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Abstract: Oxidative stress is a pathological condition determined by a disturbance in reactive oxygen
species (ROS) homeostasis. Depending on the entity of the perturbation, normal cells can either restore
equilibrium or activate pathways of cell death. On the contrary, cancer cells exploit this phenomenon
to sustain a proliferative and aggressive phenotype. In fact, ROS overproduction or their reduced
disposal influence all hallmarks of cancer, from genome instability to cell metabolism, angiogenesis,
invasion and metastasis. A persistent state of oxidative stress can even initiate tumorigenesis.
MicroRNAs (miRNAs) are small non coding RNAs with regulatory functions, which expression
has been extensively proven to be dysregulated in cancer. Intuitively, miRNA transcription and
biogenesis are affected by the oxidative status of the cell and, in some instances, they participate in
defining it. Indeed, it is widely reported the role of miRNAs in regulating numerous factors involved
in the ROS signaling pathways. Given that miRNA function and modulation relies on cell type
or tumor, in order to delineate a clearer and more exhaustive picture, in this review we present a
comprehensive overview of the literature concerning how miRNAs and ROS signaling interplay
affects breast cancer progression.
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1. Oxidative Stress
Reactive oxygen species (ROS) are oxygen-derived small molecules in the form of free radicals
(i.e., contains one or more unpaired electrons) or non-radicals [1]. Among the most biologically
relevant species there are the superoxide anion radical (O2 −• ), the hydroxyl radical (OH·) and hydrogen
peroxide (H2 O2 ). At first, it was thought that these molecules were only metabolic waste, deleterious
for nucleic acids, lipids and proteins; scientists, however, discovered that ROS are used by the
cell as messages to activate different physiological signaling cascades [2,3]. In fact, in a biological
system, the balance between the concentration of ROS and the activation of antioxidant mechanisms
is finely tuned [4]. When this equilibrium lacks, the phenomenon of oxidative stress occurs, causing
the alteration of intracellular molecules, such as DNA and RNA. A shift towards ROS production,
thus, triggers a wide range of cellular responses, even apoptosis or phagocytosis, depending on
the amplitude of the shift. Several endogenous and exogenous sources can trigger ROS production.
In response to stimuli like cytokines and growth factors, NADPH oxidases (NOXs) and mitochondria
produce the larger percentage of ROS. NOXs and metabolic complexes I, II and III present on the
mitochondrial inner membrane generate, for example, the radical superoxide starting from a molecule
of oxygen. Dangerous levels of ROS can be reached also after prolonged exposure to radiations and
Int. J. Mol. Sci. 2019, 20, 5143; doi:10.3390/ijms20205143

www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2019, 20, 5143
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW

2 of 13
2 of 12

DNA
oxidation
is 8-hydroxyl-2’-deoxyguanosine
(8-OHdG).
Figure 1 summarizes
principal
sources
carcinogens,
along
with DNA damaging drugs. The
major mutagenic
product of DNA
oxidation
is
0
producing
ROS
and main regulators
and pathways
influenced by
ROS production
(Figure 1).ROS
Cancer
8-hydroxyl-2
-deoxyguanosine
(8-OHdG).
Figure 1 summarizes
principal
sources producing
and
cells
usuallyand
in apathways
chronic state
of oxidative
which(Figure
they are
to cells
exploit
sustain
mainare
regulators
influenced
by ROSstress,
production
1). able
Cancer
areto
usually
in aa
proliferative
and
aggressive
phenotype.
to their
detrimental
action, and
ROSaggressive
can also
chronic state of
oxidative
stress,
which theyMoreover,
are able todue
exploit
to sustain
a proliferative
initiate
tumorigenesis
[5]. to
It is
thus
importantaction,
not toROS
overlook
theinitiate
impacttumorigenesis
of such phenomenon
on
phenotype.
Moreover, due
their
detrimental
can also
[5]. It is thus
every
cellular
process
and,
in
particular,
on
those
crucial
for
the
development
and
progression
of
a
important not to overlook the impact of such phenomenon on every cellular process and, in particular,
neoplastic
disease.
on those crucial
for the development and progression of a neoplastic disease.

Figure 1. Endogenous and exogenous sources of ROS and pathways influenced by oxidative stress in
Figure
1. Endogenous and exogenous sources of ROS and pathways influenced by oxidative stress in
breast cancer.
breast cancer.

