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epigenetic mechanisms that are dynamic and reversible, and include: DNA methylation, histone
modifications, chromatin remodelling, and the expression of non-coding RNAs, including miRNAs [13].
A growing body of evidence suggests that epigenetics could be involved in the pathophysiology of
endometriosis [14] and that carcinogenesis cannot be explained only by DNA mutations, but also
that epigenetic alterations need to be included in the equation [15]. In this respect, distinct epigenetic
mechanisms could contribute to carcinogenesis either by repressing the expression of tumour suppressor
genes (TSG) (i.e., DNA hypermethylation at gene promoters, over-expression of miRNA targeting
TSG, histone modifications, and heterochromatin conformation at TSG coding regions) or allowing the
activation of oncogenes (OG) (i.e., global DNA hypomethylation, down-regulation of miRNA targeting
OG, histone modifications, and euchromatin conformation at OG coding regions).

Importantly, great research endeavours have been conducted to decipher the role of miRNAs in
these pathologies. miRNAs are small (19–22 nt) non-coding RNAs that can act as post-transcriptional
regulators of gene expression, reducing the expression of their target mRNAs either by inhibiting
its translation or by promoting its degradation. Thus, the levels of their target mRNAs are opposed
to those of their targeting miRNAs (Figure 2B). It is worth mentioning that several miRNAs can
target a given mRNA and a single miRNA can target several mRNAs, increasing the complexity of
the regulatory mechanism mediated by these molecules [16–19]. miRNAs are involved in pivotal
biological processes including development, differentiation, apoptosis, and proliferation. Remarkably,
miRNAs themselves can also act as OG or TSG, depending on their targets [20]. Extensive literature
supports the role of miRNAs in the development of endometriosis (reviewed in [21–24]) as well as
in endometriosis-associated ovarian cancer (EAOC) [25,26] and in high-grade serous ovarian cancer
(HGSOC) [27–29], as hereafter described.

Figure 2. Schematic representation of the possible mechanisms of interplay between miRNAs and
oxidative stress. (A) ROS can activate ROS-sensitive transcription factors to induce the transcription
of specific primary miRNA (pri-miRNA) that will conduce to mature miRNAs; (B) The levels of
a given miRNA inversely correlate with those of their target mRNAs, that could belong to ROS
production/detoxification enzymes; (C) ROS and miRNAs can produce separate effects that converge
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in a common phenotype, leading to endometriosis, EAOC and HGOSC. Abbreviations: ROS,
reactive oxygen species; TF, transcription factors; RNApol II/III, RNA polymerase II or III; HIF-1α,
hypoxia-inducible factor 1α; NF-κβ, nuclear factor κβ; RISC, RNA-induced silencing complex; SOD1,
superoxide dismutase 1; NOX4, NADPH oxygenase 4; EAOC, endometriosis-associated ovarian cancer;
HGSOC, high-grade serous ovarian cancer.

As for the goal of this review, the complex interplay between OS and miRNAs represents an
active research area in different pathologies that develops on the basis of several premises: (1) OS
triggers the expression of responsive miRNAs through ROS-sensitive transcription factors (reviewed
in [30,31]) (Figure 2A); (2) miRNAs can regulate the expression of enzymes involved in ROS production
or detoxification (reviewed in [31,32]) (Figure 2B); (3) miRNAs and OS independently act to reach
convergent phenotypes (Figure 2C).

Therefore, the aim of the present review is to compile existing evidence on how miRNAs and
OS interact through the aforementioned mechanisms into the pathophysiology of three important
gynaecological diseases: endometriosis, EAOC, and HGSOC.

2. Endometriosis

Endometriosis is an oestrogen-dependent inflammatory disorder defined by the presence of
endometrial-like tissue in ectopic locations, which limits the quality of life of affected women [33–35].
This pathology affects 10% of reproductive-aged women from all ethnic and social groups, although the
prevalence in those patients experiencing pain, infertility, or both is as high as 35%–50% [36], being the
estimated prevalence of this condition around 176 million worldwide. The most frequent involvement
is in the peritoneum (superficial and deep endometriotic implants) and ovaries (ovarian endometrioma
(OMA) or endometriotic cysts), although cases of pulmonary [37] and cerebral endometriosis [38] have
also been documented.

While a unifying theory regarding the exact aetiopathogenic mechanism of endometriosis is
still lacking [13], nowadays the most widely accepted theory is Sampson’s proposal of retrograde
menstruation and implantation [39]. This theory postulates that desquamated endometrial cells reach
the peritoneal cavity by retrograde flow through the fallopian tubes, where they are able to implant
and survive (Figure 3). Since retrograde menstruation occurs in 90% of healthy women of reproductive
age with patent fallopian tubes [40], the fact that only a small percentage develops the disease suggests
that there must be additional mechanisms that allow the migrated tissue to implant and survive [41].

miRNAs and Oxidative Stress in Endometriosis

Sampson’s proposal not only postulates an origin for the endometrial-like ectopic tissue, but
also provides a mechanism for the action of OS in the pathogenesis of endometriosis. Remarkably,
compelling evidence demonstrates an increase in OS markers in several fluids (serum, peritoneal and
follicular fluid) and tissues in women with endometriosis (reviewed in [42,43]).

From the point of view of the desquamated cells, several studies including ours have observed
that eutopic endometria expresses higher levels of vascular endothelial growth factor A (VEGF-A)
(the main pro-angiogenic factor) [44,45], urokinase-type plasminogen activator (uPA), and matrix
metallopeptidase 3 (MMP-3) (proteolytic factors) [46] in comparison to control endometria, a process
that could be mediated by miRNAs [47]. Upon menstruation, endometrial cells lose their blood
supply, entering into a hypoxic state by the time they reach the peritoneal cavity. This upregulates the
expression of hypoxia-inducible factor 1-alpha (HIF-1α), which further stimulates the transcription of
several hypoxia-inducible miRNAs or hypoxamiRs [30,48], as the prototypical hypoxamiR, miR-210,
which is overexpressed in OMA tissues, promoting cell survival [49] (Figure 2A).
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Figure 3. Global vision of aetiopathogenic mechanisms leading to endometriosis, EAOC and
HGSOC development. Regarding HGSOC development, oxidative stress contributes to fallopian
tube epithelial cells alterations, through the action of ROS. Repeated cycles of DNA damage and
repair produce mutations in driver genes BRCA1/2, P53, PTEN and PIK3CA. Additionally, miRNA
deregulation contributes to tumour progression. Once the malignant lesion is established in the
ovary, oxidative stress is initially involved in first-line chemotherapy mechanism of action, although
excessive oxidative stress is linked to tumour chemoresistance. Regarding endometriosis development,
refluxed endometrial cells from patients show some features predisposing them to the development of
this condition (i.e., increased angiogenesis and proteolysis, disbalanced miRNAs profile, etc). Upon
menstruation, endometrial cells lose their blood supply and activate hypoxia-responsive miRNAs
(hypoxamiRs) that together with erythrocyte-derived miRNAs contribute to the development of
the condition. Blood decomposition by pelvic macrophages contribute to ROS production, which
alters the peritoneal microenvironment to enhance endometrial cells attachment and proliferation.
Finally, the intra-cystic fluid of OMAs presents with higher levels of ROS, triggering subsequent
events such as miRNAs disbalance, decreased expression of ARID1A and PTEN, amplification of
MET and 17q24–25, and increased generation of SOD2, all of which enhance the development of
EAOC. Abbreviations: EAOC, endometriosis-associated ovarian cancer; HGSOC, High-Grade Serous
Ovarian Cancer; STIC, Serous Tubal Intraepithelial Carcinoma; OSE, Ovarian Surface Epithelium;
OMA, Ovarian endometrioma; ROS, Reactive Oxygen Species; PF, Peritoneal Fluid; BRCA, Breast
Cancer gene; PTEN, Phosphatase and tensin homolog; PIK3CA, Phosphatidylinostil-4,5 Biphosphonate
3-Kinase Catalytic Subunit Alpha; VEGF-A, Vascular Endothelial Growth Factor A; uPA, Urokinase-type
plasminogen Activator; MMP-3; Matrix Metallopeptidase 3; HIF-1α; Hypoxia-inducible factor 1-alpha;
ARID1A, AT-Rich Interaction Domain A; MET, mesenchymal-to-epithelial transcription factor; EMT,
Epithelial-Mesenchymal Transition; SOD2, Superoxide Dismutase 2; FOXA3, Hepatocyte Nuclear
Factor 3-gamma; 8-OHdG, 8-Oxo-2′-deoxyguanosine.

Once in the peritoneal cavity, endometrial cells floating in a mixture of blood and peritoneal fluid
(PF) need to undergo a continuum of important events if they are to implant and survive. These events
include the attachment to ectopic sites, extracellular matrix degradation, invasion, and angiogenesis (a
complex and sequential process devoted to the formation of new blood vessels from pre-existing ones, to
assure oxygen and nutrient supply for proliferation and survival [50]). Notably, in vitro studies revealed
that several miRNAs are involved in distinct processes leading to the establishment and survival
of the endometriotic lesions, including invasiveness (miR-200b [51], miR-183 [52], miR-199a [53]),
proliferation (miR-210 [54], miR-200b [51], miR-2861 [55], miR-195 [56], miR-196b [57]), apoptosis
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evasion (miR-181c [58], miR-141-3p [59], miR-2861 [55], miR-195 [56], miR-196b [57], miR-210 [54], and
increased angiogenesis (miR-16, miR-29c-3p, miR-424 [60]) (Table 1). A myriad of studies reveals the
putative role of miRNAs in endometriosis, recently reviewed by Panir and collaborators [61]. Among
these miRNAs are miR-21, miR-23a-3p, and miR-9-5p, which have been linked to the regulation or
redox enzymes [30] (Figure 2B).

Table 1. Deregulated miRNAs in selected in vitro studies in endometriosis.

References
Main Biological

Function Promoted
Experimental Design

Main Deregulated
miRNAs in Patients

[49] Cell survival OMA cell line under hypoxia ↑miR-210

[51]
Invasiveness

Immortalized endometriotic cell line 12Z, the
stromal cell line ST-T1b and primary

endometriotic stromal cells
↓miR-200b

[52] Primary eutopic and control stromal cells ↓miR-183

[53] Primary ectopic, eutopic and control stromal cells ↓miR-199a

[54]

Proliferation

Primary ectopic and control stromal cells ↑miR-210

[51]
Immortalized endometriotic cell line 12Z, the

stromal cell line ST-T1b and primary
endometriotic stromal cells

↓miR-200b

[55] Ectopic endometrial cells ↓miR-2861

[56] Primary ectopic, eutopic and control stromal cells ↓miR-195

[57] Primary ectopic and control stromal cells ↓mi-196b

[58]

Apoptosis evasion

Endometrial cell lines ↑miR-181c

[59] Ectopic endometrial stromal cells ↓miR-143-3p

[55] Ectopic endometrial cells ↓miR-2861

[56] Primary ectopic, eutopic and control stromal cells ↓miR-195

[57] Primary ectopic and control stromal cells ↓mi-196b

[49]
[54]

OMA cell line under hypoxia
Primary ectopic and control stromal cells ↑miR-210

[60] Angiogenesis Primary ectopic, eutopic and control stromal cells ↓miR-16, ↓miR-29c-3p,
↓miR-424

↑, up-regulated levels; ↓ down-regulated levels; OMA: ovarian endometrioma.

From the point of view of the milieu into which these cells arrive, PF from patients might
favour endometriosis development through several mechanisms: (a) Firstly, increased OS in PF
might create adhesion sites for the migrated cells by damaging the mesothelial wall [1]; (b) acting
on endometrial cells, PF from patients is involved in the over-expression of the proteolytic factors
uPA and MMP-3 [62], and not yet resolved components in this biofluid increase angiogenesis by
down-regulation of angiogenesis-related miRNAs (miR-16-5p, miR-29c-3p, and miR-424-5p), mainly
in eutopic cells from patients, favouring their survival [60]. The putative role of OS in mediating
these effects is reinforced by recent results from Wright and co-workers [63], who observed that global
down-regulation in miRNAs could be recapitulated by stimulating endometrial cells with oxidized
low-density lipoprotein (LDL) (an OS marker present in patient’s PF and associated with pain). These
in vitro findings have also been observed in tissues, since several authors, including us, have reported
an increase in VEGF-A in endometriotic tissues, which might also be regulated by miRNAs such as
miR-16, miR-29c-3p, and miR-424 [45,60,64]; and (c) accompanying erythrocytes might be a source
not only of OS but also of miRNAs [65], as observed by the presence of miR-451, the most abundant
miRNA in erythrocytes, in PF [47]. Surprisingly, in vitro and in vivo evidence suggests that miR-451 is
uptaken by endometriotic tissues, correlating its expression with survival status of the lesions [66]
(Table 2, Figure 3).
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Table 2. Deregulated miRNAs in selected studies considering distinct biofluids from patients with
endometriosis, EAOC or HGSOC compared to control women.

miRNAs in Biofluids

Reference
Gynaecological

Condition
Biofluid Specimen Main Deregulated miRNAs in Patients

[47]

Endometriosis

Peritoneal fluid ↑miR-106b-3p, miR-451a and miR-486-5p

[67] Serum ↓ let-7b and miR-135

[68] Serum ↓miR-9 *, miR-141 *, miR-145 * and miR-542-3p
↑miR-122 and miR-199a

[69] Serum ↑miR-122 and miR-199a

[70] Serum
↓miR-30c-5p, miR-127-3p, miR-99b-5p,

miRNA-15b-5p and miRNA-20a-5p
↑miR-424-3p and miR-185-5p

[71] Plasma ↓miR-17-5p, miR-20a and miR-22

[72] Plasma ↓miR-200a-3p, miR-200b-3p and miR-414-3p

[73] Plasma ↑miR-154-5p

[74] EAOC Plasma Three distinct miRNA signatures, including ↑
miR-15b, miR-16, miR-21, and miR-195

[75]

HGSOC

Serum ↑miR-1290

[76] Serum ↓miR-375 + CA-125 levels

[77] Serum ↑miR-1246

[78] Serum ↑miR-200b, miR-200c

↑, up-regulated levels; ↓ down-regulated levels; CA-125, cancer antigen 125.

Provided that several authors do not distinguish the type of ectopic lesions into their analyses,
the precise effect of OS in different endometriotic lesions is difficult to evaluate. In spite of this, some
conclusions can be drawn for the OMA landscape which will be commented on from the extra- to
the intra-cystic space. Firstly, several authors observed an increase in 8-OHdG [79,80], forkhead box
A3 (FOXA3) and advanced glycation end products [80] in the normal ovarian cortex surrounding
OMAs in comparison to the normal ovarian cortex surrounding benign ovarian cysts, which might
postulate OS as a specific mechanism in endometriosis. Secondly, Ngô and co-workers [81] observed
that the pro-oxidant/antioxidant balance is shifted towards enhanced OS in both epithelial and stromal
cells within the cyst wall, which increased cell proliferation through ERK1/2 pathway activation.
Additionally, Chen and co-workers [82] observed an increase in generation of both ROS and of
superoxide dismutase 2 (SOD2) by mitochondria in stromal cells, which may support the development
of the disease by allowing a high metabolic rate within these lesions. Finally, the increased ROS
production in endometriotic cells might also be a consequence of the pro-oxidative inner cyst fluid
stimulation [83]. Interestingly, stimulation of immortalized ovarian surface epithelium (OSE) and
endometrial glandular cells with endometriotic cyst content produced more ROS than treatment with
non-endometriotic cyst content [84]. Altogether, the increased OS might have consequences in gene
expression, rgarding the down-regulation of the tumour suppressor gene AT-rich interaction domain
A (ARID1A) via promoter hypermethylation [85], which is considered an early event in endometriosis
malignant transformation (Figure 3).

Opposite to this evidence, Santulli and collaborators [86] did not find any significant differences
in protein OS markers in the PF of women with ovarian or peritoneal endometriosis when compared
with control PF, in contrast to women with deep infiltrating endometriosis. This counterintuitive
finding might find a rationale either when considering OMA as an encapsulated lesion within the
ovary unlikely to influence PF composition, or a possible bias in these observations due to the inclusion
of patients with benign pathologies in the control population.
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3. Endometriosis-Associated Ovarian Cancer

Endometriosis malignant transformation occurs in OMA at a higher rate than in other endometriotic
lesions [87], producing the so-called EAOC. This clinical entity might be the result of a sequential
process of malignant transformation from endometriotic lesions through atypical endometriosis [88]
and, finally, to ovarian cancer, especially to the endometrioid (EOC) and clear cell (OCCC) histological
subtypes [89]. Importantly, the estimated risk of malignancy of ovarian endometriosis may be close
to 1% [90,91]. This enhanced rate of transformation of OMA, together with the specific histotypes
to which it leads, points to unique carcinogenic processes within these endometriotic lesions, with a
plausible involvement of OS and miRNAs.

miRNAs and Oxidative Stress in Endometriosis-Associated Ovarian Cancer

The intra-cystic fluid within OMA represents a unique milieu that may underlay the initiation of
the malignant transformation process [92], probably triggered by the release of free iron as a result
of monthly bleeding and the subsequent raise in OS [84] (Figure 3). At this respect, endometriotic
cysts fluid present with higher levels of free iron, lactate dehydrogenase, lipid peroxide, 8-OHdG
and potential antioxidant in comparison to non-endometriotic cysts and OCCC. Also, higher levels of
8-OHdG are reportedly associated with OCCC, being almost negative in EOC [93]. In agreement with
these results, Fujimoto and co-workers [94] found increased levels of 8-OHdG and heme-oxygenase
1 in cyst fluid from OMA when compared to EAOC (mainly OCCC). Additionally, the expression
of 8-OHdG is decreased in EAOC tissues (OCCC and EOC) when compared to paired adjacent
endometriotic tissue and OMA [95]. Therefore, one might conclude that the levels of OS are higher in
OMA and decrease in OCCC, and further in EOC, which suggests their involvement mainly in the
initiation process of EAOC.

Regarding antioxidants, decreased MnSOD expression and increased malondialdehyde (MDA)
expression has been observed in OMA and EOAC in comparison to non-EAOC and control endometria,
corroborating the increased OS levels commonly found in these tissues [96]. In vitro studies denoted
that the over-expression of the antioxidant lipocalin2 increases intracellular iron concentrations in
OCCC cell lines but reduces the levels of ROS and DNA damage, probably through increasing
glutathione, xCT (a cystine transporter protein) and CD44v (a stem cell marker), resulting in reduced
apoptosis and prolonged cell survival of OCCC [97]. Altogether, it seems plausible to acknowledge
that OS is involved in early steps of the malignant transformation of endometriosis.

In this context, some of the specific alterations produced by this pro-oxidant milieu have been
unravelled. Opposed to HGSOC, EAOC is characterized by mutations in several genes, including the
TSG ARID1A, PTEN, and the OG phosphatidylinostil-4,5 biphosphonate 3-kinase catalytic subunit
alpha (PIK3CA) [98]. Winarto and collaborators [96] investigated tissue samples from patients with
endometriosis, EAOC, or non-EAOC to observe that ARID1A expression decreases with increased
OS a finding also corroborated in vitro. Interestingly, an epigenetic modification (ARID1A promoter
hypermethylation in OMA) might underlay this observation [85]. In addition, chromosomal aberrations
are more frequently found in EOC over OMA and less frequently in extragonadal endometriosis,
which might reflect a clonal expansion of aberrant OMA cells produced as a result of the harmful
intra-cystic milieu [87]. In addition, copy number variation in OCCC has been identified by several
authors: for instance, mesenchymal-to-epithelial transcription factor (MET) gene amplification is a
frequent event in OCCC and this genomic amplification can be recapitulated in an ROS-induced rat
carcinoma model [99]. Furthermore, amplification at loci 17q23-25 occurs in approximately 40% of
OCCC, which might over-express the encoded miR-21, decreasing the expression of their target PTEN.
Therefore, both OS and miRNAs converge in some cases with genetic alterations to provoke the loss of
function of important tumour suppressor genes in EAOC carcinogenesis (Figure 3).

Apart from its role in tumour initiation, a growing body of evidence has shed light into the role of
deregulated miRNAs in other processes linked to EAOC carcinogenesis, as cell proliferation [100–102],
migration [100,101], invasion [100,102], and epithelial-to-mesenchymal transition [100,103–106].
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However, differences in study design and methodological approaches render low overlapping
between reported deregulated miRNAs (Table 3), that is limited to miR-21 [106,107], miR-510 [104,105],
miR-29b [108,109], miR-191 [102,110] and miR-30a [111,112].

Table 3. Deregulated miRNAs in selected studies in EAOC.

Reference Effect Experimental Design
Main Deregulated miRNAs in

Patients

[100] Promoted proliferation, migration,
invasion

OCCC and adjacent non-tumor
tissues ↓miR-424

[101] Increased cell motility, growth and
colony formation

OCCC and EOC cell lines and
OMA primary stromal cells ↓miR-381

[102] Increased cell proliferation and
invasion

EOC, OCCC, OMA and control
endometria tissues ↑miR-191

[103] Increased MET phenotype and
good prognosis

HGSOC, EOC, OCCC and
mucinous ovarian cancer tissues ↓miR-506

[104]
Increased EMT phenotype HGSOC and OSE tissues ↑miR-205-5p

EMT (miR-200s), poor PFS and OS
(miR-200c -3p) HGSOC, OCCC and OSE tissues ↑miR-200s, miR-182-5p

↓miR-383

Hystology differentiatiors OCCC and HGSOC tissues ↑miR-509-3-5p, miR-509-3p,
miR-509-5p, miR-510

[105] Poor overall survival OCCC and HGSOC tissues ↓miR-510, miR-129-3p

[106] Increased EMT phenotype OCCC and HGSOC tissues ↑miR-9

[107] Down-regulation of the TSG
PTEN OCCC tissues ↑miR-21

[108] Increased paclitaxel
chemosensitivity OCCC cell lines ↑miR-29b

[109] Poor prognosis OCCC, HGSOC, mucinous
ovarian cancer and control tissues ↓miR-29b

[110] Increased apoptosis evasion EOC, OMA and control tissues ↑miR-191

[111] Hystology differentiatiors OCCC, EOC, HGSOC and
mucinous ovarian cancer ↑miR-30a and miR-30a *

[112] Poor overall survival in ovarian
papillary serous carcinoma tissues

OCCC and ovarian papillary
serous carcinoma tissues ↓miR-30a, miR-30e and miR-505

[113] Enhanced sensitivity to
everolimus OCCC and OSE cell lines ↓miR-100

↑, up-regulated levels; ↓, down-regulated levels; EOC, endometrioid ovarian cancer; OCCC, ovarian
clear cell carcinoma; OSE, ovarian surface epithelium; HGSOC, high-grade serous ovarian cancer; EMT,
epithelial-to-mesenchymal transition; MET, mesenchymal-to-epithelial transition. PTEN, phosphatase and tensin
homologue; TSG, tumour suppressor gene; PFS, progression-free survival.

Regarding treatment, first-line chemotherapy agents in ovarian cancer (EAOC and HGSOC)
are represented by taxanes and carboplatin, which exert their antitumour effect partly mediated by
an increase in OS (Figure 3). A very recent study from Amano and co-workers [114] observed an
association between higher mitochondrial SOD2 levels in EAOC and poor prognosis, without any
difference regarding histology (OCCC vs. EOC), which could reflect an improved scavenging of
platinum-mediated ROS production during EAOC treatment. On the other hand, the acquisition of
chemoresistance by both EAOC and HGSOC is directly linked to the poor overall results in these
patients. Specifically, the clear cell subtype is known to be more chemorresistant and associated to
worse prognosis than the endometrioid subtype.

In this context, Sugio and co-workers [108] observed that increased miR-29b levels correlate with
progression-free survival in OCCC patients. Of note, the down-regulation of the protein Bcl2-associated
athanogene 3 (BAG3) seemed to induce the miR-29b expression, which finally sensitized cells to
paclitaxel. In an attempt to overwhelm chemoresistance in OCCC, new therapeutic approaches have
been developed, including the use of the rapamycin analogue everolimus, for which resistances
have also been documented [115]. However, Nagaraja and collaborators [113] found that induced
over-expression of miR-100 increased the sensitivity to everolimus in OCCC cell lines, an effect
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mediated by the inhibition of mammalian target of ramapycin (mTOR) signalling (Table 3). All in all,
these results might pave the way for a miRNA-based therapy to overcome chemoresistance in EAOC.

Therefore, there exists compelling evidence that miRNAs and OS cooperate in the distinct steps of
EAOC carcinogenesis to accomplish the malignant transformation of endometriosis and that both of
them influence therapeutic outcomes in these conditions.

4. High-Grade Serous Ovarian Cancer

Ovarian cancer is the fifth cause of cancer death in women and the most lethal of gynaecological
malignancies [116]. Although this term designates a group of multiple malignant diseases sharing the
same anatomical location and with different histological types [117], the poor prognosis data is mainly
related to the most frequent (70%) histological subtype, HGSOC. Actually, HGSOC causes 70%–80% of
gynaecological cancer-related deaths [118]. Regarding prognosis, more than 80% of HGSOC patients
are diagnosed in advanced stages and the 5-year survival rates are below 50% [119,120]. This poor
prognosis in HGSOC may be attributable to the asymptomatic nature, the lack of diagnostic methods
in initial stages, and the presence of metastases at the time of diagnosis, although major determinants
of HGSOC-related deaths are the frequent recurrences and the acquisition of chemoresistance by the
tumour [121]. To this respect, slight changes have been produced in the medical treatment algorithm
for HGSOC in the last decades, which relies on taxanes and cisplatin derivatives.

Despite its clinical importance, the exact aetiopathogenic mechanism of HGSOC remains elusive,
since an unsolved debate on whether HGSOC arises from the ovary itself or from the fimbriae of
the fallopian tubes still exists. Initially, the OSE was proposed as the focus for epithelial ovarian
cancers, postulating the repeated ovulation and inclusion of cysts during regeneration as an initiation
mechanism. The later theory of the fallopian tube epithelium (FTE) as a source of this tumour has gained
growing attention [122], considering the premalignant lesion serous tubal intraepithelial carcinoma
(STIC) as an early event. Accordingly, the tumour formed in the fallopian tube spreads to the ovary
helped by the retrograde menstruation, where it is more capable of metastasizing [123] (Figure 3).

miRNAs and Oxidative Stress in High-Grade Serous Ovarian Cancer

Multiple studies based on both OS and miRNAs have reinforced an FTE origin of HGSOC.
Vercellini and co-workers [124] proposed the “incessant menstruation” hypothesis, which states that
pelvic macrophages decompose menstrual blood in the peritoneal cavity, and the released free-iron can
damage epithelial fimbriae via ROS production. Specifically, the action of ROS on the FTE provokes a
continued process of DNA damage and repair, which permits the sequential acquisition of mutations,
and genomic instability. This genomic instability is represented by very frequent structural and
numerical aberrations in chromosomes 3, 8, 11, 17, and 21 [125] and the mutations in HGSOC-driver
genes, breast cancer gene 1 and 2 (BRCA1/2), TP53, or PTEN/PIK3CA [126] (Figure 3). Additionally,
the loss of function of these genes has been involved with an impaired defence against OS in these
tumours [127], what determines a positive feed-back loop. Nevertheless, we cannot withstand that
17% of HGSOC patients carry germline mutations in BRCA1/2 [128].

