int. J. Biochem. Cell Biol. 2012, 44, 2051–2059. [CrossRef]

60. Du, Y.-E.; Tu, G.; Yang, G.; Li, G.; Yang, D.; Lang, L.; Xi, L.; Sun, K.; Chen, Y.; Shu, K.; et al. MiR-205/YAP1 in Activated Fibroblasts
of Breast Tumor Promotes VEGF-independent Angiogenesis through STAT3 Signaling. Theranostics 2017, 7, 3972–3988. [CrossRef]

61. Vallabhaneni, K.C.; Penfornis, P.; Xing, F.; Hassler, Y.; Adams, K.V.; Mo, Y.-Y.; Watabe, K.; Pochampally, R. Stromal cell extracellular
vesicular cargo mediated regulation of breast cancer cell metastasis via ubiquitin conjugating enzyme E2 N pathway. Oncotarget
2017, 8, 109861–109876. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/cam.22826
http://www.ncbi.nlm.nih.gov/pubmed/23263632
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
http://dx.doi.org/10.1038/nrc3582
http://dx.doi.org/10.1186/gb-2003-4-2-206
http://dx.doi.org/10.1016/j.celrep.2016.06.020
http://dx.doi.org/10.1158/0008-5472.CAN-10-1995
http://dx.doi.org/10.1002/jcla.22966
http://dx.doi.org/10.3892/ol.2015.4030
http://www.ncbi.nlm.nih.gov/pubmed/26893700
http://dx.doi.org/10.1158/0008-5472.CAN-08-2894
http://www.ncbi.nlm.nih.gov/pubmed/19244118
http://dx.doi.org/10.1016/j.bbrc.2011.07.033
http://www.ncbi.nlm.nih.gov/pubmed/21787752
http://dx.doi.org/10.1002/2211-5463.12256
http://dx.doi.org/10.1186/s12575-018-0081-x
http://dx.doi.org/10.1186/s13058-015-0523-1
http://dx.doi.org/10.1007/s10555-008-9169-0
http://dx.doi.org/10.1038/onc.2013.53
http://dx.doi.org/10.1016/j.canlet.2014.03.036
http://dx.doi.org/10.3892/ol.2017.6867
http://www.ncbi.nlm.nih.gov/pubmed/29142594
http://dx.doi.org/10.2147/BCTT.S189224
http://www.ncbi.nlm.nih.gov/pubmed/30881110
http://dx.doi.org/10.1007/s00432-018-2689-2
http://www.ncbi.nlm.nih.gov/pubmed/29923083
http://dx.doi.org/10.1111/j.1349-7006.2010.01742.x
http://www.ncbi.nlm.nih.gov/pubmed/20946121
http://dx.doi.org/10.3390/ijms160920969
http://www.ncbi.nlm.nih.gov/pubmed/26404249
http://dx.doi.org/10.1038/bjc.2016.312
http://www.ncbi.nlm.nih.gov/pubmed/27685444
http://dx.doi.org/10.1038/cddis.2015.192
http://dx.doi.org/10.1038/s41419-018-0854-9
http://dx.doi.org/10.1016/j.biocel.2012.08.005
http://dx.doi.org/10.7150/thno.18990
http://dx.doi.org/10.18632/oncotarget.22371
http://www.ncbi.nlm.nih.gov/pubmed/29299114


Int. J. Mol. Sci. 2021, 22, 27 12 of 12

62. Avril-Sassen, S.; Goldstein, L.D.; Stingl, J.; Blenkiron, C.; Le Quesne, J.; Spiteri, I.; Karagavriilidou, K.; Watson, C.J.; Tavaré, S.;
Miska, E.A.; et al. Characterisation of microRNA expression in post-natal mouse mammary gland development. BMC Genom.
2009, 10, 548. [CrossRef] [PubMed]

63. Greene, S.B.; Herschkowitz, J.I.; Rosen, J.M. The ups and downs of miR-205: Identifying the roles of miR-205 in mammary gland
development and breast cancer. RNA Biol. 2010, 7, 300–304. [CrossRef] [PubMed]

64. Chao, C.-H.; Chang, C.-C.; Wu, M.-J.; Ko, H.-W.; Wang, D.; Hung, M.-C.; Yang, J.-Y.; Chang, C.-J. MicroRNA-205 signaling
regulates mammary stem cell fate and tumorigenesis. J. Clin. Investig. 2014, 124, 3093–3106. [CrossRef]

65. Wang, D.; Zhang, Z.; O’Loughlin, E.; Wang, L.; Fan, X.; Lai, E.C.; Yi, R. MicroRNA-205 controls neonatal expansion of skin stem
cells by modulating the PI(3)K pathway. Nat. Cell Biol. 2013, 15, 1153–1163. [CrossRef]