2. Breast Cancer

2. Breast
Cancer
Breast
cancer is the second most commonly diagnosed cancer worldwide and the leading cause of
cancer
deathcancer
in women
The severity
and aggressiveness
breastworldwide
cancer is evaluated
by examining
Breast
is the[6].
second
most commonly
diagnosedof
cancer
and the leading
cause
physical
and
anatomical
properties
of
the
disease,
in
particular
by
using
histological
grading
and
TNM
of cancer death in women [6]. The severity and aggressiveness of breast cancer is evaluated
by
staging, where
T (0–4)
is used
to describe
the sizeofand
theparticular
tumor, N by
(0–3)
accounts
for the
examining
physical
and
anatomical
properties
thelocation
disease,ofin
using
histological
lymph node
invasion
and M
measures
theisspread
the tumor
distant
metastasis
[7]. tumor, N (0–
grading
and TNM
staging,
where
T (0–4)
used toofdescribe
theas
size
and location
of the
The
therapeutic
regimen
is
finally
driven
by
the
characterization
of
the
breast
cancer
3) accounts for the lymph node invasion and M measures the spread of the tumor
assubtype
distant
according to
the immunohistochemical evaluation of three markers: Estrogen receptor (ER), Progesteron
metastasis
[7].
Receptor
(Pgr) and HER2
(Epidermal
2) [8]. Tumors
the expression
The therapeutic
regimen
is finallyGrowth
drivenFactor
by theReceptor
characterization
of the lacking
breast cancer
subtype
of
these
three
markers
are
called
triple
negative
breast
cancers
(TNBCs).
A
major
contribution
the
according to the immunohistochemical evaluation of three markers: Estrogen receptor to
(ER),
increase in survival
rate
hasand
been
provided
by theGrowth
improvement
the therapeutic
regimens
as well
Progesteron
Receptor
(Pgr)
HER2
(Epidermal
Factor in
Receptor
2) [8]. Tumors
lacking
the
as
in
early
diagnosis.
Moreover,
it
is
fundamental
to
develop
always
more
personalized
drugs
for
expression of these three markers are called triple negative breast cancers (TNBCs). A major
different cancers
subtypes.
contribution
to the
increase in survival rate has been provided by the improvement in the therapeutic
The advent
era disclosed
the complexity
of breast cancer.
For the
first more
time,
regimens
as wellofastheingenomic
early diagnosis.
Moreover,
it is fundamental
to develop
always
in
2000,
Perou
and
colleagues
classified
the
disease
in
five
specific
subtypes
according
to
intrinsic
gene
personalized drugs for different cancers subtypes.
expression:
Luminal-A,
Luminal-B,
HER2-positive,
Basal-likeof
and
Normal-like
[9].the
Further
studies
The advent
of the genomic
era disclosed
the complexity
breast
cancer. For
first time,
in
later identified
new subtype,
the so the
called
claudin-low
[10], which
accounts
for 7–14%
of all breast
2000,
Perou andacolleagues
classified
disease
in five specific
subtypes
according
to intrinsic
gene
cancers. Moreover,
one ofLuminal-B,
the most important
applications
of theand
breast
cancer molecular
classification
expression:
Luminal-A,
HER2-positive,
Basal-like
Normal-like
[9]. Further
studies
lies inidentified
its abilityato
identify
groups
a different
outcome
and
response
to treatments
later
new
subtype,
the with
so called
claudin-low
[10],
which
accounts
for 7–14%[11–15].
of all breast

cancers. Moreover, one of the most important applications of the breast cancer molecular