From an epigenetic standpoint, DNA methylation [129] and miRNA [130] studies endorse the
fallopian tube origin of HGSOC. For the former, Klinkebiel and co-workers [129] examined a small
cohort of paired HGSOC, FTE, and OSE found that DNA methylomes are more highly conserved
between HGSOC and FTE than between HGSOC and OSE. For the latter, Yang and co-workers [130]
examined the expression of the miR-200 family (i.e., miR-200a, -200b, -141, and -429) and miR-205,
their target genes and downstream effectors in a panel of HGSOC, STIC, FTE, and OSE tissues. As a
result, the authors observed an over-expression of miR-200 family in HGSOC, STIC, and FTE and an
increase of the epithelial phenotype through down-regulation of the target genes ZEB1, ZEB2, TGFβ1,
and TGFβ2. These effects were not observed in OSE. Interestingly, pre-miR-200 transfection in FTE
cells increased the levels of CA-125, recapitulating the high expression of this mucin in HGSOC.
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Compelling literature shows evidence that epithelial-mesenchymal transition (EMT), a process by
which epithelial cells lose their characteristic organization and acquire the motility of mesenchymal
cells, plays a central role in HGSOC tumour progression and chemoresistance acquisition [131,132].
Notably, several miRNAs are among their master regulators. Boac and collaborators [133] serially
treated four ovarian cancer cell lines (A2780CP, A2780S, IGROV1, and OVCAR5) with six cycles of
cisplatin, and assessed the miRNA patterns in each of the treatment-recovery cycles. They identified
five known miRNAs positively (namely miR-496, miR-485-5p, let-7g, and miR-152) or negatively
(miR-27b) correlated with cisplatin chemoresistance, being the modulated pathways mainly involved
in EMT regulation. Zhu and collaborators [134] demonstrated that decreased expression of miR-186 is
associated with increased cisplatin resistance in HGSOC patients. Remarkably, decreased miR-186
levels up-regulate those of their target Twist1, an EMT driver, promoting the mesenchymal phenotype.
Hellman and collaborators [135] analysed nine studies involving gene data sets to discover pathways
associated with platinum resistance in ovarian cancer. Interestingly, despite the low degree of gene
overlapping due to study design heterogeneity and technology employed, pathways related to OS
(“oxidative stress”, “oxidative stress response mediated by nuclear factor (NF)-E2-related factor 2”) and
to EMT (“TGFbeta signalling”, “cell migration”, “cellular movement”, and “cell-to-cell signalling”) were
among the most over-represented in the studied datasets. In addition, components of the miR-17-92
cluster, which down-regulates two key TFGβ signalling molecules, and let-7 family members were also
associated with platinum resistance in these analyses. Finally, Brozovic and collaborators [136] found
that decreased miR-200s (miR-200a, miR200b, miR-200c, miR-429, and miR-141) expression is associated
with a partial EMT phenotype in the ovarian cancer paclitaxel resistant cell lines OVCAR-3/TP and
MES-OV/TP. Consistently, miR-200c and miR-141 inhibition increased the mesenchymal phenotype
and the resistance to paclitaxel in non-resistant OVCAR-3 cell lines. As expected, miR-200c and
miR-141 over-expression sensitized MES-OV/TP cells to paclitaxel through a mesenchymal-to-epithelial
transition, and increased the levels of a set of redox enzymes, mainly reductases. It is important to
mention that oxidative stress induces the expression of both miR-141 and miR-200c [137] (Table 4,
Figure 2A). As can be observed, the vast majority of studies regarding the miRNA regulation of EMT
have been developed in cell cultures. Although they represent a valuable source of information,
established cell lines do not completely mirror the biological complexity of a tumour tissue sample. At
the light of the importance of the EMT phenomenon in HGSOC patients’ prognosis, it becomes clear
that there is a need for major number of studies in HGSOC tissue specimens that would increase the
knowledge about the miRNA regulation of the EMT.

Table 4. Deregulated miRNAs in selected studies in HGSOC.

Reference Effect Experimental Design
Main Deregulated miRNAs in

Patients

[130]

Susceptibility to oncogenic mutations
and histologic differentiation.

FTE cells increase CA-125 upon
pre-miR-200 transfection.

HGSOC, STIC and FTE vs. OSE ↑miR-200a, miR-200b, miR-141 and
miR-429 and miR-205

[133]

Five miRNAs associated with
cisplatin resistance

EMT phenotype associated with
higher chemoresistance

Two pathways associated with overall
patient survival (TGF/WNT and

Regulation of EMT)

Four ovarian cancer cell lines,
public ovarian cancer dataset

Positively correlated namely miR-496,
miR-485-5p, let-7g and miR-152
Negatively correlated miR-27b

[134] EMT phenotype, cisplatin resistance
and worse prognosis

HGSOC tissue and ovarian cancer
cell lines (chemosensitive and

chemoresistant)

↓miR-186, ↑miR-200 family
(significantly miR-141 and miR-200a)

[135] Platinum resistance, related to EMT
and stemness

Exploratory study based on nine
published gene sets associated

with platinum resistance in
ovarian cancer.

↓miR-17-92 cluster, let-7 family
members
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Table 4. Cont.

Reference Effect Experimental Design
Main Deregulated miRNAs in

Patients

[136] Stronger EMT phenotype and
paclitaxel resistance

Two ovarian cancer cell lines
(sensitive and resistant to

paclitaxel and carboplatin)

↓miR-200s (miR-200a, miR200b,
miR-200c, miR-429 and miR-141)

[138]
Increased chemoresistance by

regulation of the VEGFB and VEGFR2
pathway

198 serous epithelial ovarian
carcinomas, six epithelial ovarian

carcinoma cell lines

↓miR-484 (tumour angiogenesis),
miR-642, miR-217

[139] Poor prognosis, increased placlitaxel
resistance

HGSOC tissues relative to normal
control tissues. Placlitaxel
resistant ovarian cell lines.

↓miR-136

[140] Decreased cisplatin resistance by
PARP1 regulation

Cisplatin-resistant and
cisplatin-sensitive ovarian cancer

cell lines
↓miR-216b

[141]

Longer progression-free survival
(PFS), increased platinum sensitivity
to cisplatin and PARP inhibitors by

directly targeting BRCA1

Serous ovarian cancer patients
and tumour xenografts ↑miR-9

↑, up-regulated levels; ↓, down-regulated levels; BRCA1, Breast Cancer type 1 susceptibility protein; EMT,
epithelial-to-mesenchymal transition; VEGFB, vascular endothelial growth factor B; VEGFR2, vascular endothelial
growth factor receptor 2; FTE, Fallopian Tube Epithelial; HGSOC, high-grade serous ovarian cancer; OSE, ovarian
surface epithelium; PARP1, Poly [ADP-ribose] polymerase 1; STIC, Serous Tubal Intraepithelial Carcinoma, TGF,
Transforming Growth Factor; Wnt, Wingless-related integration site.

Apart from EMT, Vecchione and collaborators [138] analysed the miRNA expression profiles in
198 HGSOC patients and validated a signature of three miRNAs (miR-484, miR-642 and miR-217)
involved in chemoresistance, of which, miR-484 was associated with angiogenesis regulation. In
addition, Jeong and co-workers [139] observed that miR-136 behaves as a TSG and that miR-136
down-regulation is associated with poor overall results in HGSOC patients. Specifically, miR-136
targets Notch3, and miR-136 over-expression re-sensitized paclitaxel-resistant ovarian cancer cells and
significantly reduced cell viability, proliferation, cancer stem cell spheroid formation, and angiogenesis,
as well as increased apoptosis when compared with the effects of isolated paclitaxel treatment.

As aforementioned, first-line chemotherapy schemes (cis-platin derivatives and taxanes) in
HGSOC exert their anticancer effect partially mediated by increased oxidative stress. Accordingly,
Ayyagari and co-workers [142] showed a synergistical effect on reduced cell viability and increased
apoptosis when ovarian cancer cell lines were simultaneously treated with the anti-parasitic drug
bithionol and paclitaxel, and this effect was attributable to an increase in intracellular ROS production.
These findings are in agreement with previous studies from the same research group considering the
combination of biothionol and cis-platin [143].

On the other hand, several PARP inhibitors (namely olaparib, niraparib, and rucaparib) have
been approved for the treatment of HGSOC. These drugs act by preventing the poly [ADP-ribose]
polymerase (PARP)-mediated repair of DNA damage and are especially effective in BRCA1/2 mutation
carriers. In this respect, Hou and collaborators [144] observed that the anti-tumour effect of PARP is
mediated by increased ROS production and that antioxidant treatment with N-acetylcysteine rescued
the effect. Notably, several miRNAs have been associated with PARP inhibitors effectiveness. In vitro
studies have linked miR-622 and miR-493-5p over-expression with platinum and PARP inhibitor
resistance in BRCA1 and BRCA2 mutated ovarian cancer cell lines, respectively [145,146].

A growing body of evidence suggests that OS is involved in the acquisition of chemoresistance in
HGSOC as the tumour develops (Figure 3). Belotte and co-workers [147] reported that chemorresistant
MDAH-2774 and SKOV-3 ovarian cancer cell lines display a pro-oxidant state, with reduced expression
of the antioxidant enzyme glutathione reductase and increased expression of reactive nitrogen species
nitrate/nitrite and their synthetizing enzyme iNOs. One step further, Fletcher and co-workers [148]
observed that first-line chemotherapy agents induce point mutations in key redox enzymes, allowing
a pro-oxidant state in ovarian cancer cells and favouring chemoresistance. Specifically, the authors
observed decreased levels of SOD2, cytochrome b-245 alpha chain (CYBA, a NADPH oxidase subunit)
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and glutathione reductase and an increase in iNOS activity, nitrate/nitrite levels and glutathione
peroxidase in chemoresistant cells. As expected, the combination of SOD with chemotherapy (cisplatin
or taxanes) significantly increased the sensitivity to chemotherapy. In addition, miR-216b increases
cisplatin sensitivity by directly targeting PARP1 [140] whilst miR-9 increases sensitivity to cisplatin
and PARP inhibitor by directly targeting BRCA1 [141].

Regarding the antioxidant response, Pei and co-workers [149] observed a significant inhibition of
cell adhesion, migration, invasion, metastasis, and oxidative stress levels in SKOV-3 cells when treated
with the antioxidant bisdemethoxycurcumin. In an interesting approach, Pons and collaborators [150]
wondered whether the initial activation state of the antioxidant response could influence patients’
outcomes. The authors observed a significant reduction of the antioxidant enzymes glutathione
reductase and catalase, as well as of the uncoupling proteins (UCP) UCP2 and UCP5 in HGSOC
patients resistant to carboplatin/paclitaxel. Nevertheless, the small cohort assessed and the few markers
of OS preclude further conclusions on this study.

Altogether, it seems clear that whichever the origin of HGSOC, both OS and miRNAs play a
crucial role in its initiation, promotion, and progression, including chemotherapy outcomes.

5. Potential Role of miRNAs and Oxidative Stress in Diagnosis and Treatment of Endometriosis,
EAOC and HGSOC

As expected, the opportunity that alterations in both miRNAs and OS markers confer as
potential biomarkers of disease has not been overlooked by researchers. However, the small
number of patients included in the majority of studies and the high variability in the assessed
analytes preclude any molecule being proposed as a reliable biomarker at this point. A common
finding in studies evaluating OS as biomarkers for endometriosis is an increase in either plasma
or serum oxidative stress biomarkers [151,152] and reduced levels of thiols [153,154] in patients
in comparison to control women. In addition, other authors evaluated urine as a source of
biomarkers, observing higher concentration of metabolites related to inflammation and oxidative stress
(namely N(1)-methyl-4-pyridone-5-carboxamide, guanidinosuccinate, creatinine, taurine, valine, and
2-hydroxyisovalerate) in patients with endometriosis [155]. In EAOC, two studies demonstrated the
utility of examining OS-related molecules as prognosis biomarkers. Amano and collaborators [114]
observed that increased levels of SOD2 in EAOC specimens associated with worse prognosis (overall
survival and progression-free survival). Additionally, protease-activated receptor-2 (PAR-2) expression,
which is up-regulated by OS, correlated with shorter survival in OCCC specimens [93]. Further
immunohistochemical analyses also revealed that higher 8-OHdG levels is associated with poor
differentiation, higher stage, and non-optimal surgical outcomes in epithelial ovarian cancer, including
HGSOC, EOC, and OCCC specimens [156]. Importantly, these observations might have a counterpart
in peripheral markers, since higher serum 8-OHdG levels were associated with poor prognosis and
platinum resistance in epithelial ovarian cancers, especially in EOC patients [157]. Similar results were
also obtained in stage I-II epithelial ovarian cancer studies [158].

Interestingly, miRNAs can be found as circulating miRNAs in a number of biofluids, including
blood, urine, and peritoneal fluid [159]. Although far from the scope of this review, several mechanisms
explain the higher stability of circulating miRNAs in these biofluids [160], which make them attractive
biomarkers in a myriad of pathologies, including gynaecological conditions. A limited number of studies
have explored the potential of circulating miRNAs as non-invasive biomarkers for endometriosis [67–73].
As a matter of fact, slight reproducibility has been found among studies and neither a single miRNA nor
a combination of them has demonstrated a higher performance when compared to current diagnostic
techniques. These differences in results might find a rationale in the type of blood sample analyzed
(either serum or plasma), the distinct stages of endometriosis considered and the heterogeneous cohort
considered as control. Cho and co-workers [67] found decreased levels of let-7b and miR-135 in serum
samples from patients with endometriosis. Wang and co-workers [68] observed decreased levels of
miR-9 *, miR-141 *, miR-145 * and miR-542-3p * and increased levels of miR-122 and miR-199a in sera
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from patients in comparison to control women. Interestingly, these results considering miR-122 and
miR-199a have been recently corroborated by other authors [69]. Wang and co-workers [70] performed
a deep sequencing approach and qRT-PCR validation to determine that down-regulated miR-30c-5p,
miR127-3p, miR-99b-5p, miRNA-15b-5p, and miRNA-20a-5p and up-regulated miR-424-3p and
miR-185-5p could be putative biomarkers of the disease. Regarding plasma samples, decreased levels
of miR-17-5p, miR-20a, and miR-22 [71], decreased levels of miR-200a-3p, miR-200b-3p, miR-414-3p [72]
and increased levels of miR-154-5p [73] have been proposed as biomarkers of endometriosis. Perhaps
due to the scarcity of cases, only one study reports circulating miRNA profiles in EAOC patients [74].
Suryawanshi and collaborators identified three distinct miRNA signatures in plasma capable of
discriminating among patients with EAOC, endometriosis and healthy individuals. Interestingly, four
miRNAs distinguishing EAOC patients from healthy women (namely miR-15b, -16, -21, and -195) also
discriminated cancer and control mice in a pre-clinical murine model. Finally, several recent studies
have evidenced the utility of miRNAs as biomarkers in HGSOC. Kobayashi and co-workers [75]
observed that miR-1290 is elevated in sera from HGSOC patients in comparison to control women, but
not in ovarian cancers of other histological types, and that its expression correlates with tumour burden.
Shah and co-workers [76] observed that the combination of sera miR-375 and CA-125 is a diagnostic
biomarker of HGSOC. Todeschini and collaborators [77] employed two independent patient cohorts to
identify miR-1246 as the best diagnostic marker in HGSOC. Finally, Kan and collaborators [78] built a
predictive model including sera levels of miR-200b and miR-200c, with an area under the curve of
0.784, distinguishing HGSOC patients from control individuals (Table 2).

With respect to treatment, a number of studies have considered the antioxidant treatment in
endometriosis, based on supplementation with Vitamin C and E [161], or preparations with different
antioxidants [162,163]. As a result, peripheral oxidative stress markers diminished [161], and the pain
symptoms were improved [162,163] albeit without any benefit on pregnancy rates [161]. In the last 10
years, a few clinical trials have evaluated the utility of oxidative-stress based treatments for HGSOC,
either aiming to increase oxidative stress or employing antioxidants. Monk and co-workers report a
very recent two-stage phase II clinical trial, which failed to provide any benefit in objective tumour
responses in a panel of platinum-resistant recurrent ovarian, tubal and peritoneal cancer patients treated
with i.v. elesclomol, a ROS inducer, plus weekly paclitaxel in comparison to paclitaxel alone [164]. This
observation might be in agreement with the involvement of ROS in the acquisition of chemoresistance
by the tumour. In agreement with this rationale, a recent phase II trial evaluated the combination of
the vitamin E analogue, delta tocotrienol, with bevacizumab in 23 patients with refractory ovarian
cancer. The combination produced an improvement in progression-free survival (median 6.9 months)
and overall survival (median 10.9 months) with regards to the data in current literature [165]. Trudel
and co-workers [166] performed a two-stage, single-arm, phase II study (NCT00721890) of the tea
drink enriched with the polyphenol epigallocatechin gallate (EGCG) for maintenance treatment in
advanced ovarian cancer. Sixteen participants (13 HGSOC and three EOC) were included in the study
since they were in complete remission after completion of their first line treatment and were followed
for 18 months thereafter. Unfortunately, daily nutritional intervention with 500mL of the drink failed
to prove any benefit regarding recurrence improvement at 18 months.

Regarding miRNAs, the vast literature involving the outstanding role of miRNAs in the three
considered gynaecological conditions pave the way for a miRNA-based therapy in order to restore
deregulated miRNA levels. Indeed, pathologically down- or over-expressed levels of a given miRNA
could be in vitro restored by the employment of miRNA mimics or antimiRs, respectively. Although
a limited number of miRNAs has been tested in clinical trials (i.e., anti-miR-122 for Hepatitis C,
antimir-103/107 for type 2 diabetes and non-alcoholic fatty liver diseases, antimir-155 for cutaneous T
cell lymphoma and mycosis fungoides, miR-29 mimic for scleroderma, miR-16 mimic for mesothelioma
and non-small cell lung cancer, and miR-34 mimics for multiple solid tumors (reviewed in [167]),
none of them have reached phase III clinical trials and there is no single ongoing trial considering
gynecological diseases, to the best of our knowledge. Several limitations might provide a rationale

186



Int. J. Mol. Sci. 2019, 20, 5322

for the lack of translation of miRNA-based therapeutics, as the high probability of off-targets cellular
and systemic effects (provided the multiple mRNAs targeted by a single miRNA and the difficulty
of delivering miRNA therapies to a specific organ or even to a specific cellular type, respectively).
However, a major limitation might lay in the lack of knowledge of the dynamic expression of miRNA
patterns and the overall effect produced due to the interaction among them, since researchers usually
only have access to a still picture of disease specimens.

6. Conclusions

In conclusion, extensive literature shows that there exists an interplay between miRNAs and
oxidative stress in several gynaecological conditions, highlighting endometriosis, EAOC and HGSOC.
In endometriosis, oxidative stress and miRNAs contribute to the establishment and development of
endometriotic lesions. Regarding OMA, repeated ROS stimulation and miRNA deregulation on the
cells of the cystic wall seem to play an important role in the malignant transformation of endometriosis.
Besides, a mechanistic model for oxidative stress and miRNAs in OMA malignant transformation may
be established: Within endometrial cysts, oxidative stress might be involved in the carcinogenesis
of EAOC. Initially, repeated intra-cystic bleeding generates ROS and OS that act on the cystic wall
cells. To cope with this adverse event, OMA epithelial cells increase their antioxidant response, but
eventually are overwhelmed by repeated ROS, producing genetic and epigenetic alterations in crucial
tumour suppressor genes. Additionally, miRNAs can contribute not only to the loss of function of these
tumour suppressor genes but also to important carcinogenic events. Yet, once EAOC is established,
this increased antioxidant response diminishes the platinum-mediated ROS injury and the efficiency of
the chemotherapy treatment, which is also modulated by specific miRNAs. Finally, oxidative stress
and miRNA deregulation is involved in the carcinogenesis of HGSOC and crucially influences the
response to first-line chemotherapeutics, both regarding initial treatment outcomes and acquisition
of chemoresistance.

With respect to diagnosis, increased circulating levels of OS markers have been involved with
endometriosis diagnosis, and increased circulating levels of SOD and OS markers have been associated
with poor prognosis in EAOC and HGSOC. Additionally, several studies have proven the putative
role of miRNAs as biomarkers of these three gynaecological conditions. Regarding therapeutics,
antioxidant treatment in endometriosis seems to improve the associated pain and the combination of
antioxidants with bevacizumab is a promising approach in refractory ovarian cancer patients. On the
other hand, miRNA treatment is still in its infancy, with few ongoing clinical trials and none of them in
gynaecological diseases. The difficulty in developing miRNA-based therapies could be related to the
likely off-target effects and the lack of knowledge of the precise dynamics and interactions of miRNAs
throughout the disease development.

Altogether, future research endeavours are guaranteed to enlarge the knowledge on the action of
miRNAs and oxidative stress in the pathophysiology of these important gynaecological pathologies
and to propose targeted therapeutic strategies to deal with their pernicious effect.
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Abstract: The liver is the central metabolic organ of mammals. In humans, most diseases of the liver
are primarily caused by an unhealthy lifestyle–high fat diet, drug and alcohol consumption- or due to
infections and exposure to toxic substances like aflatoxin or other environmental factors. All these
noxae cause changes in the metabolism of functional cells in the liver. In this literature review we
focus on the changes at the miRNA level, the formation and impact of reactive oxygen species and the
crosstalk between those factors. Both, miRNAs and oxidative stress are involved in the multifactorial
development and progression of acute and chronic liver diseases, as well as in viral hepatitis and
carcinogenesis, by influencing numerous signaling and metabolic pathways. Furthermore, expression
patterns of miRNAs and antioxidants can be used for biomonitoring the course of disease and show
potential to serve as possible therapeutic targets.

Keywords: microRNA; oxidative stress; metabolism; physiology; ASH; NAFLD; NASH; HCC;
HCV; HBV

1. Introduction

The liver is the central metabolic organ in the human body. It serves as a storage organ for e.g.,
glycogen, lipoproteins, vitamins, iron and blood, synthesizes important proteins such as albumins,
transferrin and coagulation factors as well as fats and lipoproteins. Enzyme systems that are necessary
for the metabolism of fat–for example–are involved in the formation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), which in turn play a role in the development of non-tumours and
tumorous liver diseases like non-alcoholic fatty liver disease (NAFLD) and liver cancer (hepatocellular
carcinoma (HCC)).

In the human body there is normally a balance between antioxidants and ROS. If, however,
the metabolic situation changes in favor of ROS, then oxidative stress (OS) is present in the cell [1].
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ROS are almost always considered to be purely toxic, although ROS also have important regulatory
tasks in various signaling pathways [2–4]. After growth factor stimulation an increase of ROS is
necessary for the increase of tyrosine phosphorylation, which is needed for downstream signaling [5,6].
In the bone marrow, ROS play an important role in the redox regulation of stem cells and progenitor
cells of hematopoiesis [7]. Besides these beneficial tasks, ROS are involved in aging and carcinogenesis,
although they also play an ambivalent role herein [8–11]. This also applies to antioxidants which degrade
ROS and thus ensure the stability of the genome but that also prevent apoptosis of damaged cells [12].
Aging and carcinogenesis are also part of the spectrum of activity of micro-RNAs (miRNAs) [13–16].
miRNAs do not code for proteins but play a role in the regulation of the expression of genes that
are involved in regulation of diverse biological pathways. miRNAscause either degradation (if they
match perfectly to messenger RNA) or prevention of translation (imperfect match) of the respective
mRNAs [17]. The main task of miRNAs is gene regulation. They are a pillar of self-regulation, but also
interact with other mechanisms of epigenetics such as histone modification [18]. Inferred from this,
they have a decisive role not only in malignant diseases, but also in physiologic conditions and in
metabolic diseases like NAFLD [19]. This review is intended to provide a comprehensive overview of
the (inter)actions of oxidative stress and miRNA in pathological processes of the liver.

2. Physiology and Metabolism

In the context of oxidative stress, ROS are a group of chemically reactive, intracellular compounds
containing oxygen and include the superoxide anion (O2

−), hydrogen peroxide (H2O2) and the hydroxyl
radical (HO•)–each with different chemical properties such as reactivity, half-life, diffusion distance,
and permeability through cellular membranes [20–22]. While these species have physiologic functions
in cell signaling and regulation (“oxidative eustress”), supraphysiologic oxidative levels may cause
damage to biomolecules and cells, i.e., “oxidative distress”. The general concept of oxidative stress is
defined as a dysbalance favoring oxidants (ROS as well as RNS) over antioxidants thus disrupting
redox signaling and control and/or inducing molecular damage [23,24] (see Figure 1).

In non-phagocytic cells, mitochondria represent the main sources of ROS produced within
the steps of oxidative phosphorylation. Catalyzed by NADP(H) or xanthine oxidase, about 1%
of the mitochondrial electron flow contributes to generation of superoxide anion. Importantly,
at physiologic levels, free radicals play a role in the cell’s signal transduction [25], regulation of gene
expression and defense against pathogens [1]. As reviewed by Dickinson and Chang, other cellular
sources of ROS include the endoplasmic reticulum during oxidative protein folding mechanisms
(post-translational protein disulfide bond formation) and NADPH oxidases (NOX) located at various
cellular membranes [26]. In the context of an immune response, NADPH-dependent enzymes such as
NOX2 seem indispensable [27]. In the gut, bacteria stimulate ROS production via NOX1 and DUOX2
and ROS promote intestinal stem cell proliferation [12,27–29].

Besides side reactions in the electron flow within the oxidative phosphorylation pathway,
(ethanol-inducible) cytochrome P450 enzymes (CYP2E1) represent a non-mitochondrial source of ROS
in the liver [1,30]. As reviewed by Li et al. [31], other sources of ROS include hepatic metabolization of
drugs, environmental pollutants and other factors such as radiation, temperature, high fat or high
salt diet. As a tissue characterized by high metabolic activity, the liver parenchyma is equipped
with several ROS scavenging mechanisms: besides non-enzymatic factors (α-tocopherol, glutathione
(GSH), β-carotene, bilirubin, flavonoids, and plasma proteins [22]), the nuclear factor erythroid
2 like 2 (Nrf2) is a cellular redox sensor which—induced by elevated levels of ROS—is released
from sequestration via the cytoplasmic cytoskeletal-anchoring protein Kelch-like ECH-associated
protein 1 (Keap1) and, in turn, promotes transcription of ROS-protective genes. Genes regulated
by Nrf2 via antioxidant response elements (ARE) include ROS-relevant factors involved in GSH
turnover (regeneration), reduction of oxidized protein thiol groups and NADPH-producing enzymes
(required for drug-metabolizing enzymes and antioxidant systems)–for review see Hayes and
Dinkova-Kostova [32]. In the context of hepatic pathology, Nrf2-mediated cytoprotective responses
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are involved in (counteracting) the development of various liver diseases including alcoholic and
non-alcoholic liver diseases, viral hepatitis, fibrosis and HCC. Therefore, ROS are central factors in the
pathogenesis of various hepatic diseases [1]–as summarized in Table 1.