66. Lu, Y.; Cao, J.; Napoli, M.; Xia, Z.; Zhao, N.; Creighton, C.J.; Li, W.; Chen, X.; Flores, E.R.; McManus, M.T.; et al. miR-
205 Regulates Basal Cell Identity and Stem Cell Regenerative Potential During Mammary Reconstitution. Stem Cells 2018,
36, 1875–1889. [CrossRef]

67. Bhan, A.; Soleimani, M.; Mandal, S.S. Long Noncoding RNA and Cancer: A New Paradigm. Cancer Res. 2017, 77, 3965–3981. [CrossRef]
68. Bin, X.; Hongjian, Y.; Xiping, Z.; Bo, C.; Shifeng, Y.; Binbin, T. Research progresses in roles of LncRNA and its relationships with

breast cancer. Cancer Cell Int. 2018, 18. [CrossRef]
69. Ratti, M.; Lampis, A.; Ghidini, M.; Salati, M.; Mirchev, M.B.; Valeri, N.; Hahne, J.C. MicroRNAs (miRNAs) and Long Non-Coding

RNAs (lncRNAs) as New Tools for Cancer Therapy: First Steps from Bench to Bedside. Target. Oncol. 2020, 15, 261–278. [CrossRef]
70. Hou, P.; Zhao, Y.; Li, Z.; Yao, R.; Ma, M.; Gao, Y.; Zhao, L.; Zhang, Y.; Huang, B.; Lu, J. LincRNA-ROR induces epithelial-to-

mesenchymal transition and contributes to breast cancer tumorigenesis and metastasis. Cell Death Dis. 2014, 5, e1287. [CrossRef]
71. Grelet, S.; Link, L.A.; Howley, B.; Obellianne, C.; Palanisamy, V.; Gangaraju, V.K.; Diehl, J.A.; Howe, P.H. A regulated PNUTS

mRNA to lncRNA splice switch mediates EMT and tumour progression. Nat. Cell Biol. 2017, 19, 1105–1115. [CrossRef] [PubMed]
72. Zhang, H.-Y.; Liang, F.; Zhang, J.-W.; Wang, F.; Wang, L.; Kang, X.-G. Effects of long noncoding RNA-ROR on tamoxifen resistance

of breast cancer cells by regulating microRNA-205. Cancer Chemother. Pharmacol. 2017, 79, 327–337. [CrossRef] [PubMed]
73. Xu, Z.; Liu, C.; Zhao, Q.; Lü, J.; Ding, X.; Luo, A.; He, J.; Wang, G.; Li, Y.; Cai, Z.; et al. Long non-coding RNA CCAT2

promotes oncogenesis in triple-negative breast cancer by regulating stemness of cancer cells. Pharmacol. Res. 2020, 152, 104628.
[CrossRef] [PubMed]

74. Yang, Y.; Xun, N.; Wu, J.-G. Long non-coding RNA FGF14-AS2 represses proliferation, migration, invasion, and induces apoptosis
in breast cancer by sponging miR-205-5p. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 6971–6982. [CrossRef]

75. Lai, X.; Gupta, S.K.; Schmitz, U.; Marquardt, S.; Knoll, S.; Spitschak, A.; Wolkenhauer, O.; Pützer, B.M.; Vera, J. MiR-205-5p and
miR-342-3p cooperate in the repression of the E2F1 transcription factor in the context of anticancer chemotherapy resistance.
Theranostics 2018, 8, 1106–1120. [CrossRef]

http://dx.doi.org/10.1186/1471-2164-10-548
http://www.ncbi.nlm.nih.gov/pubmed/19930549
http://dx.doi.org/10.4161/rna.7.3.11837
http://www.ncbi.nlm.nih.gov/pubmed/20436283
http://dx.doi.org/10.1172/JCI73351
http://dx.doi.org/10.1038/ncb2827
http://dx.doi.org/10.1002/stem.2914
http://dx.doi.org/10.1158/0008-5472.CAN-16-2634
http://dx.doi.org/10.1186/s12935-018-0674-0
http://dx.doi.org/10.1007/s11523-020-00717-x
http://dx.doi.org/10.1038/cddis.2014.249
http://dx.doi.org/10.1038/ncb3595
http://www.ncbi.nlm.nih.gov/pubmed/28825698
http://dx.doi.org/10.1007/s00280-016-3208-2
http://www.ncbi.nlm.nih.gov/pubmed/28063065
http://dx.doi.org/10.1016/j.phrs.2020.104628
http://www.ncbi.nlm.nih.gov/pubmed/31904506
http://dx.doi.org/10.26355/eurrev_201908_18737
http://dx.doi.org/10.7150/thno.19904

	Introduction 
	Role of miR-205 in Cell Growth, Proliferation and Responsiveness to Therapy 
	Role of miR-205 in Epithelial-to-Mesenchymal Transition 
	Role of miR-205 in Stemness Maintenance 
	Role of miR-205 in Shaping the Tumor Microenvironment 
	Role of miR-205 in Normal Breast Physiology 
	MiR-205 and Long Non-Coding RNAs 
	Concluding Remarks 
	References