Int. J. Mol. Sci. 2019, 20, 5143

3 of 13

3. Oxidative Stress and Breast Cancer
Breast cancers, in particular estrogen receptor-positive malignancies, are characterized by
significant high levels of 8-OHdG, and their detection in blood serum is reported to have prognostic
value [16–18].
Estrogen is a major driver of mitochondrial ROS production. It activates redox-sensitive proteins
involved in cell proliferation and anti-apoptotic pathways. In order to sustain such signaling without
risking cell cycle arrest and apoptosis, estrogen enhances also an antioxidant response by inducing,
for example, the transcription factor Nuclear-erythroid-2-related factor 2 (NRF2). This enzyme is
the main redox master regulator; under oxidative stress, its inhibitor Kelch-like ECH-associated
protein 1 (Keap1) undergoes a conformational change that allows NRF2 dissociation and consequent
translocation to the nucleus, where it enhances the transcription of different ROS-counteracting
agents [19,20]. Numerous evidence shows that NRF2 is overexpressed in breast cancer, where it
promotes cell survival, proliferation, migration and metastasis [21–23].
Additionally, it is important to note the interplay between NRF2 and BRCA1. Gorrini C. et al.
demonstrated that BRCA1 enhances and stabilizes NRF2 expression and that estrogen is able to
partially mimic this action in BRCA1-null cells [24,25].
Moreover, in 2014, Victorino V. J. et al. analyzed the effect of HER2 overexpression on the
oxidative systemic profile in breast cancer patients [26]. The results showed that HER2-overexpressing
malignancies are characterized by an enhanced oxidative stress, attenuated by increased SOD and
stabilized gluthatione (GSH) levels, which are indicative of an active antioxidant response. In the same
year, Kang H. J. et al. reported that also HER2 interacts with NRF2 to promote the transcription of
antioxidant and detoxification genes and that this partnership confers drug resistance to human breast
cancer cells [27]. Antioxidants can, thus, favor breast neoplastic transformation: by reducing ROS
concentrations they can prevent ROS-dependent cell death [28,29]. Therefore, the role of antioxidants
in breast cancer is often controversial; for example antioxidant superoxide dismutase 2 (SOD2), which
converts the highly toxic radical superoxide into more stable hydrogen peroxide in the mitochondria,
can act both as an oncogene and as a tumor suppressor. In fact, it is found downmodulated in
early-stage breast cancer while upregulated in advanced tumors [30,31]. Despite these results, SOD
mimics have been proposed for therapeutic purposes [32,33]. Catalase, glutathione peroxidases,
and peroxiredoxins are among the other antioxidant enzymes which balance ROS production. In 2017,
Bao B. et al. demonstrated that the addition of a re-engineered protein form of the catalase enzyme to
EGFR-inhibitor erlotinib treatment helps overcoming resistance by specifically targeting the stem-like
portion of TNBC cells [34]. Conversely, peroxiredoxin-1 (PRDX1) downmodulation was shown
to be beneficial for breast cancer therapy, especially in concomitance with prooxidant agents [35].
Moreover, specific acquaporins allow H2 O2 to cross cell membranes more rapidly than by sole
diffusion [36]. In breast cancer, Aquaporin-3 has been proposed as target for therapy due to its role in
CXCL12/CXCR4-dependent cancer cell migration [37].
Finally, damages to RNA molecules have to be considered equally harmful [38]. For example, it is
of particular relevance for this review the impact on miRNA biology and the consequent influence on
different regulation networks [39].
4. MicroRNAs
MicroRNAs (miRNAs) are small single strand molecules (~18–25 nucleotides), they are non-coding
RNAs that are able to control gene expression at post-transcriptional level [40]. MiRNA biogenesis
starts when RNA polymerase II/III transcribes for a long primary transcript with a hairpin structure,
called pri-miRNAs [41]. The pri-miRNA is the substrate of Drosha and Dicer, two members of the
RNase III family enzymes. First, Drosha cleaves the pri-miRNA in a ~70-nucleotide pre-miRNA
into the nucleus, which is then exported into the cytoplasm by the Exportin-5 Ran-GTPase, where