 

Figure 1. Disbalance between oxidative eustress and distress. Based on [1,22,30,33]. Abbreviations:
Ca = Calcium, Cu=Copper, CYP= cytochrome P450, ER= endoplasmatic reticulum, Fe= Ferrum (Iron),
GSH = Glutathione, HC = hepatitis C, HCV = hepatitis C virus, Keap1 = Kelch-like ECH-associated
protein 1, MEOS = microsomal ethanol oxidizing system, Nrf2 = nuclear factor erythroid 2 like 2,
ROS = reactive oxygen species, ↓ = downregulation/reduction, ↑ = upregulation/increase.

Most chronic liver diseases are characterized by deposition and accumulation of extracellular
matrix components (collagens, fibronectin, elastin, laminin, hyaluronan, and proteoglycans), mostly
secreted by hepatic stellate cells (HSC), resulting in up to six times more extracellular matrix (ECM)
than normal in advanced stages of fibrosis [33]. Depending on genetic and environmental factors,
fibro-proliferative disorders (i.e., NAFLD or NASH) may proceed to liver cirrhosis, which in its
uncompensated form, is associated with acute and chronic liver failure, portal hypertension and often
require liver transplantation [34]. The involvement of ROS during the development of liver fibrosis is
evident based on several mechanisms [23] (see also [22,35,36] for reviews): i) ROS-based stimulation
of collagen (Col1α1) synthesis by HSC, ii) ROS-based intracellular signaling of transforming growth
factor β (TGFβ) as a major fibrogenic factor as well as its up-regulation by ROS, and, iii) ROS produced
by NOX enzymes contributing to HSC activation.

Taken together, production of ROS and correlated tissue damage represent central aspects of
various hepatic diseases. Therefore, understanding (epigenetic) regulation of factors involved in
either generation of ROS or in their detoxification is necessary to fully comprehend pathophysiologic
mechanisms of liver diseases as well as to develop new epigenetics-based therapeutic approaches.
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Table 1. Involvement of ROS in various liver diseases. Based on [1,22,30].

Liver Disease ROS-Production by (Patho)Mechanism

Hemochromatosis,
Wilson’s disease Iron/copper overload Presence of metal catalyst for

ROS production

Alcoholic liver
disease (ALD)

CYP2E1 induction (MEOS)
High NADPH oxidase activity of

CYP2E1 associated with production of
O2
− and H2O2

Reduced expression of
ROS-detoxifying enzymes

Alcohol-induced reduction of PPARγ
coactivator 1α

Nonalcoholic
steatohepatitis (NASH)

Increased concentration and
metabolisms of fatty acids

in mitochondria

Saturation of mitochondrial
β-oxidation and H2O2 production
through peroxisomal β-oxidation

CYP2E1 (CYP4A) induction See above

HCV infection

Reduction of ROS detoxification
Reduced levels of glutathione and its

regeneration as well as
ROS-detoxifying enzymes

Increased mitochondrial ROS
production due to viral replication

or virus protein expression

Inhibition of mitochondrial electron
transport chain

Increased NADPH oxidase triggered
by calcium

Virus-induced redistribution of
cellular calcium

Abbreviations: ALD= alcoholic liver disease, CYP= cytochrome P450, HCV= hepatitis C virus, MEOS=microsomal
ethanol oxidizing system, NASH = nonalcoholic steatohepatitis, PPARγ = peroxisome proliferator activated receptor
gamma, ROS = reactive oxygen species.

3. Alcoholic Liver Disease (ALD) and Alcoholic Steatohepatitis (ASH)

ASH is a liver disease caused by high alcohol consumption. The accumulation of ethanol and
its metabolic products lead to production of ROS that alter the hepatocyte function, finally leading
to fibrosis, cirrhosis, and in 5% to 6% of patients, to the development of HCC. Beyond the genetic
and metabolic alterations occurring during ASH, epigenetic modifications have been shown to exert a
key role. Changes in DNA methylation at the promoter regions of several genes were discovered in
ASH, as were changes in histone acetylation. Nonetheless, it has been found that also miRNAs are
differentially expressed in patients affected by ASH [37].

Alcohol intake favors the hepatic accumulation of lipopolysaccharide (LPS), a bacterial antigen,
thus mediating the activation of Toll Like Receptor 4 (TLR4). This promotes the transcriptional activity
of Nuclear Factor kappa B (NFκB), leading to the expression of miR-155. The over-expression of miR-155
causes the release of tumor necrosis factor α (TNFα), ROS and oxidative stress in Kupffer cells (liver
resident macrophages) and HSC [38,39]. miR-155 exerts a significant role in hepatocytes by suppressing
peroxisome proliferator activated receptor α (PPARα). The down-regulation of this anti-oxidative
enzyme causes the over-expression of genes involved in lipid metabolism and uptake, e.g., Fatty Acid
Binding Protein 4 (FABP4), Acetyl-CoA-carboxylase 1 (ACC1) and Low-density Lipoprotein Receptor
(LDLR) [40].

miR-181b-3p has also been found to be responsible for glucose and lipid homeostasis alterations
as well as for liver injury and LPS-induced TLR4/NFκB activation in murine Kupffer cells [41].
Additionally, miR-291b expression is responsible for the suppression of Toll interacting protein (Tollip)
in Kupffer cells, which is a down-regulator of the TLR4/NFκB pathway [42].

miR-34a, a member of the miR-34 family with known tumor suppressor activity because of its
ability to promote p53-mediated apoptosis [43], has been found to correlate with alcoholic liver disease
by targeting Sirtuin 1 (SIRT1) mRNA and inhibiting its protein coding [44]. Moreover, SIRT1 is a
target of miR-217 during alcohol-associated inflammation [45]. Mice with hepatic deletion of miR-122
develop steatosis at birth, leading to fibrosis and HCC. Its expression is strongly down-regulated
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in alcohol fed mice as well as in patients affected by alcohol related cirrhosis [46]. Additionally,
miR-122 down-regulation enables Hypoxia Inducible Factor 1 alpha (HIF1α) expression in ALD,
which contributes to the development of hepatobiliary cancer [47]. It has also been reported that
alcohol intake increases the level of miR-155 in Kupffer cells, triggering their sensitization to LPS
produced by gut microbiota [48].

Alcohol consumption enhances the level of miR-21, which is overexpressed in several solid
tumors including HCC, in hepatocytes and stellate cells [49]. However, its over-expression reduced
ethanol-induced cell death, highlighting its role to protect the liver cells during injury [50]. miR-223
is responsible for the peripheral neutrophils activation and liver infiltration induced by ethanol.
An increase in its level has been found in serum and neutrophils of patients with elevated alcohol
consumption. Its over-expression could trigger NADPH oxidase, thus causing ROS production and
liver cell death [51]. Alcohol is furthermore responsible for the suppression of miR-199 in human
endothelial cells that leads to steatohepatitis in patients affected by cirrhosis by inducing HIF1α and
endothelin-1 (ET-1) [52].

Alcohol-mediated miR-214 expression suppresses cytochrome P450 oxidoreductase (POR), CYP2E1
and glutathione reductase (GSR), which results in oxidative stress in the liver [53] and impairs alcohol
metabolism [54]. Table 2 gives a short summary of the ASH associated miRNA and their relation to OS.

Table 2. Deregulated miRNAs and relation to OS in ALD/ASH.

miRNA
Evidence Target

Gene/Pathway
(Patho)Mechanism References

In Vitro In Vivo In Situ In Silico

155 ↑1 � � �
TNFα ↑

PPARα ↓

LPS mediates the activation of NFκB. Increase
of miR-155; release of TNFα, ROS and oxidative
stress in Kupffer cells and hepatic stellate cells

via suppression of PPARα causing
overexpression of FABP4, ACC1 and LDLR

[38–40]

181b-3p ↑2 � �
TLR4 ↑
NFκB ↑

Alterations in glucose and lipid homeostasis;
activation of Kupffer cells [41]

291b ↑2 � � Tollip ↓ Loss of downregulation of TLR4/NFκβ in
Kupffer cells [42]

34a ↑2 � � SIRT1 ↓ Inhibition of SIRT1 protein coding [44]

217 ↑2 � � SIRT1 ↓ Alcohol-associated inflammation [45]

122 ↓2 � � HIF1α ↑

miR-122 loss (deletion) or down-regulation (due
to alcohol diet via GRHL2) leads to steathosis at

birth, following fibrosis; miR-122
down-regulation enables HIF1α expression

in ALD

[46,47]

21 ↑2 � �
FASLG ↓

DR5 ↓

Reduced ethanol induced cell death in
hepatocytes; stellate cells dysregulation via
miR-21 in ethanol-induced altered extrinsic

apoptotic signaling and its progression to ALD

[50]

223 ↑1 IL-6 ↑
p47phox ↑

Peripheral neutrophils activation and liver
infiltration induced by ethanol; triggering

NADPH oxidase→ ROS
[51]

199 ↓1 � �
HIF1α ↑
ET-1 ↑ Leading to steatohepatitis in cirrhosis patients [52]

214 ↑1 � � �
CypP450 ↓

GSR ↓
Affecting alcohol metabolism and causing

oxidative stress [53,54]

Relation to oxidative stress: 1: yes, 2: no, 3: not mentioned. Abbreviations: ACC1 = Acetyl-CoA carboxylase,
ALD = Alcoholic liver disease, DR5 = Death receptor 5, ET-1 = endothelin 1, FABP4 = Fatty acid binding
protein 4, FASLG = Fas ligand, GRHL2 = grainyhead like transcription factor 2, GSR = glutathione reductase,
HIF1α = Hypoxia Inducible Factor 1 alpha, LDLR = Low-density Lipoprotein Receptor, NFκB = nuclear factor
“kappa-light-chain-enhancer”, PPARα = Peroxisome proliferator-activated receptor alpha, ROS = Reactive oxygen
species, SIRT1 = Sirtuin 1, TLR4 = Toll-like receptor 4, TNFα = Tumor necrosis factor alpha, Tollip = Toll interacting
protein, ↓ = downregulation/reduction, ↑ = upregulation/increase.

4. Nonalcoholic Fatty Liver Disease (NAFLD) and Nonalcoholic Steatohepatitis (NASH)

NAFLD is defined by fatty degeneration of hepatocytes comprising more than 5 to 10% of
the liver and insulin resistance (IR) but without any history of alcohol abuse and/or other diseases
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that might lead to fatty liver disease [55]. One third of NAFLD patients progresses to nonalcoholic
steatohepatitis (NASH) and fibrosis within 4 to 5 years, depending on the spectrum of lipotoxicity,
cellular stress and inflammation [56,57]. NAFLD is caused by an imbalance of free fatty acid (FFA)
uptake and de novo lipogenesis as well as fatty acid (FA) oxidation and formation of lipoproteins [58,59].
Oxidative stress is seen to be an important player leading to defective hepatocyte regeneration,
development of NAFLD and progression to NASH [60]. Excessive nutrients intake, especially high fat
diet, leads to excessive FA oxidation [61] and consequently to excessive generation of ROS that are
either directly toxic or indirectly by depleting antioxidant reserves [60]. ROS can damage mitochondria,
which leads to reduced FA oxidation and accumulation of FA, finally leading to lipotoxicity and release
of proapoptotic factors [62]. In turn, lipotoxicity induces endoplasmic reticulum (ER) stress, impairs
autophagy and promotes a sterile inflammatory response that aggravates liver cell injury and leads to
death of liver cells [63]. Subsequently the unfolded protein response (UPR) is activated by toxic free
cholesterol, FFA and diacylglyceride and induces upregulation of proapoptotic C/EBP homologous
protein (CHOP) [64–67]. Usually, UPR induces antioxidant mechanisms by activation of Nrf2 via
upregulation of ATF4 transcription factors to counteract the oxidative stress [32]. However, in contrast
to normal physiology, NAFLD-related Nrf2 activity is impaired, which also leads to mitochondrial
dysfunction and increased intracellular FFA [68–70].

Aberrant miRNA expression profiles have been shown to contribute to the development of
metabolic syndrome and NAFLD [71]. As also many other genes and pathways that contribute to
NAFLD and the progression to NASH are influenced by miRNA, we only provide an overview of the
most relevant miRNAs.

miR-21 positively correlates with NAFLD and NASH severity [72]. In hepatocytes, unsaturated
FFA increase miR-21 in a mTOR/NFκB dependent manner and inhibit phosphatase and tensin homolog
(PTEN) that usually controls FA oxidation in the liver and stimulates glucose uptake in muscle cells [73].
Dattaroy et al. described in 2015 that in HSC NOX upregulates the levels of miR-21, which targets the
TGFβ pathway and in turn causes activation of HSC and promotion of fibrogenesis via alpha-1 type I
collagen (Col1α1) and alpha smooth muscle actin (α-SMA) upregulation [72]. In 2017 Rodrigues et al.
were able to show that ablation of miR-21 results in a progressive decrease in steatosis, inflammation
and lipoapoptosis with impaired fibrosis [74]. Fast food diet leads to increased miR-21 levels in liver
and muscle of NASH mouse models with concomitantly decreased expression of PPARα, thereby
promoting steatohepatitis [74,75].

The best characterized miRNA is miR-122 [76–78]. In cases of hepatocellular damage, miR-122 is
secreted by damaged cells [79] and appears elevated in the serum during NAFLD. This correlates with
disease severity [80,81], although it is contemporaneously reduced in liver tissue [78]. In the context of
fibrogenesis, the protective actions of miR-122 are inhibited, which is mediated by long non-coding
RNA Nuclear Enriched Abundant Transcript 1 (NEAT1) or via circRNA_002581 and subsequently
triggers an increased expression of Kruppel-like factor 6 (KLF6) in HSC [82]. In addition, a miR-122
knockout leads to a higher accumulation of triglycerides (TG), micro steatosis, NASH and fibrosis [83].

Another miRNA that is upregulated in liver tissue and serum and which is integrated into the lipid
metabolism is miR-34a [84,85]. Its targets are the transcription factors hepatocyte nuclear factor 4 alpha
(HNF4α), PPARα, SIRT1 and p53, all in all leading to an accumulation of TG [86–89]. miR-34a inhibits
SIRT1, which causes the inactivation of AMP-Kinase. This mechanism leads to an increase of hepatic
cholesterol synthesis and activation of pro-apoptotic genes (p53 and P66SHC), which contributes to
oxidative stress and apoptosis due to reduced β-oxidation resulting in restoration of nicotinamide
phosphoribosyltransferase/nicotinamide-adenine-dinucleotide (NAMPT/NAD+) levels and therefore
ameliorates hepatic steatosis and inflammation [86,88,90,91].

It was shown that miR-29 family (a, b, c) expression is altered in mice with liver fibrosis and in
liver tissue of NASH patients [92,93]. miR-29a and c are downregulated in dietary induced NASH that
is accompanied by an upregulation of HMG-CoA reductase (HMCGR), which in turn triggers severe
hepatic steatosis and inflammation, probably via enhanced expression of lipoprotein lipase [94,95].
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In contrast to that, Kurtz et al. demonstrated that blocking of miR-29 leads to significantly decreased
plasma cholesterol and TG levels as a result of the inhibition of de novo hepatic lipid synthesis [96].
The reason for these contrary findings could be clarified by Mattis et al. who induced a conditional
knockout mouse model and investigated the function of miR-29a [94,95] while Kurtz et al. used the
LNA-29 inhibitor to deplete the entire miR-29 family [96]. Furthermore, miR-29b is downregulated in
activated mouse HSC, leading to a loss of interaction with Col1α 3’-UTR, which stimulates the collagen
production [93,97].

miR-155 is upregulated in a NASH mouse model induced via high fat diet [98]. iR-155 elevates
the Forkhead-Box-Protein O3 (FOXO3a) expression thereby regulating the activation of that pathway,
whose proteins are involved in the maintenance of the intercellular redox balance [99]. Additionally,
miR-155 regulates lipid metabolism by modulating the protein expression of SREBP-1c and fatty acid
synthase (FAS) resulting in increased intracellular lipid accumulation in hepatocytes [100]. Interestingly,
decreased levels of miR-155 were shown by Csak et al. to be associated with fibrosis via dysregulation
of HIF1α and vimentin [101]. This working group showed that a miR-155 knockout reduced steatosis
and fibrosis in a mouse model fed with methionine-choline-deficient diet. This leads to the conclusion
that miR-155 expression might be stage relevant. In high fat fed mice, miR-155 might exert a protective
feedback regulation of the SERBP-1 pathway in order to suppress de novo lipid synthesis and reduce
lipid load in the hepatocytes [102]. Furthermore, it has been shown that seven miRNAs belonging to the
miRNA cluster located at chromosome locus 14q32.2 maternally imprinted region are over-expressed
in a NASH mouse model, which was characterized by genetic modification (leptin knock-out) and
high fat diet. Therefore, they could represent valid biomarkers for NAFLD/NASH [103].

Many other miRNAs can be linked more directly to OS and ER stress. During OS, NADPH is
responsible for an upregulation of miR-21 and miR-155, therefore influencing FOXO3a pathways
and fibrosis [72,99]. Protein expression of CHOP can be induced and cells sensitized to apoptosis by
miR-211, -689, -70, -711, -712, -762, -1897-3p, -2132, -2137 and inhibited by miR-322, -351, -503 [104,105].
OS related activation of transcription factor 6α (ATF6α) is pro-apoptotic, but can be inhibited by
miR-702 [106,107]. Inhibition of miR-199a-5p results in increased ER stress-induced apoptosis [108].
In summary, both oxidative and ER stress as well as miRNAs make a decisive contribution to the
development of NAFLD and the progression to NASH (summarized in Table 3). In particular, the
combination of these two mechanisms provides information on pathophysiology and promises starting
points for monitoring disease progression and therapy.

Table 3. Deregulated miRNAs and relation to OS in NAFLD/NASH.

miRNA
Evidence Target

Gene/Pathway
(Patho)Mechanism References

In Vitro In Vivo In Situ In Silico

21 ↑3 � PPARα ↓ Liver injury, inflammation and fibrosis [75]

21 ↑3 � � � PTEN ↓ Development of steatosis [73]

21 ↑1 � � TGFβ ↑
Induced collagen production and extracellular
matrix formation fibrogenesis via increase of

Col1α1 and α-SMA expression
[72]

122 ↑2 � KLF6 ↑ Activation of hepatic stellate cells and progression
of liver fibrosis [82]

34a ↑2 � � HNF4α ↓
Inhibition of very low-density lipoprotein
secretion and promotion of liver steatosis

and hypolipidemia
[89]

34a ↑1 � � PPARα ↓
Loss of regulation genes encoding fatty acid

metabolizing enzymes and mitochondrial fatty
acid oxidation activity

[87]

34a ↑1 � SIRT1 ↓ Increase of hepatic cholesterol synthesis and
activation of pro-apoptotic genes (p53, p66shc) [88]

29a and c ↓2 � � SIRT1 ↓ Increased levels of free cholesterol [94,95]

29 ↑2 � � Col1α1 ↓
Downregulation in activated hepatic stellate cells

and therefore loss of interaction with Col1α1
→ decreased collagen production

[97]
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Table 3. Cont.

miRNA
Evidence Target

Gene/Pathway
(Patho)Mechanism References

In Vitro In Vivo In Situ In Silico

155 ↑1 � �
AKT/

FOXO3a ↑
Regulates proliferation of hepatic stellate cells

promotes liver fibrosis; FOXO3a proteins
maintain intracellular redox balance and survival

[99]

155 ↑2 � � LXRα ↓ Decreased SREBP1 and FAS resulting in an
increased intracellular lipid content [100]

155 ↑2 � �
HIF1α and
vimentin ↑ NASH-induced liver fibrosis [101]

Relation to oxidative stress: 1: yes, 2: no, 3: not mentioned. Abbreviations: AKT = Protein kinase B, Col1α1 =
Collagen type I alpha 1, FAS = Fatty acid synthase, FOXO3 = Forkhead-Box-Protein O3, HIF1α =Hypoxia-inducible
factor 1-alpha, HNF4α = Hepatocyte nuclear factor 4 alpha, KLF6 = Krueppel-like factor 6, LXRα = Liver X
receptor alpha, PPARa = Peroxisome proliferator-activated receptor alpha, PTEN = Phosphatase and Tensin
homolog, SIRT1 = Sirtuin 1, SREBP1 = sterol regulatory element-binding protein, ↓ = downregulation/reduction,
↑ = upregulation/increase.

5. Viral Hepatitis

According to the WHO fact sheet, 257 million people were living with a chronic hepatits B virus
(HBV) infection in 2015 with nearly 887,000 estimated deaths. Around 71 million people had a chronic
hepatitis C virus (HCV) infection, resulting in an estimated 399,000 related deaths [109,110]. It has been
shown that the immune system initiates the production of ROS and RNS in chronic hepatitis [111,112]
and it seems that oxidative stress is important in the pathogenesis of viral hepatitis and some of these
pathomechanisms are influenced by miRNAs.

Patients suffering from HCV infection produce more ROS compared to other types of virus
associated hepatitis [113]. Hou et al. stated that miR-196 directly acts on Bach1 mRNA by repressing
Bach1 expression and upregulating heme oxygenase 1 (HO1) leading to viral-induced oxidative
stress [114]. Furthermore, miR-196 inhibits the HCV expression in HCV replicon cell lines, highlighting
miR-196 as a potential therapeutic target.

As also demonstrated in other liver diseases, miR-122 also plays an important role in HCV
infection. Here, miR-122 directly binds to the viral genome and enhances viral RNA replication,
thus resulting in reduced miR-122 expression within the cell [115,116]. The NFκB-inducing kinase
(NIK) is usually a target of miR-122, but due to the decreased levels of miR-122, NIK is increased
in HCV infection [117]. In addition, HNF4α, a transcriptional regulator of miR-122 expression and
known for its OS-association [118], is downregulated in HCV infection, too [117]. Both effects result in
disturbance of the NIK mediated lipid metabolism and HCV-induced lipogenesis and lipid droplet
formation [117,119].

Moreover, miR-122 also contributes to the pathomechanisms of HBV infection where it inhibits the
effects of p53 on HBV replication by initiating a cyclin G1-p53 complex [120]. Wójcik K and co-workers
described a link to oxidative stress in HVB infection as well. In a gene expression study, a positive
correlation between miR-122 and NAD(P)H quinone dehydrogenase 1(NQO1) was demonstrated
and it is supposed that miR-122 directly limits OS by suppression of the HBV replication and as a
consequence affects the balance between pro-oxidants and antioxidants [121].

In summary, miRNAs and especially miR-122 are involved in the pathogenesis of HBV and HCV
infections (see Table 4) and represent a potential target for novel treatment options [122].
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Table 4. Deregulated miRNAs and relation to OS in viral hepatitis.

miRNA
Evidence Target

Gene/Pathway
(Patho)Mechanism References

In Vitro In Vivo In Situ In Silico

196↓1, C �
Bach1/

HMOX1 ↓
Down-regulation of Bach1 gene expression,

up-regulation of HMOX1 gene expression, a key
cytoprotective enzyme

[114]

196↓2, C �
HCV NS5A

gene ↓

miR-196 perfectly matches coding region of the
HCV NS5A gene down-regulatory effect of miR-196

on HCV expression in the HCV J6/JFH1 cell
culture system

[114]

122↓2, C �
HCV viral
genome ↑ Enhances viral RNA replication [115,116]

122↓1, C � � �
NIK ↑ and
HNF4α ↑

Disturbance of the NIK mediated lipid metabolism
→ lipogenesis and lipid droplet formation

→ promotion of oxidative stress
[117]

122↓2, B �
cyclin G1-p53

complex ↑ Inhibits the effects of p53 on HBV replication [120]

122↓1, B �
NQO1 ↑

and HO1 ↓
miR-122 affects balance between the pro-oxidants

and antioxidants [121]

Relation to oxidative stress: 1: yes, 2: no, 3: not mentioned, B: Hepatitis B virus infection, C: Hepatitis C virus
infection. Abbreviations: HBV = Hepatitis B virus, HCV = Hepatitis C virus, HO1 = Heme oxygenase 1, HNF4α =
Hepatocyte nuclear factor 4 alpha, NIK =NFκB-inducing kinase, NQO1 =NAD(P)H quinone dehydrogenase 1,
NS5A = Non-structural protein 5A, ↓ = downregulation/reduction, ↑ = upregulation/increase.

6. Hepatocellular Carcinoma (HCC)

Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver, representing
about 85% of all cases. HCC is the 6th most common malignancy worldwide and is the 4th most common
cause of cancer related deaths [123]. HCC usually develops on the basis of other (chronic) liver diseases,
esp. chronic viral hepatitis B or C, aflatoxin intoxication or ALD. Recently, also NAFLD and NASH
became more prevalent and are now considered as major causes for HCC development in developed
countries [124]. All of these conditions lead to chronic inflammation, fibrosis and cirrhosis development
being essentially associated with oxidative stress conditions [125]. Interestingly, genes involved in
antioxidation like Nrf2 or Keap1 were found to be mutated in up 8% of HCCs, linking the chronic
stress conditions to OS pathways but also to metabolic conditions and autophagy [126], which are
themselves regulated by different mechanisms, including long non-coding RNA and miRNA [127].
Under metabolic stress conditions, ROS is produced as a by-product from elevated mitochondrial
fatty acid oxidation or inadequate respiratory chain function, e.g., due to fructose overload or insulin
resistance. This leads to lipid accumulation which can further promote ROS production via β-oxidation
of FA [125,128,129]. Additional ROS and RNS are produced by inflammatory cells that are attracted
under those conditions but are also activated in case of viral hepatitis [130–134]. ROS can increase
activity and expression of cytokines (e.g., IL-1α, IL-1β, IL-6, IL-8, TNFα) and growth factors, lead to
DNA damage and trigger persistent necro-inflammation and hepatocyte regeneration that is considered
a key event for HCC pathogenesis [135,136]. This can initiate a vicious circle, as the same mediators are
also pathophysiologic drivers of the potentially underlying chronic liver disease, e.g., steatohepatitis,
fibrosis or chronic inflammation.