Dicer catalyzes its conversion to a short miRNA/miRNA* duplex (~20 bp). To complete the miRNA
biogenesis, the transactivation-responsive RNA-binding protein (TRBP) leads to the assembling of
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the miRNA-induced silencing complex (miRISC), mediating the interaction between DICER and
Argonaute protein (AGO1, AGO2, AGO3 or AGO4). Finally, the miRISC complex selects one single
strand of the duplex (mature miRNA), which recognizes the “seed” region on the target mRNA,
usually placed at the 50 UTR, inducing translational repression or deadenylation and degradation.
The small RNA lin-4 was the first no-coding RNA discovered in Caenorhabditis elegans, involved in the
larval development [42]. Afterwards, several studies have pointed out the importance of these small
molecules; currently it is well known that miRNAs are involved in almost every biological process in
mammals, including oxidative stress and cancer [43]. Indeed, miRNAs can act as oncosuppressors or
oncogenes, which are generally found respectively downregulated and upregulated in tumor cells
(e.g., miR-205 and miR-21, respectively). In 2005, Iorio M.V. et al. discovered a panel of dysregulated
microRNAs in breast cancer: miR-10b, miR-125b, and miR-145 were down-regulated, and miR-21 and
miR-155 were up-regulated, suggesting that they could have a role in breast cancer disease [44].
Recently, we reported that miRNAs have a relevant role in DNA damage response, occurring
following an exogenous oxidative stress, such as chemotherapy [45,46]. In fact, miRNAs have
the capability to target several genes involved in the DNA repair machinery, regulating therapy
responsiveness. Here, we review the literature concerning the role of miRNAs in the regulation of the
major actors and principal pathways altered by oxidative stress in breast cancer.
5. MiRNAs Modulate Oxidative Stress Master Regulators: NRF2 and NF-κB
NRF2 is an important transcription factor which induction, or derepression, depends on the
redox status of the cell. Normally, NRF2 is found inactive in the cytoplasm bound to its homodimeric
repressor Keap1, which anchors the protein Cullin-3 (CUL3) to form an E3 ubiquitin ligase complex;
the complex is responsible for NRF2 ubiquitination and consequent proteasomal degradation [47].
When cellular ROS concentrations increase, specific Keap1 cystenyl residues are modified and NRF2
is released and free to translocate into the nucleus, where it recognizes the so called “Antioxidant
Responsive Elements (ARE)” sequences on target gene promoters and enhances the transcription
process [48]. NRF2 promotes the expression of antioxidants and detoxifying enzymes and, initially,
it was thought to act as a defensive agent against tumorigenesis. However, as previously explained for
SOD2, an excessive reduction of ROS levels can prove counterproductive. Therefore, it is not unusual
to find contradictory literature concerning the prospective of using NRF2 inhibitors for therapeutic
purposes [49,50]. NRF2 pathogenic activation and accumulation can be triggered by different events;
one of the most frequent alterations concerns Keap1 expression or its ability to stably bind and
degrade NRF2 [51]. MiRNAs were found to exert this oncogenic activity, NRF2 induction, in different
malignancies [52–54]. In 2011, Eades G. et al. demonstrated for the first time a miRNA-dependent
Keap1 regulation in breast cancer: miR-200a targets Keap1 mRNA and induces its degradation [55].
Interestingly, the same group published the same year an additional paper describing NRF2 inhibition
by miR-28 in MCF7 breast cancer cell line [56]. Two other miRNAs, miR-93 and miR-153, have been
reported to target NRF2 and their overexpression is associated with breast carcinogenesis [57,58].
This evidence validates once more the context-specific value of NRF2 modulation (Figure 2A).
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Figure 2. MiRNAs modulating oxidative stress master regulators NRF2 (A) and NF-κB (B) in breast
Figure 2. MiRNAs modulating oxidative stress master regulators NRF2 (A) and NF-κB (B) in breast
cancer (The red arrow indicates upmodulation, the red “T” stands for inhibition).
cancer (The red arrow indicates upmodulation, the red “T”stands for inhibition).