8-hydroxy-2′-deoxy-guanosine (8-OHdG) was shown to be a prognostic biomarker in HCC [137].
8-OHdG also links OS to epigenetic regulation of gene expression via DNA methylation as it is an
important co-factor for the ten-eleven translocation methylcytosine dioxygenase (TET) family of DNA
demethylases [138].

miRNAs have been shown to regulate expression of oncogenes and tumorsupressor genes
also in HCC and provide a mechanistic link between epigenetics, inflammation, viral infection and
OS [139]. Various miRNAs have been shown to be affected by OS in HCC–summarized in Table 5, e.g.,
downregulation of miR-26 or upregulation of miR-155 [83,140,141]. Interestingly, miR-26 expression
was shown to be under the control of TET and targets the histone lysine methyltransferase Enhancer of
Zeste Homolog 2 (EZH2), which is involved in the epigenetic regulation of various cell cycle control
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genes [142,143]. TET1 expression, in return, was shown to be under the control of miR-29b, and found
to be downregulated in a study with 25 HCC patients from China [144]. In other studies, several
other miRNAs, e.g., miR-494 [145] or miR-520b [146], were also shown to regulate TET1 expression in
HCC, confirming the “multiple targets, multiple hits” problem and context sensitivity when analyzing
miRNA signaling.

Expression of miRNA and levels of 8-OHdG were analyzed in a study comparing 29 HCC tissue
samples to 58 non-cancerous liver specimens (including viral and alcoholic hepatitis). Here, significantly
elevated levels of 8-OHdG were found in HCC and non-cancerous cirrhotic tissue compared to chronic
hepatitis without cirrhosis or normal liver tissue. This was paralleled by increased telomerase activity
and inversely correlated to telomere length. Several miRNAs were differentially regulated and the
miR-17-92 cluster was down-regulated in about 50% of the analyzed samples [147]. Interestingly,
the epigenetic down-regulation of miRNAs belonging to the miRNA cluster 17–92 promoted cell death
in HCC cells [148]. Additional experimental findings showed that ROS reduces the expression of this
miRNA cluster [149]. In HCC patients, miR-222 was found to be overexpressed and the endogenous
cell cycle regulator p27kip1 was identified as a predicted target gene of this miRNA and expression
of p27 protein is significantly decreased in HCC tissue [150]. Additionally, the tumorsuppressor is
responsible for the suppression of HMGA2 leading to cell cycle block and liver cancer cell death [151].

Table 5. Deregulated miRNAs and relation to OS in liver cancer.

miRNA
Evidence Target

Gene/Pathway
(Patho)Mechanism References

In Vitro In Vivo In Situ In Silico

26↓1 � � EZH2 ↑
Sequestration of miR-26 from its target EZH2,
which released the suppression on EZH2, and

thereby led to EZH2 overexpression in
gastric cancer

[142]

29b↓2 � � TET1 ↓
Feedback of miRNA-29-TET1 downregulation
in HCC development suggesting a potential
target in identification of the prognosis and

application of cancer therapy for HCC patients

[144]

494↑2 � � TET1 ↓
miR-494 inhibition or enforced TET1 expression
is able to restore invasion-suppressor miRNAs

and inhibit miR-494-mediated HCC
cell invasion

[145]

520b↓2 � TET1 ↓ Depresses proliferation of liver cancer cells
through targeting 3’UTR of TET1 mRNA [146]

17-92 cluster↓1 � E2F family ↑
ROS-mediated oxidative DNA damage

correlates with over-expression of
miR-92–playing a role in both the apoptotic

process and in cellular proliferation pathways

[147]

Relation to oxidative stress: 1: yes, 2: no, 3: not mentioned. Abbreviations: E2F = E2F transcription factor
family, EZH2 = Enhancer of zeste homolog 2, TET1 = Ten-eleven translocation methylcytosine dioxygenase 1,
↓ = downregulation/reduction, ↑ = upregulation/increase.

7. Clinical Implications/Studies

Translating molecular scientific findings into clinical practice is the final destination of life sciences.
While numberless miRNAs have been identified to play central roles in regulating nearly all pathways
in cell homeostasis, it seems that science got lost in translation. OS has a key role in chronic liver
diseases as it is strongly linked to acute and chronic inflammation and is therefore a main driver
of progressive organ fibrosis and cancer development [152]. In chronic HCV infection antioxidant
supplementation attenuates OS and although no clear clinical studies are available they are also
recommended for patients with NASH [153].

Therapeutic approaches to miRNA are rare in liver diseases. Most miRNA based drugs
are assessing antagonism by inhibitory antisense miRNA or by application of miRNA [154,155].
More than 6000 patents in the US market and more than 3000 in the EU market were granted in
2016 for miRNA and siRNA therapeutics [154]. Anti-miRNA oligonucleotides, so called anti-miRs
or antago-miRs, have been used in experimental settings to inhibit signaling of corresponding

206



Int. J. Mol. Sci. 2019, 20, 5266

miRNAs. Improvement of chemical structures of these oligonucleotides, e.g., adding 2′-O-methyl
or 2′-O-methoxyethyl groups, generated locked nucleid acid (LNA-) antimiRs with improved
pharmacokinetic and pharmacodynamic properties [156,157]. Liver specific targeting of antimiRs was
achieved by conjugating these oligonucleotides to N-acetylgalactosamine (GalNAc), which is recognized
by the asialoglycoprotein receptor on hepatocytes [158]. However, the therapeutic application in
clinical practice seems to be far away. Actually, there are no ongoing clinical trials addressing both OS
and liver disease registered to clinicaltrials.gov in a therapeutic manner.

Several trials are evaluating miRNA as biomarkers for prognosis of liver diseases–e.g., fibrosis,
survival, progression of HCC. Only 10 clinical trials are registered for recruiting patients addressing
microRNA and OS conditions–none of them has a therapeutic approach by addressing miRNAs.

The miR-210 group seems to be promising as a biomarker and therapeutic target in hypoxia [159].
It is up-regulated in hypoxia-related activation of HIF1α, is a key factor in induction of (tumor)
cell proliferation by targeting fibroblast growth factor receptor-like 1 (FGFRL1) [160] and modulates
mitochondrial alterations due to hypoxia [161]. By regulating miR-210, it could be possible to attenuate
hypoxic cell damage and tissue alteration due to reperfusion after revascularization procedures.
A clinical trial NCT04089943 (clinicaltrials. gov) is evaluating patients with peripheral artery disease
(PAD) for the expression of miR-210 in skeletal tissue. The miR-210 group could also serve as OS
marker, which could be even measured in peripheral blood [159]. By the dependency to HIF1α it could
serve as prognostic factor for determining the aggressiveness and/or early stage of HCC [160,162,163].

However, OS-related miRNAs are evaluated as therapeutic target and/or biomarker for the
outcome of ischemic injury such as myocardial ischemia, ischemic central insults and development of
metabolic disorders. Using miRNAs as biomarkers for disease development, risk scoring, prognostic
factors and drug monitoring seems actually the best approach. Countless studies are evaluating whole
panels of miRNA as biomarkers in nearly all conditions of diseases (Figure 2).
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Figure 2. Oxidative stress- and microRNA-dependent liver pathogenesis. (A). Possible effects of oxidative
stress and subsequent liver diseases; modified from [31]. (B). Venn diagram on known involvement
of microRNAs in the four liver pathologies; for details, see text and Tables 2–5. Abbreviations: ALD
= alcoholic liver disease, ASH = alcoholic steatohepatitis, HCC = hepatocellular carcinoma, NAFLD =
nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepatitis, # = related to oxidative stress.

7.1. ALD and ASH

Because of their altered expression, miRNAs could represent a valid diagnostic marker for patients
affected by ALD. miR-192 and miR-30a serum levels have been correlated with ALD diagnosis [164].
Other examples are miR-103 and miR-107, which have been found to be strongly increased in the serum
of patients affected by ALD and NAFLD. Their levels were low in healthy patients and in subjects
affected by viral hepatitis [165]. Binge alcohol drinking caused an increase of miR-155 and miR-122
in healthy patients. Unfortunately, these miRNAs have been found over-expressed in several liver
diseases and therefore could not be applied as a valid biomarker for ALD [166].
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Targeting miRNAs could represent an effective therapeutic strategy for the treatment of ALD/ASH.
Recently, the treatment with hyaluronic acid determined the stabilization of miR-181b-3p and importin
α5 in mice fed with ethanol, thus protecting from the alcohol-derived liver damage [41]. Additionally,
hyaluronic acid could normalize the level of miR-291b thus allowing the increase of Tollip and the
consequent inhibition of the inflammatory pathway TLR4/NFκB [42]. Despite the contradictory role
of miR-122 as determined by interrupting the cross-talk between hepatocytes and stromal cells [167],
its suppression, mediated by the inhibitor Miravirsen, has shown a strong beneficial effect in chronic
hepatitis suggesting a potential benefit for patients affected by ALD [167,168]. Beneficial effects
for the treatment of ASH could be represented by the over-expression of liver protecting miRNAs.
Unfortunately, no trial has been established to identify the clinical benefit of patients affected by
ASH [168].

7.2. NAFLD/NASH

With rising incidence of NAFLD, obesity and diabetes in the Western and Asiatic world, NASH will
be the most common cause for the development of liver cirrhosis and HCC [169]. Today, the definitive
diagnosis of NASH requires a liver biopsy showing evidence with regard to steatosis, lobular or portal
inflammation and ballooning of hepatocytes [170]. In NAFLD and NASH, different expression patterns
of up to 44 miRNAs could be shown [78,171]. Latorre et al. and Su et al. described high serum levels
of miR-451, -122, -34a and 21 in patients suffering from hepatic steatosis. miRNA-122 is elevated in
the serum due to liver damage and levels are higher in severe steatosis than in mild and higher in
severe fibrosis [78,79]. Furthermore, expression of miR-122 correlated positively with very low density
lipoproteins (VLDL), free cholesterol and TGs [84]. With these properties miR-122 is suitable to act as a
biomarker. Liu et al. was able to show that isochlorogenic acid B (ICAB) has a protective effect and is
possibly associated with the ability to attenuate OS by up-regulating Nrf2 and suppressing fibrogenic
factors through miR-122/HIF1α pathway [172]. Carnosic acid, an antioxidant, provides protection
against NAFLD by decreasing miR-34a expression and stimulating the SIRT1/p66shc pathway [88].
In a mouse model Derdak et al. abrogated the overexpression of miR-34a with pifithrin-α p-nitro
(PFT) and activated the SIRT1 pathway which ended up in diminished hepatic TG deposition and
ameliorated the liver steatosis [91]. Kumar et al. treated mice with nanoparticles carrying a mimic
of miR-29b1 which was able to significantly decrease collagen deposition in liver and serum in a
liver fibrosis model. miR-29 has been associated with fibrosis in many different organs [79,173]. In a
phase I trial patients suffering from fibrosis benefited from a miR-29 mimic [174]. In a transgenic
mouse model overexpressing platelet derived growth factor C (PDGF C), LNA-antimiR-124 suppressed
miR-124 signaling and expression of cognate target genes, leading to reduced hepatic fibrosis and
even inhibited tumor formation [175]. Inhibition of miR-30b by lentiviral antimiR expression was able
to reduce ER stress and improve insulin sensitivity in a high-fat dietary rat model of NAFLD [176].
These are encouraging further steps towards miRNA-directed therapies in the treatment of NASH and
liver fibrosis.

7.3. HCC

In HCC patients, high levels of thioredoxin and manganese superoxide dismutase levels were
detected and could be used as prognostic biomarkers [177–179]. In line with this, elevated levels of
8-OHdG, an established biomarker for oxidative stress conditions [180], were detected in various
chronic liver diseases including HCV and HCC [181–184]. The miR-122 group could be another really
promising candidate. It is involved in HCV related HCC progression and liver fibrosis. It targets most
importantly mRNA is Aldolase A mRNA and MYC downstream regulated gene 3 [185]. Since Aldolase
A is indirectly linked to hypoxia as downstream target of HIF1α [186] and its expression could be
suppressed by miR-122, it could be possible to influence response to hypoxia-related survival of HCC
by antagonizing miR-122. Interestingly, a nanoparticle-carrier based antimiR was able to suppress
miR-122 expression for up 28 days in a murine HCV model [187]. However, in the next few years a
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wide range of patterns of miRNA will be available for clinical prognosis. miRNA-based drugs still
need to be put into translation for clinical studies.

Besides its role in promoting tumorigenesis, OS has also been shown to exert anti-tumor effects
in HCC. Downregulation or inhibition of thioredoxin reductase 1 (TXNRD1), a negative prognostic
factor for HCC [188], suppressed growth of HCC models and induced sensitization to the current
standard of care, sorafenib [189]. Sorafenib acts as a multi-tyrosine kinase inhibitor and impacts tumor
growth by blocking the RAF/MEK/ERK pathway and by inhibiting angiogenesis [190,191]. In addition,
sorafenib induced HCC cell death in vitro and in vivo also via induction of ROS production. This was
linked to an increased median overall and progression free survival of patients showing higher levels
of advanced oxidation protein products, which was used as a surrogate serum biomarker for OS in
26 patients [192]. Mechanistically, sorafenib blocks the mitochondrial respiratory chain and leads to
disruption of the mitochondrial membranes which increases ROS production [193,194]. Resistance
to sorafenib treatment is limiting its clinical efficacy. In a computational modelling approach, the
miR-17-92 cluster was shown to be a key regulator of resistance to sorafenib via interaction with several
components of the EGFR and IL-6 signaling pathways, including e.g., Januskinase/sterol regulatory
element-binding proteins (JAK/STAT) signaling and induced myeloid leukemia cell differentiation
protein (Mcl-1) function [195]. Altogether, these data confirm a complex interplay between chronic
liver diseases, oxidative stress, miRNA expression, epigenetics and HCC pathogenesis.

8. Summary

The liver is the central metabolic organ and thus subjected to various potential external and
internal factors. The increasing prevalence of NAFLD, which is projected to become the major causer
of end-stage liver disease and liver transplantation, highlights the importance of understanding the
pathophysiology of liver damaging conditions. While reactive (oxygen) species play a central role
in normal tissue homeostasis and cellular signaling, these mediators can also contribute to acute
and chronic injury of the liver, leading to fibrosis, cirrhosis and ultimately HCC formation. Recent
studies demonstrated that ROS impacts lipid metabolism, detoxication, as well as central cellular
survival and homeostasis processes like ER stress, calcium signaling and unfolded protein response.
These pathways involve several genes that have been demonstrated to be regulated by miRNAs.
While several miRNAs have now been identified to be involved in different liver diseases and some
of these have been further associated to OS, we still do not fully understand the complex network
of those signaling and regulatory pathways under distinct pathophysiologic conditions. Both axes,
OS and miRNAs, represent potential biomarkers for surveillance, diagnosis and treatment response
and may be used as novel therapeutic targets in the near future. Looking back from bed-side to bench,
clinicians have to wait for stable formulations targeting miRNAs e.g., with antagomiRs enveloped into
microparticles which are already available for siRNAs and being tested in clinical trials [154].
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Abstract: Oxidative stress occurs as a result of imbalance between the generation of reactive
oxygen species (ROS) and antioxidant genes in cells, causing damage to lipids, proteins, and DNA.
Accumulating damage of cellular components can trigger various diseases, including metabolic
syndrome and cancer. Over the past few years, the physiological significance of microRNAs (miRNA)
in cancer has been a focus of comprehensive research. In view of the extensive level of miRNA
interference in biological processes, the roles of miRNAs in oxidative stress and their relevance in
physiological processes have recently become a subject of interest. In-depth research is underway
to specifically address the direct or indirect relationships of oxidative stress-induced miRNAs in
liver cancer and the potential involvement of the thyroid hormone in these processes. While studies
on thyroid hormone in liver cancer are abundantly documented, no conclusive information on the
potential relationships among thyroid hormone, specific miRNAs, and oxidative stress in liver cancer
is available. In this review, we discuss the effects of thyroid hormone on oxidative stress-related
miRNAs that potentially have a positive or negative impact on liver cancer. Additionally, supporting
evidence from clinical and animal experiments is provided.

Keywords: oxidative stress; microRNA; thyroid hormone; liver cancer

1. Introduction

Hepatocellular carcinoma (HCC) is an inflammation-related cancer, with the majority of cases
occurring in the context of hepatic injury and inflammation [1]. The risk factors correlated with HCC
include chronic inflammation due to viral infection (such as hepatitis B virus (HBV) and hepatitis C
virus (HCV)), excessive intake of alcohol, metabolic disease, non-alcoholic steatohepatitis (NASH),
bacterial infection, type 2 diabetes, smoking, and chemical exposure [2]. Both HCC and the associated
risk factors are significantly correlated with oxidative stress. Oxidative stress occurs when excessive
production of reactive oxygen species (ROS) overpowers intrinsic antioxidant defense mechanisms.
Accumulating levels of ROS can cause extensive damage to biological molecules, leading to cell injury,
loss of function, development of cancer, and even death [3]. Therefore, elucidation of the relationship
between oxidative stress and cancer is of clinical importance. Among the potential mechanisms
involved in carcinogenesis, the pathways triggered by oxidative stress-induced microRNAs (miRNA)
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have been widely investigated. MiRNAs are small endogenous non-coding RNA molecules that
regulate multiple gene expression at the post-transcriptional level. These molecules suppress messenger
RNA through binding to stretches of complementary sequences [4,5]. The potential associations of
miRNAs with human disease are widely documented. As crucial regulators of gene expression,
miRNAs thus present promising candidates for biomarkers and treatment strategies.

Thyroid hormones play major roles in cell growth, development, and metabolism.
Considerable research supports a relationship between the thyroid hormone and pathophysiology
of various cancer types. Thyroid hormones exert their effects on cancer cells through either
genomic or non-genomic pathways and their dysregulation has significant effects on cancer
development and progression. Hypothyroidism is reported to contribute to liver carcinogenesis [6].
Notably, both hyperthyroidism and hypothyroidism appear to be associated with oxidative stress in
animal and human diseases, indicating involvement of the thyroid hormone in disease progression [7].
Preliminary data from recent studies focusing on the potential relationship between miRNAs associated
with oxidative stress and dysregulation of thyroid hormone in liver cancer progression are comprehensively
summarized in the current review.

2. Effect of Thyroid Hormone on the Role of Oxidative Stress-Related microRNAs in Liver

2.1. Oxidative Stress Promotes HCC Progression

Liver cancer is the second leading cause of cancer-related deaths worldwide.
Hepatocellular carcinoma (HCC), a type of inflammation-related cancer with>90% cases associated with
hepatic injury and inflammation, is the most common primary malignant tumor type [8]. The incidence
of HCC is highly correlated with inflammatory risk factors, such as hepatitis B virus (HBV), hepatitis C
virus (HCV), liver disease (non-alcoholic fatty liver disease/non-alcoholic steatohepatitis), habitual
drinking (high alcohol exposure), obesity, type 2 diabetes (T2D), and aflatoxin exposure [9–12].

Oxidative stress additionally plays an important role in HCC development. Excess ROS levels
induce liver DNA injury, in turn leading to increased fatty liver, hepatitis B/C, liver cirrhosis,
and consequently, HCC [13]. Oxidative stress is defined as an imbalance between production of reactive
oxygen species (ROS) and antioxidant capacity of the cell, which causes damage to biomolecules,
such as DNA, lipids, and proteins [14].

ROS simultaneously affect a series of signaling cascades and mediate the regulation of several
transcription factors that control the expression of various genes involved in cell survival, proliferation,
invasion, and metastasis [15–19]. Common ROS species include superoxide anion (O2−), hydrogen
peroxide (H2O2), hydroxyl radical (OH−), singlet oxygen (1 O2), and ozone (O3) [20,21]. Reactive species
induce nicks in DNA and failure in mechanisms to repair DNA damage that lead to HCC.

ROS can react with cellular biomolecules, yielding oxidatively modified DNA products that
eventually induce cell damage and death. For instance, protein carbonyl and 8-hydroxydeoxyguanosine
(8-OHdG), the well-known oxidatively modified molecular products of proteins and DNA,
are associated with poor survival in HCC patients [16].

The inflammation risk factors, HCV and HBV infection, cause malignant degeneration by induction
of oxidative stress that is critical in HCC. Oxidative stress is present to a greater degree in HCV infection
than other inflammatory liver diseases and proposed as a major mechanism of liver injury in patients
with chronic hepatitis C [22]. The core protein of HCV, which induces excess ROS production through
adjustment of mitochondrial electron transport and mitochondria, is a primary target of ROS. Therefore,
damage to mitochondria via ROS induced by HCV presents a potential mechanism underlying the
development of HCC [23].

In addition to HCV, HBV infection markedly increases the risk of development of HCC. Among the
viral proteins, HBV encoding HBV X protein (HBx) appears to have the greatest oncogenic potential
in HCC. Similar to HCV core protein, HBx is associated with mitochondria, leading to augmented ROS
production and induction of oxidative stress in hepatocytes [24]. The key mechanisms used by HBx,
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such as inhibition of high-mobility group protein box1 (HMGB1) expression and generation of ROS via
the NF-κB signaling pathway, are discussed in an earlier report [25].

Non-alcoholic fatty liver disease (NAFLD) is a complex disorder characterized by excessive
lipid accumulation the in liver, controlled by multiple metabolic factors, that is often diagnosed in
conjunction with obesity, type 2 diabetes (T2D), and hyperlipemia [26]. Among the numerous mechanisms
underlying NAFLD pathogenesis, redox imbalance is suggested to be the most significantly correlated
factor to HCC progression. In addition, conditions such as metabolic oxidative stress, cell autophagy,
and inflammation induce more severe nonalcoholic steatohepatitis (NASH) progression [26]. In patients
with NASH, the activities of mitochondrial respiratory chain complexes are decreased in liver tissue,
resulting in reduced glutathione expression and consequent activation of the c-Jun N-terminal kinase
(JNK)/c-Jun signaling pathway by oxidative stress that induces cell death in steatotic liver [27].

The issue of whether risk factors directly induce or are subject to oxidative stress to increase their
effects remains to be established. However, the findings to date suggest that oxidative stress exerts
harmful effects on liver cells through inducing lesions. Elucidation of the underlying mechanisms
should facilitate the development of effective strategies to manage HCC.

2.2. Roles of microRNAs Correlated with Oxidative Stress in HCC

MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate >70% human genes at
the post-transcriptional level. The average miRNA length is ~21–23 nucleotides. DNA sequences are
transcribed into primary miRNAs (pri-miRNA) and processed into precursor miRNAs (pre-miRNA)
in the nucleus and mature miRNAs in the cytoplasm. In most cases, miRNAs interact with a specific
sequence at the 3′ untranslated region (UTR) of target mRNAs to induce translational repression via
post-transcriptional regulation of cleavage or simply suppressing translation [28,29].

Accumulating studies support the importance of a series of oxidative stress-induced miRNAs in
progression of carcinogenesis (Table 1). For instance, using the robust rank aggregation (RRA) method,
miR-34a-5p, miR-1915-3p, miR-638, and miR-150-3p were shown to be upregulated under conditions of
H2O2 treatment as oxidative stress-responsive miRNAs in HCC cell lines [30]. The functions of these
four miRNAs were further predicted using the TargetScan web tool and Gene Ontology (GO) pathway
enrichment analysis. All four miRNAs were closely related to anti-apoptosis pathways and p53 signaling,
clearly demonstrating a significant association between the p53 pathway and oxidative stress [31].

The importance of miRNAs in progression of chronic liver diseases to HCC is recognized. MiRNAs
act as key mediators in the development of a number of cancer types owing to their involvement in
inflammation and oncogenesis processes. Several miRNAs showing altered expression patterns in
HCC and oxidative damage have been identified, including miRNA-92, miRNA-145, miRNA-199a,
miRNA-199b, miRNA-195, and miRNA-122a [27].

In recent years, several miRNAs have been extensively investigated and their functions in association
with oxidative stress determined. MiR-26a is reported to play a dual role in HCC. Considerable research
has confirmed its activity as a tumor suppressor in HCC that inhibits proliferation, migration, and invasion
by targeting F-box protein 11 (FBXO11), an E3 ubiquitin ligase, and type II methyltransferase [47,48].
DNA methyltransferase 3b (DNMT3B) is another direct target of miR-26a. Inhibition of DNMT3B associated
with miR-26a upregulation led to a similar tumor suppressor effect in HCC cells [49]. In contrast, other
studies suggest that miR-26a has potential oncogenic function in HCC. For instance, therapeutic miR-26a
delivery suppresses tumorigenesis in an animal liver cancer model while other studies demonstrated
that miR-26a expression promotes HCC cell migration and invasion in vivo. Another earlier in-depth
study reported that miR-26a promotes cell migration and invasion by inhibiting the phosphatase prime
time entertainment network (PTEN) [50,51]. Based on the metabolic perspective, increasing free fatty
acid (FFA) supply into liver cells caused oxidative stress by ROS and lipid peroxidation generated
during the metabolism of these accumulating fatty acids [52]. Recently, regulatory and protective roles of
miR-26a on lipid metabolism and progression of NAFLD in human HepG2 cells loaded with FFA have
been demonstrated. Upregulation of miR-26a resulted in the downregulation of triglyceride (TG), total
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cholesterol (TCL), and malondialdehyde (MDA) through modulation of mRNA levels of genes involved in
lipid homeostasis, ER stress, inflammation, and fibrogenesis [36]. Additionally, miR-26a targets different
metabolic relative genes involved in fatty acid and cholesterol metabolism and insulin signaling, such as
ACSL3, ACSL4, PKCδ, PKCθ, GSK3β, and SERBF1, suggesting a crucial role in preventing development of
metabolic disease [53]. Notably, these liver-related lipid metabolism abnormalities are strongly associated
with oxidative stress in liver cells [54,55].

Table 1. Oxidation stress-related microRNAs.

microRNA Correlative with Oxidative Stress Ref.

miR-34a-5p miR-1915-3p
miR-638 miR-150-3p Associated with oxidative stress-related apoptosis [30]

miR-92 Correlated positively with telomerase activity, 8-OHdG
Target to anti-oxidative gene Sirt1 [32]

miR-199a/b Prevents the liver cell oxidative stress induced by bile acid
Target to Sirt1 [33]

miR-122 Correlative with HCV/ HBV infection
Positive association with antioxidant enzyme NQO1

[34]
[35]

miR-26a Affecting liver lipid metabolism [36]

miR-155 Affecting liver lipid metabolism [37]

miR-214 Associated with oxidative stress-related apoptosis
Target to ATF4 and EZH2

[38]
[39]

miR-200 Target to p38α and repression anti-oxidative gene Nrf2 [40]

miR-181 Target to Sirt1 and impair insulin sensitivity [41]

miR-128 Target to DJ-1
Target to Sirt1

[42]
[43]

miR-29a/c Controls the hepatic lipogenic process [44]

miR-21 Leading to mitochondrial ROS accumulation [45]

miR-196 Downregulates Bach1, and inhibition of HCV expression [46]

* Potential functions of miRNAs related to oxidative stress.

MiR-155 acts as a multifunctional oncogenic miRNA in different human cancer types, including
breast, pancreatic, and liver cancer [56–58]. The miRNA promotes proliferation, invasion, and migration
in HCC by directly targeting and inhibiting PTEN. The negative correlation between miR-155 and PTEN
is significantly associated with TNM stage in HCC [56]. MiR-155 additionally inhibits Forkhead box
O3 (FoxO3a) expression to suppress downstream apoptotic gene B-cell lymphoma-2 (Bcl-2)-interacting
mediator of cell death (BIM) and suppresses cleavage of caspase-3 and caspase-9, consequently
inhibiting HCC cell apoptosis and facilitating proliferation [59]. Furthermore, high expression of
miR-155 is associated with poor survival, and in combination with Alpha-fetoprotein (AFP) shows
higher sensitivity and specificity as a biomarker panel for diagnosis of HCC, compared with a single
marker [60]. However, conflicting results on the role of miR-155 in lipid metabolism have been
reported to date. Suppression of miR-155 in peripheral blood may be utilized as a novel biomarker
for NAFLD screening. The transcription factor, Liver X Receptor α (LXRα), that interacts with the
promoter region of sterol regulatory element-binding protein (SREBP)-1c, has been identified as
a direct target of miR-155 [37,61]. Other studies have highlighted a reduction in alcohol-induced fat
accumulation in miR-155 knockout mice, associated with increased Peroxisome proliferator-activated
receptor response element (PPRE) binding to the miR-155 target gene, Peroxisome proliferator-activated
receptor (PPAR)α [62]. However, further studies are required to confirm the finding that miR-155
participates in lipid accumulation in liver, inducing generation of oxidative stress.
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2.3. Role of Thyroid Hormone and Its Receptor in HCC

Thyroid hormone, 3,3’,5-tri-iodo-l-thyronine (T3), is a key mediator of multiple physiological
processes, including cell development, differentiation, metabolism, and growth [38]. The pituitary
gland secretes thyrotropin, which influences the thyroid gland to synthesize thyroid hormone mainly
precursor T4. T4 moves across the cell membrane of responsive cells by specific transporters, including
the monocarboxylate anion transporters 8 and 10 (MCT8 and MCT10), and is converted to the
active T3 by type I 5’-deiodinase (DIO) 1 and 2, leading to increased levels of T3 [63]. T3 controls
metabolic activities related to anabolism or catabolism, including carbohydrates, proteins, lipids,
and damaged organelles in cells to maintain homeostasis under different physiological conditions [24].
To implement genomic effects, cytoplasmic T3 translocates to the nucleus and binds to specific
high-affinity thyroid hormone receptors (TR) associated with thyroid hormone response elements
(TRE) on DNA, thereby affecting transcriptional levels of downstream genes [14]. Typical TREs
within promoter regions of downstream genes contain two half-site sequences (A/G)GGT(C/A/G)A
in palindromic (Pal), direct repeat (DR), or inverted repeat arrangements (IP) recognized by TR. TRs
bind to their respective TREs as monomers, homodimers, or heterodimers with retinoid X receptors
(RXR). TRs usually form heterodimers with the RXR to interact with TREs within the promoter regions
of target genes. Human TRs are encoded by two distinct genes, THRA (TRα) and THRB (TRβ),
located on human chromosomes 17 and 3 [64]. Different TRs are composed of similar domains,
including amino-terminal A/B domain to recruit regulatory proteins; central DNA-binding domain
(DBD), or C region, which displays high affinity for DNA sequences of TREs; linker D region, which is
necessary for nuclear translocation of the receptor; and carboxy-terminal ligand-binding domain (LBD),
which interact with thyroid hormones [63,65]. In humans, TRβ/T3 regulates the metabolic activity of
body and it is the major receptor isoform expressed in liver; in contrast, TRα is expressed mainly in the
heart, skeletal muscle, adipose tissues, and specifically mediates adaptive thermogenesis [66].

Owing to its critical regulatory function in cellular homeostasis, imbalance of thyroid hormone in
the body is highly associated with multiple chronic diseases including obesity, diabetes, cardiovascular,
and liver disorders. The liver is the most important thyroid hormone target organ associated with
cellular metabolic functions, such as hepatic fatty acid and cholesterol synthesis and metabolism.
Hypothyroidism has been associated with increased serum expression of triglycerides and cholesterol
as well as hypercholesterolemia or non-alcoholic fatty liver disease (NAFLD) [24,67]. Prevention of
cardiovascular disease occurrence is important in patients with low-serum high-density lipoprotein
cholesterol (HDL-C) due to thyroid dysfunction [68].

In addition to its effects on metabolism, thyroid hormone suppresses HCC development by
protecting hepatocytes from HBx-induced damage through regulating mitochondrial quality control
to suppress HBx protein stability. Mitochondrial quality maintenance by T3 prevents HBx-induced
hepatocarcinogenesis and attenuates HCC progression [25,69]. In an earlier study, liver disease patients
diagnosed with hepatic cirrhosis triggered by hepatitis B or C were screened for thyroid function status.
The T3 levels of patients were lower than the normal range, suggesting that the serum T3 concentration
is a good index of hepatic function, decreasing the severity of liver damage [70].

Several studies have demonstrated that treatment with T3 analogs can prevent hepatic steatosis
and hepatitis. The thyroid hormone has potential therapeutic applications in hepatitis B and C, and T3
analogs may be effectively used as an alternative strategy to prevent HCC [71].

2.4. Thyroid Hormone Induces an Anti-Oxidative Stress Effect in Hepatocytes Mediated by microRNAs

Hypermetabolic effects of thyroid hormones as the major endocrine regulators of metabolic rate
are well documented. Thyroid hormones have a profound impact on mitochondria, the organelles
predominantly responsible for cellular energy metabolism, and are correlated with O2 consumption
and consequent ROS generation [72]. Effects of thyroid hormone on redox signaling to protect cellular
function are documented. The pathways affected by thyroid hormone generally fall into two broad
categories: Genomic and non-genomic. ROS production leads to activation of the redox-sensitive
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transcription factors nuclear factor-κB (NF-kB), signal transducer and activator of transcription 3
(STAT3), signal transducer and activator of transcription 1 (STAT1), and nuclear factor erythroid 2-related
factor 2 (Nrf2), promoting cell protection and survival mechanisms. Functions of the thyroid hormone
include enhancement of homeostatic potential, through induction of antioxidant, anti-apoptotic,
and anti-inflammatory gene expression, and higher detoxification capabilities and energy supply
through AMP-activated protein kinase (AMPK) upregulation [73]. Thyroid hormone additionally
regulates miRNAs that promote antioxidant capacity in the liver to prevent HCC progression.

In a previous study, our group used qRT-PCR array to explore the expression patterns of different
miRNAs regulated by thyroid hormone (Tables 2 and 3) [38,74–76]. The functions of potentially
important thyroid hormone-regulated miRNAs in HCC and their correlation with oxidative stress are
further discussed below.

Table 2. MicroRNAs positively associated with thyroid hormones in HepG2 liver cancer cell lines.

miRNAs Positively Affected by Thyroid Hormones *

HepG2-TRα1 HepG2-TRβ1

TH/microRNAs MicroRNA Fold HCC/ROS Ref. TH MicroRNA Fold HCC/ROS Ref. TH

Three times
repetitive

experiments

miR-122 10.54 [35,77] [78] miR-29c 4.21 [44,79]

miR-152 3.42 miR-214 3.50 [38,80,81] [38]

miR-139-5p 10.38 miR-202 2.41

miR-128a 71.90 [43]

miR-139-3p 3.85

miR-548d-3p 3.09

miR-140-3p 2.77

Two times
repetitive

experiments

miR-143 6.20 miR-193b 2.99

miR-210 5.22 miR-139-5p 3.12

miR-365 5.53 miR-210 2.52

miR-135b 4.38 miR-323-3p 4.12

miR-148a 5.16 miR-22 2.54

miR-193b 3.30 miR-29a 2.18 [44,82]

miR-125a-3p 2.92 miR-29b-1 * 3.30

miR-29a 3.15 [44,82] miR-193a-3p 3.34

miR-24 2.40 [83] [78] miR-139-3p 2.22

miR-372 3.57 miR-510 2.32 [75,78]

miR-372 5.07 miR-21 * 2.22 [45,84–86]

miR-188-3p 3.05

miR-100 4.11

miR-126 2.35

miR-21 3.30 [45,84–86] [75,
78]

* HepG2 hepatoma cell lines overexpressing TRα1 or TRβ1 were treated with thyroid hormone (T3; 20 nM).
After 24 h, qRT-PCR array analysis of microRNA (miRNA) expression was performed. The specified miRNAs were
positively affected (>2-fold) upon thyroid hormone stimulation and selected candidates were identified from at least
two times repetitive experiments. The references are to indicate oxidative stress (HCC/ROS) or thyroid hormone
(TH) related miRNAs in liver cancer.
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Table 3. MicroRNAs negativity associated with thyroid hormones in HepG2 liver cancer cell lines.

miRNAs Negativity Affected by Thyroid Hormones *

HepG2-TRα1 HepG2-TRβ1

TH/microRNAs MicroRNA Fold HCC/ROS Ref. TH MicroRNA Fold HCC/ROS Ref. TH

Three times
repetitive

experiments

miR-184 0.22 miR-455-3p 0.22

miR-455-3p 0.12 miR-148a 0.36

miR-499-3p 0.20 miR-425 * 0.24

miR-221 0.33 miR-187 0.27

miR-181b 0.30 [87] miR-429 0.41

miR-130b 0.34 [76]

miR-149 0.35

miR-17 0.34 [85] [74]

Two times
repetitive

experiments

miR-425 * 0.22 miR-106a 0.23

miR-20a 0.31 miR-199a-5p 0.22 [33,87,88] [38]

miR-377 0.42 miR-548d-5p 0.24

miR-15b 0.43 miR-146a 0.31

miR-516a-5p 0.29 miR-221 0.27

miR-652 0.49 miR-30a * 0.35

miR-550 0.26 miR-499-3p 0.32

miR-18a 0.23 miR-888 0.27

miR-106a 0.28 miR-100 0.33

miR-628-3p 0.34 miR-339-3p 0.45

miR-146a 0.36 miR-18a 0.39

miR-181c 0.41 [87] miR-18b 0.24

miR-92a 0.36 [32,89,90] miR-10a 0.25

miR-106b 0.38 miR-421 0.30

miR-487b 0.35 miR-525-3p 0.41 [74,85]

miR-570 0.40 miR-17 0.37 [85,90] [74]

let-7d 0.44 miR-542-5p 0.33 [46,85]

miR-15b * 0.44 miR-196a * 0.42 [46]

miR-196b 0.46

miR-19a 0.46 [87]

miR-181d 0.32

miR-20b 0.40

* HepG2 hepatoma cell lines overexpressing TRα1 or TRβ1 were treated with thyroid hormone (T3; 20 nM).
After 24 h, qRT-PCR array analysis of microRNA (miRNA) expression was performed. The specified miRNAs were
negatively affected (<0.5-fold) upon thyroid hormone stimulation and selected candidates were identified from
at least two times repetitive experiments. The references are to indicate oxidative stress (HCC/ROS) or thyroid
hormone (TH)-related miRNAs in liver cancer.

MiR-214 is dysregulated in many human cancer types including cervical, prostate, and ovarian
cancer [91–93]. In HCC, miR-214 acts as a tumor suppressor and is used as a potential prognostic marker
for overall survival [94,95]. Earlier studies indicate that miR-214 plays a tumor suppressor role by
inhibiting proliferation and migration of HCC cells through targeting pyruvate dehydrogenase kinase
2 (PDK2) and plant homeodomain finger protein 6 (PHF6) [80]. Forkhead box protein M1 (FoxM1)
is an important transcription factor in the progression of HCC. Direct targeting and downregulation
of FoxM1 mRNA by miR-214 inhibits proliferation, migration, and invasion of HCC [81]. In the
clinic, miR-214 downregulation is positively associated with higher tumor recurrence and poorer
clinical outcomes. Ectopically expressed miR-214 inhibits xenograft tumor growth and microvascularity
of tumors and their surrounding tissues via targeting and suppressing its downstream target gene,
hepatoma-derived growth factor (HDGF) [94].
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Several oncogenic long non-coding RNAs (lncRNA) are correlated with miR-214. Among these,
myocardial infarction-associated transcript (MIAT) regulates proliferation and invasion of HCC
cells via sponging miR-214 [96]. Plasmacytoma variant translocation 1 (PVT1) lncRNA is increased
in HCC tissues and associated with tumor size, histological differentiation grade, and advanced
TNM stage. PVT1 has been shown to promote proliferation and invasion of HCC via inhibition of
miR-214 expression by interacting with enhancer of zeste homolog 2 (EZH2) [97].

MiR-214 is upregulated by the thyroid hormone through direct interactions with its receptor in
the promoter region, leading to repression of the target oncogene, PIM-1, and in turn, suppression
of HCC cell proliferation and inhibition of tumor formation [38]. Diethylnitrosamine (DEN) is
a typical chemical carcinogen with the potential to cause tumors in multiple organs, such as liver,
skin, gastrointestinal tract, and the respiratory system. This significant environmental carcinogen
triggers ROS production, resulting in oxidative stress and cellular injury. DEN is considered a complete
hepatocarcinogen [98–100]. As highlighted previously, thyroid hormone promotes selective autophagy
via induction of the death-associated protein kinase 2-Sequestosome 1 (DAPK2-SQSTM1) pathway,
thus protecting against DEN-induced carcinogenesis in hepatocytes [101]. Notably, thyroid hormone
additionally plays a protective role against DEN-induced HCC through upregulation of miR-214 [38].

Thyroid hormone is a human hormone that mediates the cell differentiation and metabolism and
acts as an anti-apoptosis factor upon challenge of thyroid hormone receptor expression in HCC cells with
cancer therapy drugs, such as cisplatin, doxorubicin, and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL). Doxorubicin (Dox), a DNA topoisomerase II inhibitor, belongs to the anthracycline
anticancer drug family [102]. Dox is widely used to treat lymphoma breast, head-and-neck, prostate,
and liver cancers [103–106]. Dox induces pathogenic mechanisms including apoptosis, oxidative stress,
and inflammation, through formation of ROS, reduces anti-oxidative defense, and stabilizes mitochondrial
damage [107–109]. Thyroid hormone and its receptor signaling pathway promote chemotherapeutic
resistance through negatively regulating the pro-apoptotic protein, BCL2-like 11 (BCL2L11/Bim), resulting
in Dox-induced metastasis of chemotherapy-resistant HCC cells [110].

In addition, HCV infection promotes mitochondrion-mediated apoptosis through stimulating the
upstream ROS/JNK signaling pathway to affect Bax-triggered mechanisms. In brief, HCV-induced
ROS/JNK signaling transcriptionally activates Bim expression, which leads to Bax activation and
apoptosis induction [111]. Bim is a direct target gene of miR-214 in nasopharyngeal carcinoma (NPC)
and other tissues [112–114]. One possibility is that the thyroid hormone induces miR-214 to suppress
Bim expression through negatively regulating the transcription factor Forkhead box protein O1 (FoxO1)
to avoid liver cell apoptosis and ROS-induced stress [110]. In addition to miR-214, there are many
miRNAs that have the potential to affect the apoptosis of liver cancer cells, such as miR-155, miR-4417,
miR-199a, and miR-122 [59,77,115,116]. Among them, the expression levels of miR-199a and miR-122
are associated with thyroid hormone and oxidative stress (Tables 2 and 3) [27]. Previous studies
have indicated that Dauricine (Dau) is a natural alkaloid, which promoted apoptosis of HCC cells
induced by chemotherapeutic reagents. Dau stimulates the expression of miR-199a and results in
inhibition of the target gene hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), resulting in sensitivity
to chemotherapeutic reagents, including Cisplatin, Sorafenib, and Isoliensinine in HCC cells [116].
However, thyroid hormones, which are inversely related to miR-199a, may also involve in this action of
apoptosis. Interestingly, in addition to the target gene of miR-199a, PKM2, which is strongly associated
with apoptosis, is also affected by miR-4417 and miR-122 in liver cancer cells [77,115].

Gemcitabine (GEM) is a commonly used chemotherapeutic agent for HCC that uses oxidative
stress induction as a common effector pathway. Overexpression of mitochondrial uncoupling protein 2
(UCP2) causes resistance to GEM. GEM administered alone or in combination with oxaliplatin renders
minimal survival benefits to HCC patients. The tumor suppressor activity of miR-214 is activated
through targeting UCP2, which may solve the problem of GEM efficacy [117,118]. Combined usage of
thyroid hormone combined with GEM could provide new insights into strategies to treat liver cancer
based on this novel mechanism of action.
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MiR-214 protects red blood cells against oxidative stress by targeting activating transcription
factor 4 (ATF4) and enhancer of zeste homolog 2 (EZH2) [39]. Direct targeting of the transcriptional
factor, ATF4, by miR-214, attenuates stress responses. Suppression of miR-214 leads to enhanced ATF4
translation and consequently, upregulation of ATF4 protein. Additionally, miRNA-214 is reported to
reduce oxidative stress in diabetic nephropathy mediated the ROS/Akt/mTOR signaling pathway [119].
An earlier study by Liu et al. [120] showed that miR-424 inhibits oxidative stress and protects against
transient cerebral ischemia injury.

MiR-122 plays a complex role in HBV and HCV infection [34,121,122]. MiR-122 is a liver-specific
miRNA that acts as a host factor to increase the abundance of HCV RNA by stabilizing the positive
strand of HCV RNA genome and promotes HCV synthesis by binding two sites near the HCV 5’ end
and associating with Ago2 [34,123–125]. In contrast to its role in HCV infection in HCC, miRNA-122
is significantly downregulated in patients with HBV infection [126,127]. Adenosine deaminases
act on RNA-1 (ADAR1), an important gene involved in adenosine to inosine RNA editing and
miRNA processing. ADAR1 also plays an anti-viral role against HBV infection by increasing the
miRNA-122 level in hepatocytes [128]. In terms of the role of miR-122 in carcinogenesis, this liver-specific
miRNA is reported to be dramatically downregulated in most HCCs. The tumor suppressor role
of miR-122 in HCC is exerted by targeting the genes involved in cell proliferation, differentiation,
apoptosis, and angiogenesis, and its expression is inversely associated with poor prognosis and
metastasis [129]. Many studies have demonstrated that miR-122 acts as an important tumor suppressor
through regulating different target genes including WNT1, Cyclin G1, MDR, ADAM17, CUTL1,
and AKT3 in HCC [130,131]. Associations of miR-122 expressed in liver and anti-oxidant genes,
such as heme oxygenase 1 (HMOX-1), NAD(P)H, quinone oxidoreductase-1 (NQO1), and growth
factor erv1-like (GFER1) in liver tissue specimens obtained from patients with chronic hepatitis B,
have been uncovered. A significant positive association between expression of NQO1 and miR-122
was determined [35]. NQO1 is a multifunctional antioxidant enzyme and exceptionally versatile
cytoprotective agent that regulates the proteasomal degradation of specific antioxidant proteins, such
as nuclear factor erythroid 2-like 2 (Nrf2) [132], one of the major mediators of inflammation and
a transcription factor. Nrf2 promotes the expression of antioxidant as well as cytoprotective genes,
resulting in anti-inflammatory effects [133].

Perfluorooctanesulfonate (PFOS) has been widely used in commercial applications as a surfactant
and stain repellent. PFOS has been shown to cause liver damage (including liver tumors)
in experimental animals through interactions with peroxisome proliferator-activated receptor α

(PPARα) and constitutive androstane receptor (CAR)/pregnane X receptor (PXR). Further studies
have highlighted the ability of PFOS to disrupt thyroid function and induce thyroid hormone
alterations, leading to hypothyroxinemia [78,134]. Assessment of changes in miRNA levels in rats
with PFOS-induced hypothyroxinemia revealed that three members of the miR-200 family were the
most significantly increased while miR-122 and miR-21 showed the greatest decrease in expression.
Moreover, expression of the miR-23b/27b/24 cluster was decreased in PFOS-treated animals [78].
Consistently, experiments by our group demonstrated upregulation of miR-122, miR-21, and miR-24
by thyroid hormone treatment in HCC cells (Table 2).

Among the miRNAs affected by thyroid hormone, members of the miR-200 family were markedly
enhanced in hepatic cells following hydrogen peroxide (H2O2) treatment. Among these, miR-200-3p
modulates the H2O2-mediated oxidative stress response by targeting mitogen-activated protein kinase
14 (p38α). p38α acts as a stress-activated protein kinase that negatively regulates tumorigenesis by
acting on cell apoptosis, survival, and stress response. p38α inhibition leads to increased ROS levels in
liver cells through repression of Nrf2, a master regulator of antioxidant and detoxifying genes [40].
These results support a hepatoprotective role of thyroid hormone through effects on the pathway of
oxidative stress-induced miR-200 to repress p38α and Nrf2.

MiR-92a is highly expressed and specifically altered in HBV/HCV-related HCC [135,136].
This miRNA plays a critical role in HCC proliferation and invasion and could serve as a novel
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therapeutic target via repression of Forkhead Box A2 (FOXA2) [137,138]. Clinical association analysis
revealed a correlation of high expression of miR-92a with poor prognostic characteristics of HCC.
Diagnostic efficacy of a combination of miR-92a and AFP was powerful for HCC, in particular screening
of early tumor and low-level AFP patients [139]. A combination of the tumor suppressor gene
phosphatase and tensin homolog (PTEN) and miR-92a also provided significant clinical value for
early diagnosis and prognosis of HCC based on their significant negative correlation in HCC and
para-cancerous tissue [140]. MiR-92a has been shown to promote tumor growth of HCC by targeting
F-box and WD repeat domain-containing 7 (FBXW7) and may serve as a novel prognostic biomarker and
therapeutic target [141]. ROS trigger DNA oxidation leading to multiple modifications in DNA bases,
among which 8-OHdG is the most frequent [142]. 8-OHdG induces point mutations in DNA strands and
accumulates in DNA to cause mispairing, resulting in mutagenic and potentially carcinogenic activity.
HCC tissues are frequently characterized by increased oxidative damage, which contributes to
acceleration of telomere shortening and telomerase activation in cancer cells. The telomere acts
as a protective cap at the ends of chromosomes and telomere shortening promotes chromosomal
instability [143,144]. Oncogenic miR-92a expression is significantly correlated with telomerase activity
and 8-OHdG levels in HCC tissues, indicating a link with ROS-mediated oxidative DNA damage [32].
The pre-mRNA-splicing factor, SLU7, is essential for HCC cell viability. SLU7 expression is reduced
in HCC cells, and its depletion triggers autophagy-related cellular apoptosis in association with
generation of ROS. Low expression of SLU7 leads to altered splicing of the C13orf25 primary transcript
and reduced expression of its miR-17-92a constituents, leading to upregulation of its target genes,
CDKN1A (P21) and BCL2L11 (BIM), and mediators of pro-survival and tumorigenic activities [90].
Previous studies have shown that miR-92a and its cluster miR-17, miR-18a, and paralog, miR-20b,
are downregulated by the thyroid hormone in HCC cells (Table 3). MiR-92 also plays a key regulatory
role in neovascularization and is predicted to target Sirtuin-1 (Sirt1) [89], a NAD+-dependent deacetylase
with potential anti-oxidative stress activity in vascular endothelial cells. The mechanisms underlying
the protective effects involve Sirt1/FOXOs, Sirt1/NF-κB, Sirt1/NOX, Sirt1/SOD, and Sirt1/eNOS
pathways [145]. Several other miRNAs, such as miR-181, miR-138, and miR-199, suppress Sirt1
in different cells/tissue types. Among these, miRNA-181 is upregulated under conditions of a high-fat
diet and is reported to suppress Sirt1 and impair insulin sensitivity in liver [41,87]. Similar results have
been reported for miR-200 and miR-199 in the DEN model [88]. Data from our qRT-PCR array disclosed
downregulation of miR-181 and miR-199 by thyroid hormone (Table 3) [38]. Notably, miR-181 is
inversely correlated with TRβ1 in human cirrhotic peritumoral tissue, compared to normal liver [146].
These findings support the theory that thyroid hormone decreases oxidative stress via repression of
miR-181 and miR-199 to increase the target gene Sirt1 expression in liver.

MiR-206 is downregulated during tumorigenesis and plays an important role in modulating
the growth of multiple HCC cells via targeting cyclin-dependent kinase 9 (CDK9), which stimulates
the production of abundant prosurvival proteins, leading to impaired cancer cell apoptosis [147].
Overexpression of miR-206 has been shown to inhibit proliferation, invasion, and migration of the
HCC cell lines HepG2 and Huh7. Conversely, inhibition of miR-206 inhibition enhances expression of
protein tyrosine phosphatase 1B (PTP1B) that plays an oncogenic role in HCC, in HepG2, and Huh7
cells [148]. MiR-206 also directly targets the c-Met gene for silencing and restoration of c-Met expression
reverses the inhibitory effect of miR-206 on HCC [149]. Nrf2, involved in cellular antioxidant defense
systems, protects against excessive ROS damage to macromolecules and consequent senescence
and apoptosis. Upregulation of Nrf2-dependent antioxidant and metabolic genes and significantly
reduced miR-1 and miR-206 expression in lung tumors are associated with reduced survival in patients
with lung adenocarcinoma [150]. MiR-206 is involved in thyroid hormone-mediated regulation of
lipid metabolism in HepG2 cells, and its expression is suppressed in patients with hyperthyroidism,
indicating a role in thyroid hormone-induced disorders of lipid metabolism in the liver [151].
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2.5. Thyroid Hormone Promotes Oxidative Stress in Hepatocytes by Regulating microRNAs

Thyroid hormone not only regulates miRNAs to prevent oxidative stress in hepatocytes, but
also exerts effects on miRNAs that result in increased oxidative stress-induced damage to liver.
Below, we have discussed a few examples of miRNAs positively correlated with oxidative stress and
regulated by thyroid hormone.