The same concept can be translated to the other redox master regulator, the nuclear factor-kB
The same concept can be translated to the other redox master regulator, the nuclear factor-kB
(NF-κB). NF-κB can be found as both homo- and heterodimer of five distinct proteins, RelA, RelB,
(NF-κB). NF-κB can be found as both homo- and heterodimer of five distinct proteins, RelA, RelB, cc-Rel, p50 and p52. It is inhibited in the cytoplasm by the IκB families, which interfere with the target
Rel, p50 and p52. It is inhibited in the cytoplasm by the IκB families, which interfere with the target
activity by interacting with its important Rel homology domain (RHD), implicated in the formation of
activity by interacting with its important Rel homology domain (RHD), implicated in the formation
dimers and DNA binding [59].
of dimers and DNA binding [59].
IκB proteins are generally degraded in response to inflammatory cues like TNFα and
IκB proteins are generally degraded in response to inflammatory cues like TNFα and
lipopolysaccharide (LPS). The consequent NF-κB signaling, modulated by ROS, is cell type and
lipopolysaccharide (LPS). The consequent NF-κB signaling, modulated by ROS, is cell type and
context specific. This is probably due to the transcription factor wide range of action: cell growth,
context specific. This is probably due to the transcription factor wide range of action: cell growth,
proliferation, migration and apoptosis are among the pathways it influences [60,61]. NF-κB signaling
proliferation, migration and apoptosis are among the pathways it influences [60,61]. NF-κB signaling
is frequently found dysregulated in human cancers [62]. In breast cancer, the protein is reported as
is frequently found dysregulated in human cancers [62]. In breast cancer, the protein is reported as
constitutively activated and associated to aggressive and chemoresistant malignances [63–65]. MiRNAs
constitutively activated and associated to aggressive and chemoresistant malignances [63–65].
play an important part also in this scenario. First of all, NF-κB favors breast cancer cell invasion by
MiRNAs play an important part also in this scenario. First of all, NF-κB favors breast cancer cell
inducing the expression of the oncomiR miR-21 in response to DNA damage [66]. Wiemann S. and his
invasion by inducing the expression of the oncomiR miR-21 in response to DNA damage [66].
group, instead, published different papers on NF-κB-regulating miRNAs over the years [67–70]. In 2012,
Wiemann S. and his group, instead, published different papers on NF-κB-regulating miRNAs over
they demonstrated the tumor suppressive role of miR-520/373 family in ER-negative breast cancer,
the years [67–70]. In 2012, they demonstrated the tumor suppressive role of miR-520/373 family in
through the targeting of NF-κB and TGF-β signaling pathways. In the same context, in 2013, miR-31
ER-negative breast cancer, through the targeting of NF-κB and TGF-β signaling pathways. In the
was seen to sensitize cancer cells to apoptosis by impairing NF-κB pathway. In 2015, miR-30c-2-3p
same context, in 2013, miR-31 was seen to sensitize cancer cells to apoptosis by impairing NF-κB
was shown to reduce proliferation and invasion of MDA-MB-231 cells through the downmodulation
pathway. In 2015, miR-30c-2-3p was shown to reduce proliferation and invasion of MDA-MB-231
of TNFR/NF-κB signaling and cell cycle proteins. Conversely, in 2017, a role as an oncomiR was
cells through the downmodulation of TNFR/NF-κB signaling and cell cycle proteins. Conversely, in
attributed to miR-1246, which was reported to induce the NF-κB pro-inflammatory signaling in breast
2017, a role as an oncomiR was attributed to miR-1246, which was reported to induce the NF-κB procancer cells. The same year, another group discovered that miR-221/222 promote stem-like properties
inflammatory signaling in breast cancer cells. The same year, another group discovered that miRand tumor growth of breast cancer via targeting PTEN and sustained Akt/NF-κB/COX-2 activation
221/222 promote stem-like properties and tumor growth of breast cancer via targeting PTEN and
(Figure 2B) [71].
sustained Akt/NF-κB/COX-2 activation (Figure 2B) [71].
Despite having an oscillatory expression in a physiological context, NF-κB thus emerges from
Despite having an oscillatory expression in a physiological context, NF-κB thus emerges from
the literature presented as a proper oncogene in breast cancer. Moreover, due to its broad spectrum
the literature presented as a proper oncogene in breast cancer. Moreover, due to its broad spectrum
of interactions, numerous are the miRNAs involved in the regulation of the signaling cascade and,
of interactions, numerous are the miRNAs involved in the regulation of the signaling cascade and,
consequently, many are the hints for therapeutic interventions.
consequently, many are the hints for therapeutic interventions.
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and invasive properties, stem-like features and resistance to apoptosis. The main player in this context
is the transcription factor HIF-1α, which stimulates angiogenesis and triggers a positive feedback
loop on proliferation pathways. As a consequence, oxidative stress increases upon re-oxygenation
and mitochondrial electron leaks. Numerous studies showed a link between the miRNA’s role and
the hypoxia in the breast cancer initiation and progression. The first miRNA to be pointed out is
miR-210. In 2007, this miRNA emerged as part of the miRNA signature of hypoxia and the year after
it was elected as an independent prognostic factor in breast cancer [86,87]. Moreover, Liang H. and
colleagues investigated miR-153 mechanism of action in breast cancer; showing that this miRNA acts
as a tumor suppressor by targeting HIF-1α [88]. In fact, miR-153 inhibits migration, proliferation
and tube formation in HUVEC cells and angiogenesis in MDA-MB-231 in vivo model through the
inhibition of the HIF-1α/VEGFA axis. In another paper, the high expression of miR-191 in breast cancer