MiR-128 is downregulated in HCC and suppresses cell proliferation through inducing G1 phase cell
arrest via regulating phosphoinositide 3 kinase regulatory subunit 1 (PIK3R1) expression, which inhibits
the phosphatidylinositol 3-kinase (PI3K)/AKT signal pathway [152]. In addition, miR-128 significantly
inhibits HCC cell metastasis and stem-cell like properties through direct targeting of integrin alpha 2
(ITGA2) and integrin alpha 5 (ITGA5) [153]. Parkinson disease protein 7 (PARK7/ DJ-1) expression is
elevated in various tumors and related to the survival of tumor cells under adverse stimuli, including
oxidative stress. DJ-1, also known as Parkinson’s disease-associated protein (PDAP), performs
multiple functions, including cysteine protease, anti-oxidative stress reaction, and tumorigenesis
activities [154,155]. MiR-128 is downregulated and negatively correlated with DJ-1, which is a direct
target of the miRNA, in HCC cells [42]. Dox also markedly upregulates miR-128 and downregulates
Sirt1 expression by direct targeting and affecting the expression of other antioxidant proteins, such as
Nrf2, Keap1, Sirt3, NQO1, and HO-1, leading to excessive oxidative stress in liver [43]. In our qRT-PCR
array, the tumor suppressor, miR-128, was upregulated by thyroid hormone, suggesting a correlation
between thyroid hormone and miR-128-affected antioxidant genes, such as Sirt1 (Table 2).

According to our qRT-PCR data, thyroid hormone enhances miR-128 to suppress Sirt1 expression
in liver. MiR-29a and miR-29c are also upregulated by the thyroid hormone and associated with Sirt1
expression (Table 2). Previous experiments have shown that miR-29 controls the hepatic lipogenic
process through regulation of anti-lipogenic transcription factor aryl hydrocarbon receptor (AHR) and
Sirt1 in liver [44]. MiR-29a suppresses cell proliferation through direct targeting of Sirt1 in HCC [82].
PU box binding protein (PU.1) is a critical transcription factor involved in many pathological processes.
In PU.1-deficient mice, miR-34a and miR-29c are highly expressed and regulate Sirt1 expression in
hepatic stellate cells to resistant hepatic fibrosis [79]. The data suggest that the thyroid hormone may
suppresses the anti-oxidative stress reaction by miR-128, miR-29, miR-29a, and miR-29c to direct
targeting Sirt1 and indirect effect other anti-oxidative stress genes expression.

In HCC cells and tissues, miR-21 is upregulated and positively associated with cell migration
and invasion abilities. Krueppel-like factor 5 (KLF5) acts as a tumor inhibitor in some cancer types.
In an earlier study, KLF5 expression was inhibited through direct targeting by miR-21, leading to the
induction of migratory and invasive abilities in HCC [156]. Betulinic acid (BA) is a pentacyclic triterpene
that possesses potential pro-apoptotic activities through increasing mitochondrial ROS generation.
Mitochondrial dysfunction activates the molecular apoptotic events leading to cell death in HCC.
BA suppresses superoxide dismutase 2 (Sod2) expression through upregulation of miR-21, leading to
mitochondrial ROS accumulation and apoptosis in HCC [45]. MiR-21 is reported to be activated via
thyroid hormone-receptor interactions at the native TRE site in the promoter region [75]. The thyroid
hormone may thus have a similar function as BA in increasing mitochondrial ROS generation and
mitochondrial dysfunction through miR-21 expression in HCC.

MiR-196 is readily released in body fluids and blood during HBV/HCV-associated hepatitis
as well as metabolic, alcohol-associated, drug-induced, and autoimmune hepatitis. Liver-specific
miR-196 is a potential indicator of liver injury (mainly apoptosis, necrosis, and necroptosis) or hepatitis,
showing variable expression during acute/fulminant, chronic, liver fibrosis/cirrhosis, and HCC [157].
Bach1, a basic leucine-zipper mammalian transcriptional repressor, negatively regulates HMOX1,
a key cytoprotective enzyme with antioxidant and anti-inflammatory activities. MiR-196 significantly
downregulates Bach1, leading to upregulation of HMOX1 gene expression and inhibition of HCV
expression, further affecting oxidative stress and liver injury induced by HCV [46]. Data from our
qRT-PCR experiments suggest that miR-196 is a potential oncogenic miRNA downregulated by thyroid
hormone (Table 3).
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MiR-199 family members (miR-199a/b-5p) are downregulated in HCC. Notably, the lower
expression of miR-199a is also associated with poorer overall survival of HCC patients. MiR-199a
overexpression in HCC cell lines is reported to inhibit cell proliferation, migration, and invasion.
The miR199a family suppresses Rho-associated coiled-coil kinase 1 (ROCK1) post-transcriptionally
to inhibit PI3K/Akt signaling, which is necessary for HCC proliferation and metastasis [158].
Moreover, miR-199 targets and negatively regulates X-box binding protein 1 (XBP1) and affects
cyclin D, which is associated with cell cycle regulation in HCC cells [159]. Bile salts retained within the
liver play a major role in liver injury during cholestasis and trigger cellular stress events, including
protein misfolding, DNA damage, endoplasmic reticulum (ER) stress, and oxidative stress, that may
result in cell death and pathogenesis of several liver diseases [160]. Another study reported elevated
miR-199a-5p levels in bile acid-stimulated cultured hepatocytes of liver from bile duct-ligated mice.
Elevated miR-199-5p disrupted sustained ER stress and prevented hepatocytes from undergoing bile
acid-induced cell death, supporting the potential of this miRNA as a target for clinical approaches
aiming to protect against liver toxicity from bile salts in hepatocytes [33]. Analysis of the association
between thyroid hormone and miR-199 unexpectedly revealed a negative correlation between the
two molecules. MiR-199/miR-214 are clustered and located on opposite strands of the Dynamin3
gene (DNM3). Under most conditions, while clusters have the same performance, but the thyroid
hormone exerts differential effects on the two molecules, which seems to be due to the existence
between miR-199 and miR-214 additional positivity TRE affecting miR-214 [38].

3. Discussion

The specific roles of thyroid hormone in different human cancer types are controversial. A number
of investigators have reported that thyroid hormone promotes development of various cancers,
whereas others suggest a tumor suppressor role [161–164]. Accumulating evidence from animal
models and epidemiologic studies indicate an association between higher thyroid hormone levels
and prevention of liver diseases, supporting the suppressor role of thyroid hormone and its
receptor in HCC [25,38,164–166]. Moreover, clinical findings support a positive correlation between
hypothyroidism and HCC development [167–169]. Oxidative stress-induced liver inflammation is the
most important factor for HCC progression [1,170]. Oxidative stress is also related to thyroid hormone
derangement, with the hormone reported to influence the antioxidant level or generation of ROS.
Hyperthyroidism and hypothyroidism have been shown to be associated with oxidative stress in acute
and chronic nonthyroidal illness syndrome (NTIS) [171,172].

In this report, we have discussed the involvement of a range of miRNAs in correlation with
thyroid hormone and oxidative stress in HCC. Inconsistent results have been obtained from multiple
studies on the role of the thyroid hormone in multiple cancer types. Based on the collective findings,
thyroid hormone clearly regulates the expression of different miRNAs either directly or indirectly
to affect oxidative stress (HCV/HBV-induced or DEN, Dox-induced) in liver. As shown in Figure 1,
thyroid hormones can influence oxidative stress-induced hepatocarcinogenesis mediated by miRNAs,
specifically, via upregulating miR-214, miR-122, and miR-206 in HCC. Several other studies indicate
these miRNAs act as tumor suppressors in HCC. Simultaneously, these miRNAs regulate different
oxidative stress-related genes that participate in liver cell antioxidant capacity, including Bim, NQO1,
and Nrf2. A number of oncogenic miRNAs have been shown to be downregulated by thyroid hormone
in HCC, including miR-200, miR-92a, and miR-181. Their target genes, p38α, 8-OHdG, and Sirt1,
participate in oxidative stress. Multiple studies have shown that thyroid hormones participate in the
regulation of miRNA expression to prevent excessive generation of ROS (miR-122, miR-200, miR-206)
and reduce DNA damage (miR-214, miR-92a, miR-181) in hepatocytes.
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Figure 1. Thyroid hormones affect oxidative stress-induced hepatocarcinogenesis through effects
on miRNAs. Oxidative stress is a risk factor associated with liver cancer. Among them, miRNAs
strongly related to physiological significance are also involved. We analyzed the associations of thyroid
hormones with oxidative stress and miRNAs in liver cells. While miRNAs related to promotion of
resistance to oxidative stress were also affected by thyroid hormones, based on empirical evidence
from other experimental animal and clinical studies, we believe that thyroid hormone plays a largely
hepatoprotective role under conditions of oxidative stress. (The red arrow is a positive association,
the yellow T bar is a negative association, blue arrow indicates the miRNAs affected liver genes,
and green arrow is thyroid hormone associated-miRNAs affected liver genes)

Conversely, an oncogenic role of thyroid hormone in HCC has been reported by other
investigators [14,173]. The thyroid hormone is reported to induce oxidative stress through enhancing
the expression of different miRNAs in liver, such as miR-128, miR-29a/c, and miR-21, which directly
regulate anti-oxidant genes, such as DJ-1, Sirt1, and Bach1, or affect related antioxidant genes, including
Nrf2, Keap1, Sirt3, NQO1, and HO-1.

The role of thyroid hormone in various human organs is complex, especially under conditions of
oxidative stress. In patients with hypothyroidism, high plasma levels of NO and malondialdehyde
(MDA), a marker of oxidative stress, were measured in hepatic vein, along with lower activity of
paraoxonase-1 (PON-1), a liver enzyme with antioxidant features. Data from this study further indicated
that increased oxidative stress in hypothyroidism is primarily attributed not only to a decrease in
antioxidant levels, but also effects on lipid metabolism [174,175]. The collective evidence suggests that
thyroid hormone has potential antioxidant activity, at least in the liver [7,73]. The same findings were
reported in experimental animals. Thyroid hormone signaling was altered following stimulation with
various stress signals and played a crucial role in response to stress, post-stress recovery, and tissue
repair by reducing the inflammatory response associated with NF-κB and STAT3 activation as well
as the acute phase response [176–178]. Hepatic autophagy regulates lipid metabolism through
elimination of triglyceride accumulation in liver, prevents the development of steatosis, and reduces
oxidative stress [179]. Mitochondrial balance is a precisely regulated process that influences cellular
homeostasis. Since activation of hepatic mitophagy eliminates the lipid content and oxidative
stress, its dysregulation is implicated in progression of NAFLD. Dysregulation of autophagy and
defective mitochondrial homeostasis contribute to hepatocyte injury and liver-related diseases [180].
In a murine model, disruption of thyroid hormone production led to a marked increase in progression
of DEN-induced HCC. DEN triggers generation of ROS, resulting in oxidative stress and cellular
injury, and consequently, progression of HCC. Data from this model indicate that thyroid hormone
promotes autophagy via induction of the DAPK2-SQSTM1 cascade, thus protecting hepatocytes
from DEN-induced hepatotoxicity or carcinogenesis. Furthermore, thyroid hormone is reported
to participate in regulation of lipid metabolism through a chromosome 19 open reading frame 80
(C19orf80)-activated autophagic process in HCC [99,101,181].

Although the role of thyroid hormone in relation to oxidative stress in HCC remains a controversial
issue, abundant reports support antioxidant over pro-oxidant activity, which prevents induction of
liver cancer progression by oxidative stress in hepatocytes. This situation is similar to that of the

233



Int. J. Mol. Sci. 2019, 20, 5220

antioxidant genes Sirt1 and Nrf2. Sirt1 and Nrf2 are oppositely regulated by thyroid hormone in
association with different miRNAs. However, the majority of reports indicate that the thyroid hormone
activates Sirt1 [182,183]. Moreover, the thyroid hormone positively affects FOXO1 in addition to
Sirt1 to stimulate genes that enhance the autophagic process [184–187]. Several animal studies have
provided evidence to support a positive association of thyroid hormone with Nrf2, a key redox-sensitive
transcription factor of antioxidant genes, in the liver. Thyroid hormone not only upregulates Nrf2,
but also promotes antioxidant gene expression, since Nrf2 translocates from the cytosol to nucleus,
mediating hepatic cytoprotection [188–191].

In this review, we have discussed several miRNAs associated with oxidative stress in HCC.
Importantly, the relationships among miRNAs, thyroid hormone, and oxidative stress have been
comprehensively explored. Despite conflicting results in the literature, thyroid hormone is
considered a protective factor overall in hepatocytes. Thyroid hormone may aid in maintaining
the normal environment of hepatocytes through effects on lipid metabolism and mitochondrial activity.
Moreover, thyroid hormone protects against liver injury by reducing oxidative stress induced by
harmful chemicals or HBV/HCV. Further studies should focus on the development of thyroid hormone
analogs beneficial for human health.
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Abstract: Systemic lupus erythematosus (SLE) is a prototype of systemic autoimmune disease
involving almost every organ. Polygenic predisposition and complicated epigenetic regulations are
the upstream factors to elicit its development. Mitochondrial dysfunction-provoked oxidative stress
may also play a crucial role in it. Classical epigenetic regulations of gene expression may include
DNA methylation/acetylation and histone modification. Recent investigations have revealed that
intracellular and extracellular (exosomal) noncoding RNAs (ncRNAs), including microRNAs (miRs),
and long noncoding RNAs (lncRNAs), are the key molecules for post-transcriptional regulation of
messenger (m)RNA expression. Oxidative and nitrosative stresses originating from mitochondrial
dysfunctions could become the pathological biosignatures for increased cell apoptosis/necrosis,
nonhyperglycemic metabolic syndrome, multiple neoantigen formation, and immune dysregulation
in patients with SLE. Recently, many authors noted that the cross-talk between oxidative stress
and ncRNAs can trigger and perpetuate autoimmune reactions in patients with SLE. Intracellular
interactions between miR and lncRNAs as well as extracellular exosomal ncRNA communication to
and fro between remote cells/tissues via plasma or other body fluids also occur in the body. The urinary
exosomal ncRNAs can now represent biosignatures for lupus nephritis. Herein, we’ll briefly review
and discuss the cross-talk between excessive oxidative/nitrosative stress induced by mitochondrial
dysfunction in tissues/cells and ncRNAs, as well as the prospect of antioxidant therapy in patients
with SLE.

Keywords: noncoding RNA; microRNA; long noncoding RNA; mitochondrial dysfunction;
oxidative stress; nitrosative stress. exosome; cross-talk; systemic lupus erythematosus
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1. Introduction

Systemic lupus erythematosus (SLE) is a highly heterogeneous disorder with chronic inflammatory
and autoimmune reactions all over the body. It is characterized by the production of diverse
autoantibodies [1,2] and chronic tissue inflammation [3–6]. There are multiple factors associated
with lupus pathogenesis, including genetic predisposition [7–15], epigenetic dysregulation of gene
transcription [16–21] and aberrant post-transcriptional events by noncoding (nc)RNAs [19,22–25],
sex hormonal imbalance [26–29], environmental stimulation [30,31], mental/psychological stresses [28],
dietary/nutritional influence [32–35], mitochondrial dysfunctions [36–39], and other yet-undefined
factors [40]. Figure 1 shows the factors contributing to the pathogenesis of SLE, in which environmental
factors such as infections, chemicals, heavy metals, medications, exogenous estrogens, and phthalate
trigger its development in susceptible individuals. The genome-wide association study (GWAS) has
identified over 100 risk loci for SLE susceptibility across populations [13]. However, functional studies
have revealed that many of them fall in the category of noncoding regions of genomes, suggesting that
they probably play a regulatory role. Many loci exhibit protean environmental interactions,
epigenetic modifications, or association with genetic variants [10]. Nevertheless, the expression of
IFN-α in tissues and circulation has been consistently found at a hereditary risk locus in patients
with SLE [14]. The genetic predisposition for lupus pathogenesis is summarized in Table 1.

Figure 1. Factors contributing to the development of systemic lupus erythematosus. It is worthy to
note that cross-talk between mitochondrial dysfunction and aberrant epigenetic regulation is mediated
via excessive oxidative stress.

Recent investigations revealed that increased oxidative and/or nitrosative stress could induce
structural and functional changes in different biomolecules, including proteins, lipids, nucleic acids,
and glycoproteins [41,42]. The oxidative stress may also modulate proinflammatory cytokine gene
expression [43–46] and cell senescence/apoptosis [47,48]. Antioxidants have been tried in the treatment
of SLE with effectiveness [49–53]. Accordingly, the presence of oxidative stresses and their associated
biomarkers are definitely playing a decisive role in the pathogenesis of SLE [54].

Epigenetics is an investigation of the changes in phenotypic presentation (or gene expression)
that are caused by mechanisms other than the polymorphism of genome per se. It is conceivable that
more than 97% of cellular RNAs are not transcribed for protein coding in nature. These ncRNAs,
including microRNAs (miRs, 20–24 bp in length) and long noncoding (lnc) RNAs, which are >200 bp
in length are the major molecules for post-transcriptional modifications of messenger (m)RNAs [55,56].
Interestingly, many reports have demonstrated that oxidative stress can modulate ncRNA expression
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in different diseases [57,58]. Conversely, ncRNAs have also been found to be regulators of oxidative
stresses in different pathological conditions [59]. Furthermore, the cross-talk between miRs and
lncRNAs has also been found [60,61]. Based on these facts, we hereby review and discuss briefly the
molecular basis of epigenetic regulations, the underlying mechanism of mitochondrial dysfunctions,
and the cross-talk between mitochondrial dysfunction-provoked oxidative stress and abnormal
expression of ncRNAs during the pathologic development of SLE. At the end, a potential use of
antioxidants as the therapy for SLE will also be concisely overviewed.

Table 1. Some of the genetic loci involved in the risk for SLE.

• MHC association [7–9]

- MHC class II: DR2, DR3
- MHC class III: C4 null, TNF-α

• Immune complex processing and phagocytosis [7–15]

- C1q/r/s, C4A/B, CFB
- FCGR2A/B, CR2, CR3
- CRP
- ICHMs (intercellular adhesion molecules)
- ITGAM (integrin subunit alpha M)

• TLR and type I IFN signaling [7–15]:

- TLR7 (toll-like receptor 7)
- TREX1 (three prime repair exonuclease 1)
- DNASE1 (DNA degrading enzyme 1)
- IRAK1/MECP2 (interleukin-receptor-associated kinase 1)
- IRF5/7/8 (interferon regulatory factor 5, 7, 8)
- STAT1 (signal transducer and activator of transcription 1)
- STAT4 (signal transducer and activator of transcription 4)

• B and T cell function and signal genes [7–15]

- IL10 (interleukin 10)
- STAT4 (signal transducer and activator of transcription 4)
- PTPN22 (protein tyrosine phosphatase non-receptor type 22)
- PDCD1 (programmed cell death 1)
- TNFSF4 (TNF superfamily member 4)
- BLK (B lymphoid tyrosine kinase)
- BANK1 (B cell scaffold protein with ankyrin repeats 1)

• Others

- PXK/ABHD6 (PX domain containing serine/threonine kinase likes)
- XKR6 (XK related 6)
- UPF1/SMG7 (RNA helicase and ATPase)
- NMNAT2 (nicotinamide nucleotide adenyltransferase 2)
- UHRF1BP1 (ubiquitin like with PHD and ring finger domains 1 binding protein 1)

2. Epigenetic Regulations of Gene Expression/Silencing in Physiological Conditions

Epigenetic variation is a reversible but heritable change in gene expression without alterations in
genetic code. It may include DNA methylation, histone modification, and post-transcriptional mRNA
modification by ncRNAs [16]. DNA methylation is a biochemical process that involves a methyl
group being added to a cytosine or adenine residue at the position of a repeated CpG dinucleotide
(CpG island) in the promoter region to repress gene expression by DNA methyl- transferase (DNMT) 1,
3a, and 3b. In contrast, reactivation of DNA by demethylation to restore gene transcription can be
achieved by ten-eleven translocation (TET) enzymes TET1, TET2, and TET3.
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2.1. Abnormal DNA Methylation/Demethylation in SLE

DNA methylation is catalyzed by DNMT1 for gene silencing. A status of DNA hypomethylation to
enhance gene expression can be found in CD4+T cells of SLE patients as a result of decreased expression
of DNMT1 originating from a deficient ras-MAPK signature [62,63]. In addition, DNA methylation acts
as a housekeeping mechanism for physiological inactivation of X-chromosomes in female [26,27,64].
Recent studies have suggested that CD40L demethylation is responsible for CD40L overexpression in
T cells of women with SLE [64].

2.2. Abnormal Histone Modification in SLE

The degree of chromatin tightness is regulated via complex mechanisms, including structural
changes in histones. Usually, double helix-chromatin coils around a protein core composed of histone
octamers (H2A, H2B, H3, and H4 with two copies of each). The biochemical processes to change
the 3D structure of histones include ubiquitination, phosphorylation, SUMOylation, methylation,
and acetylation. The methylation and acetylation of histones are the most extensively studied [17].
These two biochemical changes are controlled by two major enzymes, histone acetyl transferase (HATs)
and histone deacetylase (HDACs), that catalyze the addition/removal of an acetyl group on the lysine
residues of histones. Acetylation relaxes the chromatin structures by diminishing the electric charge
between histone and DNA as a result of offering an acetyl group. Conversely, deacetylation tightens
the chromatin structure to silence gene expression.

The participation of histone modifications in lupus pathogenesis has been well documented.
Hu et al. [65] demonstrated a global hyperacetylation of histones H3 and H4 in lupus CD4+T cells.
Zhou et al. [66] reported that abnormal histone modifications within TNFSF7 promotor caused CD70
(a ligand for CD27) overexpression in SLE-T cells. Furthermore, Hedrich et al. [67] demonstrated that
CREM, a transcription factor, participated in histone deacetylation in active T cells of SLE patients
by way of silencing IL-2 expression, which normally recruits HDAC to cis-regulatory element (Cre)
sites in IL-2 promotors. Dai et al. [68] showed in GWAS an alteration in histone H3 lysine K4
trimethylation (H3K4me3) by chromatin immunoprecipitation linked to microarray in peripheral
blood mononuclear cells of some SLE patients. In addition, Zhang et al. [69] have found global H4
acetylation occurs in monocytes/macrophages in SLE subjects, which is regulated by IFN regulatory
factors. The release of SLE-related cytokines such as IL-17, IL-10, and TNF-α was also abnormally
increased in H3 acetylation by stat3 [70–72]. In lupus-prone MRL/lpr mice, a histone deacetylation
gene, sirtuin-1 (Sirt-1), was found overexpressed [73], indicating a compensatory repression of gene
over-reactivation. Hu et al. [73] further noted downregulation of Sirt-1 would transiently enhance
H3 and H4 acetylation and subsequently mitigate serum levels of anti-dsDNA, as well as kidney
damage in lupus mice. Javierre et al. [74] reported a global decrease in the 5-methylcytosine content in
parallel with DNA hypomethylation and high expression levels of ribosomal RNA genes relevant to
SLE pathogenesis. In short, abnormal histone modifications are implicated in lupus pathogenesis and
immunopathological changes in these patients.

2.3. Physiological Functions of ncRNAs

Besides DNA methylation/acetylation and histone modification, the most recently discovered
epigenetic mechanisms for gene expression are dependent on the class of ncRNAs that are not
translated into proteins. These molecules include both housekeeping ncRNAs and regulatory
ncRNA [55]. In total 50% of mRNAs are located in chromosomal regions with liability to undergo
structural changes [75]. On the other hand, lncRNA can regulate gene expression by different ways,
including epigenetic, transcriptional, post-transcriptional, translational, and peptide localization
modifications [56]. Interestingly, the interactions between lncRNAs and miRs, as well as their
pathophysiological significance, have recently been reported [60,61]. It is believed that lncRNAs
mediate “sponge-like” effects on various miRs and subsequently inhibit miR-mediated functions [60,61].
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The regulatory effects of intracellular and extracellular (exosomal) ncRNA on cell functions are
illustrated in Figure 2.

Figure 2. Different kinds of noncoding RNAs, including groups of small noncoding and long noncoding
RNA, distributed in the intracellular and extracellular compartments, such as plasma, urine, and other
body fluids, for regulation of messenger RNA translation and remote cell–cell communications in
the body.

2.4. Aberrant Intracellular and Extracellular Exosomal ncRNA Expression in Association with Pathological
Changes in Patients with SLE

It is not surprising that miRs play important roles in the regulation of innate and adaptive
immunity, and the aberrantly expressed miRs are associated with autoimmune diseases [22,76–80].
Lu et al. [23,81–83] and Su et al. [84] have found various aberrantly expressed intracellular miRs
implicated in the cell signaling abnormalities, deranged cytokine and chemokine release, and Th17/Treg
ratio alterations in patients with SLE. Different from miRs, lncRNAs are expressed at lower levels in cells
and tissues, more specifically [85–87]. These lncRNA are obviously modulating innate immunity [88]
and inflammatory responses [89]. Luo et al. [90], Zhao et al. [91], and Wang et al. [92] reviewed the
literature and found that lncRNA expression profiles in SLE were remarkably different from the normal.

The regulatory functions of miRNAs can be validated by transfecting miRNA mimics or antagonists
using electroporator. Lu et al. [81] found increased miR-224 could target apoptosis inhibitory protein
5 (API5) and enhance T cell activation, and then activate induced cell apoptosis. Besides, the same
group found decreased miR-31 in SLE T cells targeted the Ras homologue gene family member A
(RhoA), which led to a decreased nuclear factor of activated T cells (NFAT) and cell apoptosis [23].
In addition, decreased miR-146a may result in upregulation of interferon regulatory factor 5 (IRF-5) and
then enhanced production of IFN-α, STAT-1, IL-1 receptor associated kinase-1 (IRAK1), and TRAF6,
which then increase innate immune responses, lupus disease activity, and lupus nephritis [23].
Furthermore, increased miR-524-5p that targets Jagged-1 and Hes-1mRNA may enhance IFN-γ
production and then increase disease activity of SLE [82]. Su et al. [84] demonstrated that increased
expression of miR-199-3p promoted ERK-mediated IL-10 production by targeting poly-(ADP-ribose)
polymerase-1 (PARP-1) in SLE.