cell lines induces a more aggressive tumor under hypoxia [89]. Consequently, the authors suggest that
miR-191 inhibition may be exploited as a new therapeutic option for hypoxic breast cancer. In addition,
miR-18a targets HIF-1α, which high expression is associated with shorter DMFS (distant metastasis-free
survival) in patients with basal-like breast tumors [90]. In metastatic MDA-MB-231 cells, ectopic
miR-18a expression reduces both primary tumor and lung metastasis. Another miRNA reported
targeting HIF-1α is miR-497, thus, it represses the hypoxic conditions and for this reason it is usually
downregulated in breast cancer cells [91]. MiR-497 also targets a pro-angiogenic molecule, VEGF
(vascular endothelial growth factor) and its ectopic expression reduces tumor growth and angiogenesis
in breast cancer tumor model (Figure 3B). In conclusion, we could support the strategic role of miRNAs
in the tumor progression and in particular in hypoxia and metastasis and we could speculate the
possibility to use miRNAs as therapeutic tools to reduce tumor aggressiveness and dissemination.
6.3. Response To Therapy
It is well known that miRNAs can influence response to therapy in breast cancer. Moreover,
they are under investigation as potential therapeutic tools, alone or in combination with standard
therapy to impair cancer progression. Chemotherapy and radiotherapy still represent the standard
therapy for breast cancer; miRNAs are able to target different genes reducing drug resistance and
promoting therapeutic response. Indeed, in 2016, we reported that miR-302b, by targeting E2F1 and
DNA repair, enhances cisplatin response in breast cancer cells [45]. Chemotherapy drugs, such as
platinum compounds and anthracyclines, and also ionizing radiation induce oxidative stress generating
high levels of ROS [92]. The induction of oxidative stress can lead to the preferential killing of cancer
cells. Currently, the main problem of chemotherapy and radiotherapy is the development of resistance
mechanisms; recent works report the role of miRNAs in the response to these therapies by targeting
oxidative stress molecules. Recently, it was demonstrated that miR-125b is involved in chemotherapy
resistance by affecting oxidative stress pathways in breast cancer [93]. MiR-125b, by targeting HAX-1,
an anti-apoptotic gene, impacts on doxorubicin resistance. The mechanism behind this phenomenon
is a decrease in the levels of MMP following HAX-1 downregulation and the release of ROS from
the mitochondria into the cytoplasm. Thus, miR-125b is able to re-sensitize breast cancer cells to
doxorubicin treatment using ROS pathway (Figure 3C). Concerning chemoresistance, Roscigno G. et al.
have reported that miR-24, up-regulated in breast cancer stem cells, induces resistance to cisplatin
by targeting the pro-apoptotic factor BimL [94]. Furthermore, miR-24 targets FIH1 that induces the
repression of HIF-1α. Thus, the authors have shown that miR-24 is induced in hypoxic conditions,
leading to cancer stem cell growth and consequently inducing chemotherapy resistance. Breast cancer
patients often poorly respond to radiotherapy, and the mechanisms of radioresistance have not been
elucidated yet. MiR-668 was found increased in breast cancer cells resistant to radiotherapy; this
phenomenon occurs because IκBα is a direct target of miR-668, leading to the activation of NF-κB [95].
Generally, drug resistance is an important challenge in the treatment of breast cancer, especially for
TNBC, which still don’t have target therapy. To date, novel therapeutic strategies have been tested
mainly in the treatment of TNBC. MiR-223 is related to resistance to TRAIL-induced apoptosis in cancer
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stem cells of TNBC [96]. Indeed, reintroduction of miR-223 and treatment with TRAIL in MDA-MB-231
cell line induces a strong generation of ROS, through the targeting of HAX-1 into the mitochondria, and
TNBC stem cells are more sensitive to TRAIL treatment. Moreover, the miR-223/HAX-1 axis enhances
the sensitivity to doxorubicin and cisplatin in TNBC stem cells (Figure 3C).
7. Conclusive Remarks
In this review, we have illustrated what emerges from the literature about the important role of
oxidative stress in the pathogenesis of breast cancer, influencing most of the pathways usually altered
in tumors, affecting also response to therapy. Moreover, many of the proteins involved in this process,
such as SOD2 and NRF2, can exert opposite roles depending on the context, complicating the scenario.
Thus, it is important to explore in more detail the mechanisms behind the regulation of the redox status
in relation to a specific scenario in order to better define which pathways can be proposed as therapeutic
targets. MiRNAs act as regulative elements in almost every biological process, including oxidative
stress and cancer. Here, we have mainly reviewed the literature concerning miRNAs involved in the
regulation of oxidative stress players in breast cancer disease. MiRNA role in the regulation of redox
status makes them as hypothetical and crucial targets or tools for therapy since they could provide the
treatment context specificity. MiRNA general use as therapy option has yet to show relevant results,
but an increasing body of evidence has been provided through the years in favor of such a solution,
especially in oncology. Additionally, breast cancer is one of the most studied neoplasia and many are
the miRNAs which mechanism of action is consolidated in this framework. Hopefully, therefore, it will
be soon possible to have major improvements in this research field.
Author Contributions: G.C., I.P. and A.C. wrote the manuscript. M.V.I. and A.C. edited and revised the manuscript.
Funding: Alessandra Cataldo is supported by a fellowship from “Fondazione Umberto Veronesi”. Marilena V.
Iorio is supported by “Ministry of Health” (GR-2016-02361750) and by “Fondazione Guido Berlucchi” Career Grant.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.