While their major functions are executed intracellularly, many miRs can be detected extracellularly
in plasma/serum and urine. This extracellular form of ncRNA is protected from degradation
by conjugation with carrier proteins or by being enclosed in subcellular vesicles by lipid bilayer
exosomes [85]. With characteristics of the tissue- and disease-specific expression, these extracellular
ncRNAs can carry out intercellular communication, signal transduction, transport of genetic
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information, immunomodulation, and can be taken as diagnostic biosignatures or as research tools for
understanding the pathophysiology of autoimmune diseases [85–92]. Plasma circulating microRNAs
exist in a rather stable form and are incorporated into distant cells to regulate protein translation and
synthesis there. Carlsen et al. [87] have found plasma exosomal miR-142-3p, which targets IL-1β,
and miR-181a, which targets FoxO1, are increased in active SLE patients. Kim et al. [88] demonstrated
that increased plasma circulatory hsa-miR-30e-5p, hsa-miR-92a-3p, and hsa-miR-223-3p could become
novel biosignatures in patients with SLE. The exosomal miRs can be found in other body fluids
including breast milk, saliva, and urine, in addition to plasma [89]. Hsieh et al. [93] and Tsai et al. [94]
concluded that urinary exosomal miRs could be used as biomarkers/biosignatures in lupus nephritis.
Tsai et al. [94] have also noted aberrant miRNA expression in the immune-related cells could become
biosignatures in correlation with pathological processes in different autoimmune and inflammatory
rheumatic diseases. In addition, Perez-Hernandez et al. [95] and Xu et al. [96] have suggested the
potential therapeutic application of exosomal ncRNA in different autoimmune diseases. Not only
exosomal miRs, extracellularly expressed lncRNA profiles could also become potential biomarkers
for human diseases [97,98]. lncRNAs are another regulatory noncoding RNA, capable of modulating
many biological functions more specifically than miRs [99–102]. Aberrant expression of lncRNAs
obviously induces different disease entities [99–106]. Table 2 summarizes the aberrant intracellular and
circulating plasma exosomal lncRNA expression, their target mRNA, and related pathological processes
in patients with SLE. Wang et al. [103] found that increased lncRNA ENST00000604411.1 expression in
macrophages/dendritic cells, through targeting the X inactive specific transcript (XIST) that is normally
implicated in keeping the active X chromosome in an activated state by protecting it from ectopic
silencing after commencement of the silencing process of the haplotype X chromosome, could induce
lupus development. Another lncRNA ENST 00000501122.2 (also known as NEAT1) overexpressed
in SLE monocytes may activate CXCL-10 and IL-6 expression. Furthermore, Wu et al. [98] reported
that elevated expression of plasma GAS-5, linc 0640, and linc 5150 may activate MAPK signaling
pathway. The five lncRNA panels, including GAS-5, linc7074, linc 0597, linc 0640, and linc 5150 in
plasma, could be regarded as biosignatures in SLE. The biochemical properties of extracellular ncRNAs
and the pathophysiological roles of these aberrant exosomal ncRNAs in SLE are further discussed in
the following paragraph.

Table 2. Aberrant expression of long none-coding RNAs, their target mRNAs, and related pathological
processes in patients with systemic lupus erythematosus.

SLE lnc RNA Expression Target mRNA Pathological Processes

Intracellular [103–106]
NEAT1↑* IL-6↑, IFN↑, CXCL10↑ DNA hypomethylation

MALAT1↑ IL-21↑, SIRT1↑ SLEDAI-2K↑
Linc0597↑ TNF-α↑, IL-6↑ ESR↑, CRP↑, C3 ↓,
Linc DC↑ STAT3↑ Th1↑

ENST00000604411.1↑ XIST SLEDAI score↑
ENST000005011222↑ NEAT1

Linc 0949↓ TNF-α↑, IL-6↑ Inflammation↑
Linc-HSFY2-3:3↓ - SLEDAI score↑

Linc-SERPIN139-1:2↓ -
Gas 5↓ Apoptotic gene↓ T cell apoptosis↓

Circulating plasma exosomal [98]
Linc0597↑ TNF-α↑, IL-6↑ MAPK signaling↑
Lnc0640↑ Phosphatase 4 (DUSP4)↑ Lupus pathogenesis
Lnc5150↑ Arrestin β2 (ARRB2)↑

Ribosomal protein S6 kinase A5 (RPS6KA5)↑
Gas 5↓ Apoptotic gene↓ T cell apoptosis↓

Lnc 7074↓
↑: increased expression or production; ↓: decreased expression or production; *: Oxidative stress-induced [107].

250



Int. J. Mol. Sci. 2019, 20, 5183

3. Increased Oxidative Stress in Patients with SLE

3.1. Causes of Excessive Oxidative Stress in SLE

Li et al. [108] have compared the reduction–oxidation (redox) capacity between normal and
SLE immune cells. They found decreased plasma and intracellular glutathione (GSH) levels,
and decreased intracellular GSH-peroxidase and gamma-glutamyl-transpeptidase activity in patients
with SLE. Besides, the defective expression of facilitative glucose transporter (GLUT) 3 and 6 led
to increased intracellular basal lactate levels, as well as decreased ATP production in SLE T cells
and polymorphonuclear leukocytes. These results may indicate deranged cellular bioenergetics and
defective redox capacity in immune cells that would increase oxidative stress in SLE. Lee et al. [36–39]
demonstrated that mitochondrial dysfunctions in SLE patients included decreased mitochondrial DNA
(mtDNA) copy number, increased mtDNA D-310 (4977 bp) heteroplasmy, and variants, as well as
polymorphism of C1245G in hOGG1 gene in leukocytes. Leishangthem et al. [41] found a significant
decrease in enzyme activity of complex I, IV, and V in mitochondria of patients with SLE. Lee et al. [109]
have extensively investigated the cause of excessive stress in patients with SLE. They reported a
number of antioxidant enzyme deficiencies in SLE leukocytes, including copper/zinc superoxide
dismutase (Cu/ZnSOD), catalase, glutathione peroxidase 4 (GPx-4), glutathione reductase (GR),
and glutathione synthetase (GS). In addition, the mitochondrial biogenesis-related proteins, such as
mtDNA-encoded ND1 peptide (ND1), ND6, nuclear respiratory factor 1(NRF-1), and pyruvate
dehydrogenase E1 component alpha subunit (PDHA1), and glycolytic enzymes, including hexokinase
II (HK-II), glucose 6-phosphatate isomerase (GPI), phosphofructokinase (PFK), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), are also reduced in SLE immune cells. These mitochondrial
functional abnormalities may further increase oxidative stress and cell apoptosis in patients with
SLE, in addition to the defective bioenergetics. Yang et al. [110] and Tsai et al. [111] concluded that
enhanced oxidative stress could facilitate mitophagy, inflammatory reactions, cell senescence/apoptosis,
neoantigen formation, and NETosis in SLE. The causes of mitochondrial dysfunction to induce excessive
oxidative stresses and their effects on the lupus pathogenesis and pathological processes are illustrated
in Figure 3.

Figure 3. The origins of excessive oxidative stresses and their roles in abnormal epigenetic regulation
and pathological processes in patients with SLE.
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3.2. Effects of Excessive Oxidative Stress on the Pathogenesis and Pathophysiology in SLE Patients

The modifications of intra- and extracellular biomolecules by oxidative stress result in glycation
and nitrosation of proteins [112], lipid peroxidation [42], as well as mitochondrial [113] and nuclear
DNA strand breaks [114]. These biochemical and structural modifications of intracellular biomolecules
would induce histone modification, nuclear and mitochondrial DNA damage, and aberrant ncRNA
expression. As a consequence, the resulting sensitivity to environmental stress and sex hormone
dysregulation [26–31] may further trigger the occurrence of lupus flare-ups. In addition, cardiovascular
morbidities are enhanced due to increased glycation end products in patients with SLE [111,112,115].
The molecular basis and adverse effects of excessive oxidative stress in lupus pathogenesis and
pathology are summarized in Figure 4.

Figure 4. The molecular basis of excessive oxidative stress in the pathogenesis and pathological changes
in patients with SLE.

4. Cross-Talk Between Oxidative Stress and ncRNAs in Physiological Condition

Recently, ever-increasing studies have emphasized the significance of the interactions between
redox signaling and expression of ncRNAs in normal physiological conditions, as well as in disease
status [44–46,57–59]. Sustained high levels of oxidative stress can cause cell senescence and even
cell death, while optimal oxygen radicals are important for cell signaling. Dandekar et al. [44] and
Lin et al. [116] have found mutual cross-talk among endoplasmic reticulum stress, oxidative stress,
inflammatory response, and autophagy.

4.1. Excessive Oxidative Stress May Influence ncRNA Expression in Various Diseases

Many authors have demonstrated that redox-dependent signaling is essential for host’s cellular
decisions on differentiation, senescence, or death to maintain homeostasis of the body [117–119].
Figure 5 summarizes the aberrant miR expression resulting from excessive oxidative stress in different
diseases, which include Alzheimer’s disease [120], Parkinson’s disease [121], hearing disorders [122],
aging [123], osteoarthritis [124], cardiomyopathy in diabetes [125], and cancers [126]. However,
despite the association of aberrant ncRNA expression with various pathological changes in SLE, as listed
in Tables 2 and 3, there has been no literature demonstrating direct evidence for specific oxidative-induced
ncRNA in patients with SLE. The combination of Table 3 and Figure 5 leads us to speculate that miR-21,
miR-29b, miR-146a, and miR-126b may be induced by excessive oxidative stress in SLE as asterisked in
Table 3 and its footnote.
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Table 3. Aberrant expression of microRNAs, their target mRNAs, and pathological effects in patients
with SLE.

SLE miRNA Target mRNA Pathological Process

Intracellular [82–86] � Increase in:

miR-21* Arylamide small nucleotide
inhibiors DNA hypomethylation↑

miR-524-5p Jagged-1, Hes-1 IFN-γ↑, SLEDAI↑
miR-126 KRAS

miR-148a PTEN
� Decrease in:

miR-142-3p HMGB-1 T and B activation↑
miR-142-5p PD-L1

miR-146a* IRF-5, STAF-1 Innate immune response↑, lupus
nephritis↑

miR-224↑ API5 Type 1, IFN↑
miR199-3p↑ PARP-1 IL-10↑

� Decrease in:

miR-31 RhoA Cell apoptosis↑
miR-142-3p HMGB-1

miR410 STAT3
miR-125a STAT3, hexokinase 2, NEDDG IL-10↑
miR-125b* Claudin 2, cingulin, SYVN1
mi-1273e Th17/Treg ratio↑
miR-3201

Circulating plasma
[87–94]

� Increase in:

miR-142-3p IL-1β
miR-181a FoxO1

hsa-miR-30e-5p
hsa-miR-92a-3p Oral ulcer and lupus anticoagulant

hsa-miR-223-3p
miR-16-5p p38MAPK, NF-κB

miR-223-3p Voltage-gated K+ channel
KV4.2

miR-451 LKB1/AMPK
� Decrease in:

miR-106a THBS2
miR-17 JAB1/CSN5

miR-20a IkBβ
miR-203 ZEB1
miR-92a p63

miR-146a JAK2/STAT3
miR-1202 cyclin dependent kinase 14

Urinary exosomal
(lupus Nephritis)

[95,96]
� Increase in:

miR-125a STAT3, hexokinase 2, NEDDG Glomerulonephritis
miR-146* NF-κB
miR-150 Akt3
miR-155 PTEN, Wnt/β-catenin

� Decrease in:

miR-141 Tram1, GL/2, TGF-β Glomerulonephritis
miR-192 nin one binding protein

miR-200a HMGB1/RAGE
miR-200c ZEB1, Notch 1
miR-221 BIM-Bax/Bak, TIMP3
miR-222 PPP2R2A/Akt/mTOR, PCSK9
miR-429 TRAF6, DLC-1, HIF-1α

� Decrease in:

miR-3201 Endocapillary glomerular
inflammation

miR-1273e

↑: increased expression or function; *: oxidative stress-induced microRNAs.
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Figure 5. The effect of excessive oxidative stress on aberrant microRNA expression in various
degenerative, malignant, cardiovascular, and autoimmune diseases. (?): increased miR-21, miR-29,
miR-126b, and miR-146a expression induced by excessive oxidative stress is suspected in SLE patients,
but no direct evidence has been published in the literature.

4.2. Aberrant ncRNA Expression Induces Oxidant/Antioxidant Imbalance in Different Pathological Processes

It has been demonstrated that excessive oxidative stress can affect ncRNA expression in Section 4.1.
However, it is quite interesting that aberrant expression of ncRNAs conversely regulates redox balance
in some pathological conditions. Esposti et al. [127] found miR-500a-5p could modulate oxidative
stress-responsive genes in breast cancer and predict breast cancer progression as well as survival.
Sangokoya et al. [128] have demonstrated that miR-144 modulates oxidative stress tolerance and, thus,
is associated with changes in anemia severity in sickle cell disease. Kim et al. [129] found the roles of
lncRNA and RNA-binding proteins in oxidative stress, cellular senescence, and age-related diseases.
Tehrani et al. [130] further demonstrated multiple functions of lncRNAs in regulating oxidative stress,
DNA damage response, and cancer progression. Mechanistically, ncRNAs can regulate enzymatic
activity of different glutathione S-transferases (GSTs) to affect redox homeostasis [58]. These GSTs
include microsomal GST, GST zeta l, GST mu1, GST theca 1, and sirtuin 1, superoxide dismutase 2 and
thioredoxin reductase 2. In addition, the cellular oxidant/antioxidant balance can also be regulated by
lncRNAs [59]. The abnormal ncRNA expression to affect the oxidant/antioxidant system is summarized
in Figure 6.

Figure 6. The effects of aberrant noncoding RNA expression on redox capacity and the induction of
various age-related and malignant diseases.
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5. Antioxidant Therapy and Manipulation of Epigenetic Expression to Treat Patients with SLE

In addition to increased oxygen free radicals in the plasma of SLE patients, there are other novel
findings regarding the pro-oxidant/antioxidant balance in SLE. Mohan et al. [131] firstly confirmed
that plasma concentrations of lipid peroxidase and nitric oxide were increased, whereas antioxidant
molecules such as catalase, superoxide dismutase (SOD), GSH peroxidase, and vitamin E were decreased.
Obviously, the pro-oxidant/antioxidant balance in SLE is disturbed [53]. Antioxidant therapy has been
advocated for ameliorating tissue damage caused by excessive pro-oxidant radicals. Supplemented
with GSH precursor, N-acetyl-cysteine (NAC) can improve disease activity in lupus-prone mice [50].
Delivering the oxidation resistance-1 (OXR1) gene to mouse kidneys by genetic manipulation can
protect the kidney from damage induced by serum nephrotoxic agents, and prevent the animal
from developing lupus nephritis [52]. Many authors, by administering NAC, have found remedies
to ameliorate lupus activities in human SLE. Kudaravalli et al. [132] reported the improvement of
endothelial dysfunction in patients with SLE by NAC and atorvastatin. Lai et al. [133] reported that
NAC reduced disease activity by blocking mammalian targets of rapamycin (mTOR) in T cells of SLE
patients. Tzang et al. [134] found cystamine attenuated lupus-associated apoptosis in ventricular tissue
by suppressing both intrinsic and extrinsic apoptotic pathways. Nevertheless, much more clinical data
are necessary to validate the efficacy of antioxidant therapy in managing patients with SLE.

Since there are so many intricate interactions among oxidative/nitrosative stress, epigenetic
regulations, and gene expression in SLE, as discussed in the above sections, interference with epigenetic
mechanisms such as modifying the activity of histone acetylase and/or DNA methylation, or inducing
up- or downregulation of ncRNA expression may be helpful and can also be advocated to detour lupus
pathogenesis and to diminish SLE disease activity in the future [135,136].

6. Conclusions

Mitochondrial dysfunction-provoked excessive oxidative stress is a crucial downstream
contributory factor for lupus pathogenesis in addition to the dysregulation of upstream
genetic/epigenetic functions. Recent studies have revealed that mutual interactions between oxidative
stress and epigenetic regulation can perpetuate pathogenesis and pathological processes in SLE and
other autoimmune diseases, as well as ageing-related diseases. In the ncRNA regulatory system,
cross-talk between lncRNAs and miRs can occur for fine tuning of gene expression. Excessive oxidative
stress-derived ROS and RNS may trigger autoimmune reaction and increase cell senescence/cell death
in lupus-susceptible individuals. Antioxidant therapy and epigenetic modulators might become novel
therapeutic strategies to treat SLE in the future.
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Abbreviations

C.V cardiovascular
DNA deoxyribonucleic acid
DNMT DNA methyltransfersase
FcγR Immunoglobulin G Fragment C-gamma receptor
GLUT glucose transporter
GSH reduced form glutathione
GPx glutathione peroxidase
GST glutathione S-transferase
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HAT histone acetyltransferase
HDAC histone deacetylase
IFN interferon
IL interleukin
LN lupus nephritis
lncRNA long noncoding ribonucleic acid
MAPK mitogen-activated protein kinase
MHC major histocompatibility complex
miR microRNA
mtDNA mitochondrial DNA
mTOR mammalian target of rapamycin
NAC N-acetylcysteine
ncRNA non-coding RNA
NET neutrophil extracellular trap
Ras rat sarcoma protein, a superfamily of small GTPase
RNS reactive nitrogen species
ROS reactive oxygen species
SIRT1 sirtuin 1
SLE systemic lupus erythematosus
SLEDAI SLE disease activity index
SLEDAI-2K SLEDAI in 2000 year
SOD superoxide dismutase
TET ten-eleven translocation DNA dioxygenase
Th helper T cell
Treg regulatory T cell
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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.

Keywords: oxidative stress; miRNAs; breast cancer; ROS

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 (H2O2). 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
carcinogens, along with DNA damaging drugs. The major mutagenic product of DNA oxidation is
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8-hydroxyl-2′-deoxyguanosine (8-OHdG). Figure 1 summarizes principal sources producing ROS and
main regulators and pathways influenced by ROS production (Figure 1). Cancer cells are usually in a
chronic state of oxidative stress, which they are able to exploit to sustain a proliferative and aggressive
phenotype. Moreover, due to their detrimental action, ROS can also initiate tumorigenesis [5]. It is thus
important not to overlook the impact of such phenomenon on every cellular process and, in particular,
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
breast cancer.

2. Breast Cancer

Breast cancer is the second most commonly diagnosed cancer worldwide and the leading cause of
cancer death in women [6]. The severity and aggressiveness of breast cancer is evaluated by examining
physical and anatomical properties of the disease, in particular by using histological grading and TNM
staging, where T (0–4) is used to describe the size and location of the tumor, N (0–3) accounts for the
lymph node invasion and M measures the spread of the tumor as distant metastasis [7].

The therapeutic regimen is finally driven by the characterization of the breast cancer subtype
according to the immunohistochemical evaluation of three markers: Estrogen receptor (ER), Progesteron
Receptor (Pgr) and HER2 (Epidermal Growth Factor Receptor 2) [8]. Tumors lacking the expression
of these three markers are called triple negative breast cancers (TNBCs). A major contribution to the
increase in survival rate has been provided by the improvement in the therapeutic regimens as well
as in early diagnosis. Moreover, it is fundamental to develop always more personalized drugs for
different cancers subtypes.

The advent of the genomic era disclosed the complexity of breast cancer. For the first time,
in 2000, Perou and colleagues classified the disease in five specific subtypes according to intrinsic gene
expression: Luminal-A, Luminal-B, HER2-positive, Basal-like and Normal-like [9]. Further studies
later identified a new subtype, the so called claudin-low [10], which accounts for 7–14% of all breast
cancers. Moreover, one of the most important applications of the breast cancer molecular classification
lies in its ability to identify groups with a different outcome and response to treatments [11–15].

264



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

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 H2O2 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 5′ 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
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
(NF-κB). NF-κB can be found as both homo- and heterodimer of five distinct proteins, RelA, RelB,
c-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
dimers and DNA binding [59].

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
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
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
play an important part also in this scenario. First of all, NF-κB favors breast cancer cell invasion by
inducing the expression of the oncomiR miR-21 in response to DNA damage [66]. Wiemann S. and his
group, instead, published different papers on NF-κB-regulating miRNAs over the years [67–70]. In 2012,
they demonstrated the tumor suppressive role of miR-520/373 family in ER-negative breast cancer,
through the targeting of NF-κB and TGF-β signaling pathways. In the same context, in 2013, miR-31
was seen to sensitize cancer cells to apoptosis by impairing NF-κB pathway. In 2015, miR-30c-2-3p
was shown to reduce proliferation and invasion of MDA-MB-231 cells through the downmodulation
of TNFR/NF-κB signaling and cell cycle proteins. Conversely, in 2017, a role as an oncomiR was
attributed to miR-1246, which was reported to induce the NF-κB pro-inflammatory signaling in breast
cancer cells. The same year, another group discovered that miR-221/222 promote stem-like properties
and tumor growth of breast cancer via targeting PTEN and sustained Akt/NF-κB/COX-2 activation
(Figure 2B) [71].

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
of interactions, numerous are the miRNAs involved in the regulation of the signaling cascade and,
consequently, many are the hints for therapeutic interventions.

6. MiRNAs Modulate Pathways Altered by Oxidative Stress

6.1. Metabolism

The main goal of cancer cells is proliferation and survival. Such activities require a great amount
of energy in a short period of time. Therefore, cancer cells tend to modify their metabolism in order to
respond to this demand. According to the known Warburg effect, cancers prefer a rapid glycolysis to the
more efficient mitochondrial oxidative phosphorylation. This switch also allows avoiding an excessive
mitochondria-related production of ROS. Interestingly, it has been suggested that the latter could be
the primary reason for the metabolic reprogramming [72]. In breast cancers, the metabolic status
seems to be linked to the molecular subtype. In fact, the more aggressive TNBCs are characterized by
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a glycolytic phenotype, while luminal malignancies retain oxidative phosphorylation as the major
source of energy [73]. It is important to note that it is not unusual to find heterogeneity also among
cells of the same tumor mass, a scenario that can be as deleterious as a predominant Warburg setting.
In 2018, our group indeed proposed that, starting from a mixed population of TNBC cells, pushing all
the cells towards a glycolytic phenotype could become counterproductive for the tumor. Through the
downmodulation of the lactate transporter MCT1, miR-342-3p is able to disrupt the energetic fluxes
between neighboring glycolytic and oxidative cells, promoting the shift and ultimately triggering a
competition for glucose [74]. It has been demonstrated that glucose deprivation induces oxidative stress
in cancer cells [75]. One of the most cited mechanisms of breast cancer cell metabolic reprogramming
that involves miRNAs is miR-155 promotion of hexokinase II (HKII) expression, necessary to start
glycolysis. This miRNA modulates multiple pathways that control HKII: first, miR-155, through
the direct downmodulation of C/EBPβ, reduces miR-143, a HKII inhibitor; second, the miRNA frees
STAT3 from its suppressor SOCS1 to enhance HKII; third, miR-155 positively regulates HKII by
interfering with the PIK3R1-FOXO3a-cMYC axis [76–78]. Another recent example is the work by
Eastlack S. C. et al. that demonstrated miR-27b promotes breast cancer progression by targeting
Pyruvate Dehydrogenase Protein X (PDHX), thus altering cell’s metabolic configuration [79]. PI3K/Akt
pathway, which players are frequently mutated in breast cancers, deeply impacts on metabolism
and ROS production by directly regulating mitochondrial bioenergetics and NOX enzymes. Vice
versa, oxidative stress activates PI3K and suppresses the activity of PTEN, inhibitor of PI3K/Akt
signaling [80–82]. Due to the relevance of the pathway, numerous are the miRNAs found implicated in
its regulation in breast cancer. Among the latest reported, there are the tumor suppressor miR-204-5p,
which targets PIK3CB, and the PTEN-inhibiting oncomiRs miR-1297 and miR-498 (Figure 3A) [83–85].

Figure 3. MiRNAs involved in the regulation of hallmarks of cancer influenced by oxidative stress
in breast cancer: metabolism (A), hypoxia (B) and response to therapy (C) (The red arrow indicates
upmodulation, the red “T” stands for inhibition).

6.2. Hypoxia

Hypoxia refers to a pathological level of oxygen tension, caused by the high proliferative rates
of cancer cells and insufficient vasculature. The lack of oxygen supply, thus, induces cancer cells to
undergo epithelial-to-mesenchymal transition (EMT), which corresponds to the acquisition of migratory

268



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

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.
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Abstract: Imbalanced regulation of reactive oxygen species (ROS) and antioxidant factors in cells is
known as “oxidative stress (OS)”. OS regulates key cellular physiological responses through signal
transduction, transcription factors and noncoding RNAs (ncRNAs). Increasing evidence indicates
that continued OS can cause chronic inflammation, which in turn contributes to cardiovascular and
neurological diseases and cancer development. MicroRNAs (miRNAs) are small ncRNAs that produce
functional 18-25-nucleotide RNA molecules that play critical roles in the regulation of target gene
expression by binding to complementary regions of the mRNA and regulating mRNA degradation or
inhibiting translation. Furthermore, miRNAs function as either tumor suppressors or oncogenes in
cancer. Dysregulated miRNAs reportedly modulate cancer hallmarks such as metastasis, angiogenesis,
apoptosis and tumor growth. Notably, miRNAs are involved in ROS production or ROS-mediated
function. Accordingly, investigating the interaction between ROS and miRNAs has become an
important endeavor that is expected to aid in the development of effective treatment/prevention
strategies for cancer. This review provides a summary of the essential properties and functional roles
of known miRNAs associated with OS in cancers.

Keywords: oxidative stress; MicroRNA; signal transduction; therapeutic target

1. Introduction

Imbalanced regulation of reactive oxygen species (ROS) and antioxidant factors in cells is known
as “oxidative stress (OS)” (Figure 1). OS drives key cellular physiological regulatory responses
through signal transduction, transcription factors (TFs) and noncoding RNAs (ncRNAs) [1]. ROS are
oxygen-containing products and are formed during cellular oxidative metabolism. ROS, including
superoxide anion (O2

−), hydroxyl radical (OH−), hydrogen peroxide (H2O2), nitric oxide (NO) and
singlet oxygen (1O2), play important roles in cell differentiation, cell death, cell growth, signal
transduction, cell apoptosis and chemoresistance [2,3]. Dual roles have been proposed for ROS in
biological phenotypes according to their cellular level [4]. High levels of ROS promote cell apoptosis,
while low levels of ROS act as a signal transducer to induce cell survival (Figure 1). Recently,
excessive ROS production was identified in several cancers where they were significantly correlated
with tumorigenesis. However, the underlying mechanism of ROS regulation in cancer development
remains unclear.

MicroRNAs (miRNAs) are small ncRNA comprising 18-25-nucleotide functional RNA molecules
that play critical roles in the regulation of target gene expression by binding to complementary regions
of mRNA and regulating mRNA degradation or inhibiting translation (Figure 2). Previous studies
have demonstrated that miRNAs are significantly associated with tumor growth, metastasis and cancer
progression [5,6]. Based on these findings, dysregulated miRNA expression is a hallmark of cancer.
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Figure 1. Reactive oxygen species (ROS) production and antioxidant defense in the control of redox
homeostasis in cancer cells. Disruption of redox homeostasis by ROS (intra- or extracellular signals)
and antioxidant defense (enzymatic or non-enzymatic reactions) induces oxidative stress (OS) and
results in various cell functions. The physiological function of ROS is dependent on its concentration.
Elevated ROS production and accumulation lead to cell apoptosis. On the other hand, medium levels
of ROS promote cell survival and progression.