11.

Li, R.; Jia, Z.; Trush, M.A. Defining ROS in Biology and Medicine. React. Oxyg. Species (Apex, NC) 2016, 1,
9–21. [CrossRef] [PubMed]
Finkel, T. Signal transduction by reactive oxygen species. J. Cell Biol. 2011, 194, 7–15. [CrossRef] [PubMed]
Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling.
Oxid. Med. Cell. Longev. 2016, 2016, 4350965. [CrossRef] [PubMed]
Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
Sosa, V.; Moliné, T.; Somoza, R.; Paciucci, R.; Kondoh, H.; LLeonart, M.E. Oxidative stress and cancer:
An overview. Ageing Res. Rev. 2013, 12, 376–390. [CrossRef]
Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]
Giuliano, A.E.; Edge, S.B.; Hortobagyi, G.N. Eighth Edition of the AJCC Cancer Staging Manual: Breast
Cancer. Ann. Surg. Oncol. 2018, 25, 1783–1785. [CrossRef]
Waks, A.G.; Winer, E.P. Breast Cancer Treatment: A Review. JAMA 2019, 321, 288–300. [CrossRef]
Perou, C.M.; Sørlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.;
Akslen, L.A.; et al. Molecular portraits of human breast tumours. Nature 2000, 406, 747–752. [CrossRef]
Herschkowitz, J.I.; Simin, K.; Weigman, V.J.; Mikaelian, I.; Usary, J.; Hu, Z.; Rasmussen, K.E.; Jones, L.P.;
Assefnia, S.; Chandrasekharan, S.; et al. Identification of conserved gene expression features between murine
mammary carcinoma models and human breast tumors. Genome Biol. 2007, 8, 76. [CrossRef]
Sørlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H. Gene expression patterns of breast
carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA 2001, 98,
10869–10874. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 5143

12.

13.
14.

15.

16.
17.
18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

9 of 13

Rouzier, R.; Perou, C.M.; Symmans, W.F.; Ibrahim, N.; Cristofanilli, M.; Anderson, K.; Hess, K.R.; Stec, J.;
Ayers, M.; Wagner, P.; et al. Breast cancer molecular subtypes respond differently to preoperative
chemotherapy. Clin. Cancer Res. 2005, 11, 5678–5685. [CrossRef] [PubMed]
Hu, Z.; Fan, C.; Oh, D.S.; Marron, J.S.; He, X.; Qaqish, B.F.; Livasy, C.; Carey, L.A.; Reynolds, E.; Dressler, L.; et al.
The molecular portraits of breast tumors are conserved across microarray platforms. BMC Genom. 2006, 7, 96.
Carey, L.A.; Dees, E.C.; Sawyer, L.; Gatti, L.; Moore, D.T.; Collichio, F.; Ollila, D.W.; Sartor, C.I.; Graham, M.L.;
Perou, C.M. The triple negative paradox: Primary tumor chemosensitivity of breast cancer subtypes.
Clin. Cancer Res. 2007, 13, 2329–2334. [CrossRef]
Shehata, M.; Teschendorff, A.; Sharp, G.; Novcic, N.; Russell, I.A.; Avril, S.; Prater, M.; Eirew, P.; Caldas, C.;
Watson, C.J.; et al. Phenotypic and functional characterisation of the luminal cell hierarchy of the mammary
gland. Breast Cancer Res. 2012, 14, R134. [CrossRef]
Musarrat, J.; Arezina-Wilson, J.; Wani, A.A. Prognostic and aetiological relevance of 8-hydroxyguanosine in
human breast carcinogenesis. Eur. J. Cancer 1996, 32, 1209–1214. [CrossRef]
Jakovcevic, D.; Dedic-Plavetic, N.; Vrbanec, D.; Jakovcevic, A.; Jakic-Razumovic, J. Breast Cancer Molecular
Subtypes and Oxidative DNA Damage. Appl. Immunohistochem. Mol. Morphol. 2015, 23, 696–703. [CrossRef]
Nour Eldin, E.E.M.; El-Readi, M.Z.; Nour Eldein, M.M.; Alfalki, A.A.; Althubiti, M.A.; Mohamed Kamel, H.F.;
Eid, S.Y.; Al-Amodi, H.S.; Mirza, A.A. 8-Hydroxy-20 -deoxyguanosine as a Discriminatory Biomarker for
Early Detection of Breast Cancer. Clin. Breast Cancer 2019, 19, 385–393. [CrossRef]
Tian, H.; Gao, Z.; Wang, G.; Li, H.; Zheng, J. Estrogen potentiates reactive oxygen species (ROS) tolerance
to initiate carcinogenesis and promote cancer malignant transformation. Tumour Biol. 2016, 37, 141–150.
[CrossRef]
Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34,
21–43. [CrossRef]
Zhang, C.; Wang, H.J.; Bao, Q.C.; Wang, L.; Guo, T.K.; Chen, W.L.; Xu, L.L.; Zhou, H.S.; Bian, J.L.; Yang, Y.R.;
et al. NRF2 promotes breast cancer cell proliferation and metastasis by increasing RhoA/ROCK pathway
signal transduction. Oncotarget 2016, 7, 73593–73606. [CrossRef] [PubMed]
Lu, K.; Alcivar, A.L.; Ma, J.; Foo, T.K.; Zywea, S.; Mahdi, A.; Huo, Y.; Kensler, T.W.; Gatza, M.L.; Xia, B. NRF2
Induction Supporting Breast Cancer Cell Survival Is Enabled by Oxidative Stress-Induced DPP3-KEAP1
Interaction. Cancer Res. 2017, 77, 2881–2892. [CrossRef] [PubMed]
Zhang, H.S.; Zhang, Z.G.; Du, G.Y.; Sun, H.L.; Liu, H.Y.; Zhou, Z.; Gou, X.M.; Wu, X.H.; Yu, X.Y.; Huang, Y.H.
Nrf2 promotes breast cancer cell migration via up-regulation of G6PD/HIF-1α/Notch1 axis. J. Cell. Mol. Med.
2019, 23, 3451–3463. [CrossRef] [PubMed]
Gorrini, C.; Baniasadi, P.S.; Harris, I.S.; Silvester, J.; Inoue, S.; Snow, B.; Joshi, P.A.; Wakeham, A.;
Molyneux, S.D.; Martin, B.; et al. BRCA1 interacts with Nrf2 to regulate antioxidant signaling and
cell survival. J. Exp. Med. 2013, 210, 1529–1544. [CrossRef]
Gorrini, C.; Gang, B.P.; Bassi, C.; Wakeham, A.; Baniasadi, S.P.; Hao, Z.; Li, W.Y.; Cescon, D.W.; Li, Y.T.;
Molyneux, S.; et al. Estrogen controls the survival of BRCA1-deficient cells via a PI3K-NRF2-regulated
pathway. Proc. Natl. Acad. Sci. USA 2014, 111, 4472–4477. [CrossRef]
Victorino, V.J.; Campos, F.C.; Herrera, A.C.; Colado Simão, A.N.; Cecchini, A.L.; Panis, C.; Cecchini, R.
Overexpression of HER-2/neu protein attenuates the oxidative systemic profile in women diagnosed with
breast cancer. Tumour Biol. 2014, 35, 3025–3034. [CrossRef]
Kang, H.J.; Yi, Y.W.; Hong, Y.B.; Kim, H.J.; Jang, Y.J.; Seong, Y.S.; Bae, I. HER2 confers drug resistance of
human breast cancer cells through activation of NRF2 by direct interaction. Sci. Rep. 2014, 4, 7201. [CrossRef]
Harris, I.S.; Treloar, A.E.; Inoue, S.; Sasaki, M.; Gorrini, C.; Lee, K.C.; Yung, K.Y.; Brenner, D.;
Knobbe-Thomsen, C.B.; Cox, M.A.; et al. Glutathione and thioredoxin antioxidant pathways synergize to
drive cancer initiation and progression. Cancer Cell 2015, 27, 211–222. [CrossRef]
Monteiro, H.P.; Ogata, F.T.; Stern, A. Thioredoxin promotes survival signaling events under
nitrosative/oxidative stress associated with cancer development. Biomed. J. 2017, 40, 189–199. [CrossRef]
Becuwe, P.; Ennen, M.; Klotz, R.; Barbieux, C.; Grandemange, S. Manganese superoxide dismutase in breast
cancer: From molecular mechanisms of gene regulation to biological and clinical significance. Free Radic.
Biol. Med. 2014, 77, 139–151. [CrossRef]
Wang, Y.; Branicky, R.; Noë, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage
and regulating ROS signaling. J. Cell Biol. 2018, 217, 1915–1928. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 5143

32.
33.

34.

35.

36.
37.
38.
39.
40.
41.
42.
43.
44.

45.

46.
47.

48.
49.
50.
51.
52.
53.

54.

10 of 13
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