Figure 2. The biogenesis and regulation mechanisms of microRNAs (miRNAs). MiRNAs are
transcribed by RNA polymerase II/III and generated the primary miRNA transcript (pri-miRNA).
The pri-miRNAs are cleaved into precursor miRNA transcript (pre-miRNA) by the microprocessor
complex, a combination of DROSHA and DGCR8. Pre-miRNA is exported to cytoplasm via exportin
5 and further processed by the RNase III enzyme Dicer with the cofactor protein TRBP to generate
an approximately 18-25-nt duplex. Either 5p or 3p strand of the mature miRNA (red line) interacts
with Argonaute (Ago) protein and forms a miRNA-induced silencing complex (miRISC). There are two
models (mRNA degradation and translational repression) of miRNA-mediated gene silencing.
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Cross-talk between ROS and miRNAs has been implicated in cancer development, and it is
important to identify the nature of this connection. Interestingly, some specific miRNAs, called
ROS-miRs or redoximiRs, are regulated by OS and modulate target gene expression in response to
ROS [7,8]. Mesenguer et al. [9] demonstrated that the OS/NFκB axis induced miR-9/9* expression
and inhibited expression of its target genes, GTPBP3, MTO1 and TRMU, in MELAS cells. On the
other hand, a previous study indicated that miR-21 regulated ROS homeostasis and suppressed the
antioxidant response in human umbilical vein endothelial cells (HUVECs) [10]. These findings suggest
that ROS could be upstream regulators or downstream effectors of miRNAs. In this review, we focus
on how ROS affect biological phenotypes through miRNA and how miRNAs regulate ROS-mediated
function in cancer.

2. Regulation of ROS Homeostasis in Cells

OS promotes both nuclear and mitochondrial DNA damage and initiates DNA repair pathways [11].
Furthermore, cellular ROS levels can be produced by different mechanisms, such as ionizing radiation,
UV radiation, inflammatory cells and chemotherapy. ROS are primarily generated in cells through the
byproducts of leaked electrons from the mitochondrial electron transport chain (ETC). Mutations or
aberrantly expressed nuclear or mitochondrial genes encoding the ETC components can influence the
electron transfer reaction that leads to electron leakage. The electrons are captured by O2, producing
O2
−, which is usually converted to H2O2 by manganese (Mn)-containing mitochondrial superoxide

dismutase (MnSOD or SOD2), Cu/Zn-containing cytosolic SOD1 or SOD3 [12]. Subsequently, H2O2

can attack chromosomal DNA and subsequently induce DNA damage. On the other hand, O2
− can be

generated through a reaction catalyzed by some enzymes, including the membrane-located NAD(P)H
oxidase complex (NOX), which consists of NOX1-4, endoplasmic reticulum-associated xanthine oxidase
(XO), cytochrome c oxidase and cyclooxygenase in some cancer cells [13]. In fact, H2O2 plays an
important role in carcinogenesis because it is capable of diffusing throughout the cell components and
producing cellular injury. The injurious effects of ROS in mammalian cells are mediated by the hydroxyl
radical (·OH). The generation of OH in vivo is produced in the presence of reduced transition metals,
including Co, Cu, Fe, or Ni, mainly through the Fenton reaction [14]. Notably, the ·OH-induced DNA
damage includes the generation of 8-hydroxyguanosine (8-OHG), in which the hydrolysis product is
8-hydroxydeoxyguanosine (8-OHdG). 8-OHdG is the most widely used marker of radical attack on
DNA. Notably, 8-OHdG is strongly correlated with cancer progression, including that of breast cancer,
colorectal cancer, ovarian cancer and hepatocellular carcinoma (HCC) [15–17]. For example, hepatic
8-OHdG levels are useful biomarkers for identifying hepatitis C virus (HCV) infection in patients [18].
Alternatively, cells maintain ROS homeostasis by reducing ROS production and triggering specific
antioxidant mechanisms to neutralize ROS or mitigate OS [19]. In fact, antioxidant enzymes include
SODs, catalase, peroxiredoxins (PRDXs), thioredoxins, glutathione peroxidase and heme oxygenase.
First, SOD converts O2

− to O2 or H2O2. Then, catalase and glutathione peroxidase subsequently
convert H2O2 to H2O and O2.

3. MiRNAs and Their Roles in Oxidative Stress

Previous studies indicated that ROS can induce or suppress miRNA expression and contribute
to downstream biological function through regulation of target genes [20]. Increasing evidence has
shown cross-talk between miRNAs and components of redox signaling [21,22]. The transcription,
biogenesis, translocation and function of miRNAs are highly correlated with ROS, and miRNAs may
regulate the expression of redox sensors and other ROS modulators, such as the key components of
cellular antioxidant machinery. Redox sensors have been identified and they include transcription
factors (e.g., p53, NFκB, c-Myc and nuclear factor erythroid 2 related factor 2 (NRF2)) and kinases
(e.g., Akt and IKK), which trigger cellular redox signaling. Here, we summarize how miRNAs are
regulated by ROS at the posttranscriptional and transcriptional levels and how the miRNA/ROS axis
controls tumorigenesis.
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3.1. MiRNA Processing is Regulated by ROS

Recently, it was reported that miRNAs can be transcribed by RNA polymerase II/III as longer
primary transcripts called primary miRNAs (pri-miRNAs). The mature form of miRNA is generated by
the two-step processing of pri-miRNA and is subsequently associated with the effector RNA-induced
silencing complex (RISC). The biogenesis and function of miRNAs regulated by ROS are described.
Two key genes (Dicer and Drosha) are mediated by the miRNA processing pathway (Figure 2). A report
showed that the expression of Dicer was downregulated by aging-related OS in cerebromicrovascular
endothelial cells (CMVECs) [23]. Downregulating Dicer dramatically reduced miRNA expression
under H2O2 treatment compared with the expression of the control. Notably, knocking down Dicer
suppressed ROS production in human microvascular endothelial cells (HMECs) [24]. These findings
indicated that Dicer expression is part of a feedback loop that modulates ROS production and maintains
cellular homeostasis. Upon OS, the expression of pre-miRNA and miRNA in myoblasts is decreased
through DGCR8/heme oxygenase-1 (HMOX1) regulation [25]. Heme is required for DGCR8 activity,
and the heme-binding domain of DGCR8 plays a crucial role in pri-miRNA recognition for miRNA
processing by DROSHA.

3.2. ROS Regulate miRNA Expression through the Modulation of Transcription Factors

Accumulating studies have investigated the miRNAs regulated by ROS/TFs such as c-myc, p53,
c-Jun, HIF and NFκB [20,26]. This section summarizes how miRNAs are regulated by ROS/TF at the
transcriptional level.

ROS exposure has been shown to be correlated with oncogenic signals such as those transduced
by c-Myc and Ras [27,28]. c-Myc, a well-known oncogene, is involved in tumor growth, migration,
invasion, metabolism and metastasis through the regulation of gene expression. c-Myc activation
induces DNA damage in normal human fibroblasts. This effect has been correlated with ROS generation.
Expression levels of miR-15a/16, miR-23a, miR-29 and miR-34 family members were downregulated
by c-Myc [29]. Overexpression of miR-15a/16 suppressed cell proliferation, angiogenesis, migration
and invasion through inhibition of FGF2 in vitro and in vivo [30]. Furthermore, hypoxia-induced
suppression of miR-15/16 expression was directly regulated by c-Myc. By contrast, miR-17-92 and
miR-221/222 expression is stimulated by c-Myc [29]. The expression levels of miR-17-92 were remarkably
inhibited by triptolide in a c-Myc-dependent manner, which resulted in the induction of target genes,
including PTEN, BIM and p21, in HCC cells [31]. Moreover, this suppressive effect contributed to
enhanced triptolide-induced cell apoptosis.

P53, a tumor suppressor gene, regulates the cell cycle, apoptosis, growth and metabolism through
modulation of target genes. P53 is involved in regulating the drosha-dedicated pri-miRNA processing
pathway [32]. In addition, p53 modulates miRNA transcription, such as miR-17-92, miR-34a and
miR-200c. Interestingly, stress-regulated miRNAs, namely, miR-34 and miR-200, are upregulated
in a p53-dependent manner [33,34]. MiR-34 has been implicated as a tumor suppressor because
it suppresses the epithelial-mesenchymal transition (EMT), which promotes cancer cell metastasis.
Its expression level is positively associated with p53. Importantly, p53 suppresses Snail expression
by interacting with miR-34. A study indicates that miR-200c is upregulated upon H2O2 treatment in
endothelial cells and that it contributes to cell apoptosis and senescence through inhibition of the target
gene ZEB1 [35]. Moreover, knockdown of p53 can reverse H2O2-induced miR-200c expression [34].

As mentioned above, exposure to ROS induces chronic inflammation. NFκB acts as a master
mediator of the inflammatory response to regulate innate and adaptive immune functions. MiRNA
(miR-9, miR-21, miR-30b, miR-146a, miR-155 and miR-17-92 cluster) expression was identified and
found to be directly transcriptionally regulated by NFκB [36,37]. Bazzoni et al. [38] indicated that
miR-9-1 was induced by lipopolysaccharide (LPS) in a MyD88- and NF-κB-dependent manner. DNA
damage activated miR-21 expression through recruitment of NF-κB and signal transducer and activator
of transcription 3 (STAT3) to its promoter region and contributed to promoting cell invasion in breast
cancer [39]. Another study reported that miR-21 expression and function were mediated by ROS in
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highly metastatic breast cancer cell lines [40]. In addition, miR-21 induced by ROS via NF-κB activity
was involved in arsenic-induced cell transformation [41]. NF-κB bound to the promoter region of the
miR-17-92 cluster was identified using chromatin immunoprecipitation (ChIP) assay and was further
confirmed by luciferase reporter assay [42]. On the other hand, multiple miRNAs have been identified
and have been found to modulate NF-κB activity. MiR-126a was shown to target IκBα, an NFκB
inhibitor, and promoted the NFκB signaling pathway [43]. MiR-506 inhibited the expression of the
NFκB p65 subunit and led to the production of ROS and p53-dependent apoptosis in lung cancer
cells [44]. Notably, miR-506 was regulated by p53. These findings indicated that miR-506 was involved
in the p53/NFκB signaling pathway.

NRF2 is a member of the Cap’n’Collar (CNC) family of basic leucine zipper (bZIP) transcription
factors [45]. Previously, the actin-binding protein kelch-like ECH-associated protein 1 (KEAP1) was
identified as a repressor of NRF2 via proteasomal degradation [46]. NRF2 is involved in antioxidant
metabolism, protein degradation, inflammation and radioresistance [47]. Notably, miRNAs can be
both indirectly and directly regulated by NRF2 [47,48]. Singh et al. [49] group demonstrated that NRF2
repressed miR-1 and miR-206 expression and led to reprogram glucose metabolism in cancer cells.
Furthermore, miR-29 and miR-125b were identified as direct target genes of NRF2 [50,51]. Upregulation
of miR-125b by NRF2 resulted in the repression of aryl hydrocarbon receptor repressor and protection
of cancer cells from drug-induced toxicity [51]. On the other hand, NRF2 gene was regulated by
miRNAs such as miR-28, miR-34a, miR-93 and miR-200a [52–55]. MiR-28 has been shown to interact
with NRF2 3’UTR and represses NRF2 expression in breast cancer cells [52]. Overexpression of miR-34a
suppressed NRF2 and NRF2 target genes expressions [53]. Functionally, miR-34a was involved in
NRF2-dependent antioxidant pathway in liver. These findings suggested that NRF2 and miRNAs
formed a regulatory network and regulated cellular functions.

3.3. ROS Regulate miRNA Expression via Epigenetic Regulation

Recently, epigenetic modifications/regulations of the genome have been explored and associated
with cancer progression [56]. Changes in the structure or conformation at the nuclear or mitochondrial
DNA (nDNA and mtDNA) or RNA level, but not the DNA/RNA sequence, are called epigenetic
marks. The main epigenetic alterations in humans are DNA methylation and histone modification,
which includes methylation, acetylation and phosphorylation. Aberrant miRNA expression in
cancers was discovered and found to be controlled by epigenetic regulation. Promoter regions of
miR-125b and miR-199a are hypermethylated through DNMT1 during H2O2 treatment, as determined
using methylation-specific PCR and bisulfate sequencing [57]. Moreover, these two miRNAs are
downregulated by ROS in ovarian cancer cells. The level of histone acetylation has an important
role in activating gene expression through chromatin remodeling. In contrast, the gene is silenced
by histone deacetylases (HDACs), which promote the deacetylation of lysine residues. MiR-466h-5p
acts in a proapoptotic role by directly targeting antiapoptotic genes such as BCL2L2 [58]. ROS induce
miR-466h-5p expression through inhibition of HDAC2 and result in increased apoptosis.

4. Interplay between Oxidative Stress, miRNA and Cancer Development

OS has been reported to contribute to neurological disorders, hypertension, diabetes and cancers.
This section focuses on the associations of OS and hypoxia, angiogenesis, metastasis, metabolism,
cancer stem cell and senescence, which are all involved in cancer progression.

4.1. Association between OS, miRNA and Hypoxia

Hypoxia, known as reduced oxygen availability, mostly occurs in the center of tumors due to
the high proliferation ability of cancer cells and abnormal vasculature [59]. Hypoxia-inducible factor
1α (HIF1α) is the master regulator in hypoxia. The activation of HIF1α promotes the expression
of several genes, including protein-encoding genes and ncRNAs, and facilitates stem cell renewal,
cancer cell survival, metabolism and chemoresistance. The HIF1 transcription factor consists of three
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hypoxia-induced α subunits (HIF1α/2α/3α) and one β subunit (HIF1β). HIF1α is stabilized and
activates a downstream signaling pathway mediated by ROS [60]. Some evidence suggests that
telomerase activity is associated with ROS in HCC [61]. Moreover, ROS-mediated telomerase activity
is dependent on HIF1α [62]. Expression levels of the human telomerase reverse transcriptase gene
(hTERT) are upregulated by HIF1α. Specific binding sites for HIF1α in the hTERT promoter regions
were identified by luciferase and ChIP assays. In addition, cancer stem cell (CSC) markers, OCT4 and
Notch, are induced by HIF1α and promote stem cell renewal. Expression levels of SOX2 and KLF4
are positively regulated by ROS in glioblastoma cells [63]. HIF1α and ROS activation are responsible
for regulating glucose transporter 1 (GLUT1), hexokinase II (HKII) and glutaminase expression and
the reprogramming of cancer cell metabolism [64]. Moreover, miR-210 acts in an oncogenic role in
cancer development and is induced under hypoxic conditions [65]. HIF1α directly binds to the hypoxia
response element (HRE) of the miR-210 promoter. Therefore, miR-210 plays an important role in
regulating cellular adaption to hypoxia, suggesting that targeting miR-210 may be a novel approach
for the prevention and/or treatment of cancer.

4.2. Association between OS, miRNA and Angiogenesis

Angiogenesis is the process of generating new blood vessels from preexisting vasculature and
is required for many functions, such as tissue repair, organ regeneration, cancer development and
metastasis [66]. The angiogenesis process is regulated by several cytokines and growth factors, such
as vascular endothelial growth factor (VEGF), transforming growth factor β (TGFβ), angiopoietin 1
(Ang-1) and placental growth factor, platelet-derived growth factor (PDGF) β [67–70]. VEGF acts as
an effector to control endothelial cell proliferation and new vessel formation. The HIF1α/ROS axis
activates tissue-specific angiogenesis through the upregulation of VEGF and its receptors VEGFR1 and
VEGFR2. By contrast, VEGF induces ROS production by promoting NADPH oxidase in endothelial
cells. ROS can also modulate VEGFR activation, phosphorylation and polymerization. A report
indicated that genotoxic stress-induced miR-494 expression suppressed DNA repair and angiogenesis
through regulation of MRE11a/RAD50/NBN (MRN) complex in endothelial cells [71]. Moreover,
VEGF signaling is regulated by MRN complex in vitro and in vivo. Alternatively, ROS stimulate
the MAPK pathway and promote the expression of VEGF. A previous study demonstrated that
oxidized phospholipids interact with VEGFR2 and induce angiogenesis through the Src signaling
pathway [72]. Other mechanisms of ROS-mediated angiogenesis are the ataxia telangiectasia mutated
gene (ATM)/p38α pathway and Sirtuin 1 (SIRT1). Previous studies have indicated that ATM functions
in the cell cycle regulation, DNA damage repair and oxidative defense [73]. ATM promotes endothelial
cell proliferation and facilitates angiogenesis [74]. Previously, the subtype of histone H2A, called H2AX,
can be phosphorylated (γH2AX) and is involved in DNA damage response. Economopoulou et al. [75]
group indicated that H2AX is required for endothelial cells to sustain their growth under hypoxia and is
important for hypoxia-driven neovascularization. Wilson et al. [76] have shown that miR-103 suppresses
developmental and pathological angiogenesis through inhibition of three prime exonucleases 1 in
endothelial cells. On the other hand, Yang and co-workers demonstrated that overexpression of
miR-328-3p suppressed cell proliferation and promoted radiosensitivity of osteosarcoma cells through
suppression of H2AX in vitro and in vivo [77]. Recently, Marampon et al. group demonstrated
that NRF2/antioxidant enzymes/H2AX/miRNAs (miR-22, miR-34a, miR-126, miR-146a, miR-210 and
miR-375) axis act as potential candidates in radiosensitizing therapeutic strategy for rhabdomyosarcoma
clinical treatment [78]. SIRT1, also known as NAD-dependent deacetylase sirtuin-1, has been
demonstrated to regulate cellular functions including oxidative stress, apoptosis and aging via
deacetylation of a variety of substrates [79]. A report indicates that inhibition of SIRT1 with either an
inhibitor or siRNA leads to increased ROS levels, suggesting an association between SIRT1 and ROS.
MiR-138, miR-181 and miR-199 have been shown to directly target and inhibit SIRT1 expression in
various cell lines [80–82]. MiR-181 is induced by treatment with a high-fat diet and results in repressed
SIRT1 expression and insulin sensitivity in the liver [81]. In addition, HIF1α and SIRT1 are upregulated
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in miR-199a-depleted cells during normoxic conditions [83]. Moreover, SIRT1 is actually a direct target
gene of miR-199a and is responsible for suppressing prolyl hydroxylase 2.

4.3. Association between OS, miRNA and Metastasis

Metastasis is a complicated process that includes invasion, intravasation into blood, extravasation
to distant organs and growth [84]. Due to these multiple steps, few metastasizing tumor cells can
survive and form micrometastases. A typical phenotype that leads to metastasis is EMT, which is a
biological event by which epithelial cells undergo alterations that induce the development of a more
aggressive mesenchymal phenotype [84]. Increasing evidence suggests that cancer cells during the
metastasis process are killed by OS [85,86]. In addition, cancer cells are more sensitive to ROS than
normal cells. Reducing ROS levels by treating with antioxidant inhibits tumor promotion of tumor
progression in mouse models. ROS-mediated EMT regulation through TGFβ/Smad, E-cadherin, Snail,
integrin, β-catenin, matrix metalloproteinases (MMPs) and miRNA has been documented [87–89].
Among these interactions, activation of TGFβ induces ROS production and leads to the promotion
of SMAD and ERK1/2 phosphorylation. Moreover, the ROS/TGFβ axis regulates EMT through the
interaction of NFκB, HIF1α and cyclooxygenase-2 (COX-2). A previous study indicated that MMP-3,
MMP-10 and MMP-13 were directly upregulated by oxidative treatment and promoted cell invasion
ability in NMuMG cells [90]. In addition, the activity of MMP-2 and MMP-9 were posttranscriptionally
regulated by oxidant treatment [91,92]. These studies suggest that MMP expression or activity is
modulated by OS, which is related to chronic inflammation, malignant transformation and the invasive
potential of cells. Yoon et al. [93] demonstrated that sustained treatment with H2O2 enhances MMP2
activity via the PDGF, VEGF, phosphatidylinositol 3-kinase and NF-κB pathways in HT1080 cell lines.
Song and coworkers reported that the expression of miR-509 is significantly more downregulated in
breast cancer than it is in normal tissues [94]. Overexpressed miR-509 abrogated cell growth, migration
and invasion through inhibition of the target gene SOD2, which is a crucial effector in the production
of ROS.

4.4. Association between OS, miRNA and Metabolism

Tumor progression is characterized by the occurrence of metabolic alterations, including those
in glycolysis, fatty acid oxidation (FAO) and oxidative phosphorylation [95,96]. The connection
and reciprocal regulation between the metabolism and the redox balance of tumor cells have been
shown. For this reason, it is important to determine the major metabolic pathways that are the main
controllers of the ROS homeostasis of cancer cells. Glucose is converted to glucose-6-phosphate by
hexokinase enzyme and triggers a series of downstream enzyme-catalyzed reactions. It is an essential
pathway for providing nutrients, metabolites and energy to cells. In 1924, Otto Warburg proposed a
theory suggesting that tumor cells tend to exhibit glycolysis regardless of the presence of oxygen [97].
Accumulating evidence has shown that metabolites produced by glucose metabolism are major
regulators of the redox homeostasis of tumor cells [98]. Cancer cells demonstrate increased sensitivity
to glucose-deprivation-induced cytotoxicity compared with that in normal cells by restricting the
burden of ROS. Moreover, inhibition of lactate dehydrogenase-A by a specific inhibitor, FX11, reduced
intracellular ATP and promoted OS, which suppressed tumor progression in lymphoma and pancreatic
cancer. Sala et al. [10] have shown that miR-21 is upregulated by glucose treatment and inhibits
ROS homeostatic genes such as NRF2, SOD2 and KRIT1. Furthermore, other metabolic enzymes,
such as TIGAR and ALDH4, decrease ROS production by either inhibiting glycolysis and inducing
NAPDH production or enhancing mitochondrial function [99,100]. FAO consists of multiple processes
by which fatty acids are broken down by cells to produce ATP and generate biosynthetic pathways.
In general, the β-oxidation reaction takes place in mitochondria. FAO causes ROS formation and
contributes to the enhanced development of nonalcoholic fatty liver disease (NAFLD) [101]. In hypoxia,
HIF-1 suppression of medium-chain acyl-CoA dehydrogenase (MCAD) and light chain acyl-CoA
dehydrogenase (LCAD) expression inhibits FAO and ROS production while promoting cell growth of
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liver cancer cells [102]. The expression levels of LCAD in HCC specimens were analyzed and found to
be negatively correlated with survival. These findings indicate the relevance of FAO suppression in
the progression of cancer. Previous studies have identified miR-33a/b as an intronic miRNA located
with the sterol regulatory element binding factor (SREBP) 1 and 2 genes [103]. These two miRNAs
cotranscribe with their host gene and regulate high density lipoprotein (HDL) biosynthesis.

4.5. Association between OS, miRNA and Cancer Stem Cells

Cancer cells are believed to be derived from a small subset of tumor cells that have a high capacity
for self-renewal and differentiation—namely, cancer stem cells (CSCs) or tumor-initiating cells [104].
Increasing evidence indicates that miRNAs function as regulators of CSCs and are associated with
ROS production during tumor progression and cancer development. Some miRNAs, such as let-7a,
miR-21, miR-34a, miR-200 and miR-210, are potentially involved in the modulation of ROS production
in CSCs [105–109]. A previous study showed that let-7 acts as a negative regulator of CSC-mediated
function by targeting PTEN and LIN28b in prostate and pancreatic cancer. Recently, OS reduced
let-7 expression in a p53-dependent manner in various cancer cells. Some experimental studies
revealed that the expression of miR-21 is remarkably increased in CSC subpopulations compared to the
expression in the hypobromite non-CSC counterparts in vitro and in vivo. Notably, knocking down
miR-21 suppressed cell migration, invasion and EMT phenotype in breast cancer CSCs. Moreover,
OS induced miR-21 expression and promoted cell migration and self-renewal in prostate and pancreatic
CSCs. Another report indicates that miR-21 enhances ROS production via the MAPK pathway and
suppresses SOD2, SOD3 and sprouty homolog 2 (SPRY-2) expression [110]. Additionally, a number of
studies have revealed that miR-34a suppresses CSC-related genes, such as CD44, and EMT makers
and subsequently attenuates cell invasion, metastasis and self-renewal capacity [111]. The interplay
between ROS and miR-34 has been documented. The expression of miR-34 is induced by OS in stromal
and tumor cells. The first evidence miR-200 was associated with stem cell phenotype, reported in
2009 [112]. Moreover, all five members of the miR-200 family were downregulated in human breast
CSCs as well as in normal human and murine mammary stem/progenitor cells [112]. Mechanistically,
miR-200 suppresses the expression of B lymphoma Mo-MLV insertion region 1 homolog (Bmil-1),
Suz12, and Notch homolog 1 (Notch1), which are known regulators of CSC and EMT phenotypes,
and inhibits the CSC self-renewal capacity. MiR-210 expression is enriched in MCF-7 spheroid cells
and CD44+/CD24− MCF7 cells compared with MCF-7 parental cells [113]. Overexpression of miR-210
enhances proliferation, self-renewal capacity, migration and invasion through inhibition of E-cadherin
in vitro and in vivo. Thus, these observations indicate that the miRNA/ROS axis plays important roles
in multiple events related to CSCs.

4.6. Association between OS, miRNA and Senescence

Cellular senescence is characterized by the expression of senescence-associated β-galactosidase
(SA-β-gal), overexpression of the cyclin-dependent kinase (CDK) inhibitor, senescence-associated
secretory phenotype (SASP), telomere shortening and persistent DNA damage response (DDR) [114].
ROS cause cell senescence by stimulating the DDR pathway to stabilize p53 and promote CDK inhibitor
gene expression. In fact, p53 acts as a master regulator in the cellular response to OS. Mechanically,
p53 can decrease ROS levels and repair DNA damage in cells. In contrast, it can also enhance ROS
production and promote cell apoptosis or senescence [115]. Several reports indicate that p53 reduces
intracellular ROS levels by promoting antioxidant reactions. Several miRNAs, including miR-21,
miR-22, miR-29, miR-34a, miR-106b, miR-125b, miR-126, miR-146a, the miR-17-92 cluster, the miR-200
family and miR-210, have been identified to be differentially expressed in senescent cells and to be
involved in cellular senescence [116–122]. Notably, miR-34a was found to promote cellular senescence
by inhibiting SIRT1 expression in a variety of tissues. Another group indicated that miR-34a and
miR-335 promote premature cellular senescence by targeting antioxidative enzymes. Furthermore,
miR-217 induces a premature senescence-like phenotype and represses angiogenesis by inhibiting the
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expression of target gene SIRT1 in endothelial cells [123]. In addition, miR-92a was found to exacerbate
endothelial dysfunction under OS exposure by directly targeting SIRT1, Krüppel-like factor 2 (KLF2)
and KLF4 genes [124]. Additionally, Liu et al. group demonstrated that knockdown of miR-92a
promoted cell growth, decreased caspase 3 activity and ROS through regulation of NRF2-KEAP1/ARE
signal pathway [125].

5. ROS-Mediated Therapeutic Strategies in Cancer

OS clearly plays a role in the development of cancer, metastasis and chemotherapeutic resistance.
In a strategy to modulate ROS-mediated effects, these biochemical characteristics of tumors are directly
impaired. In light of recent studies, the strategy of inhibiting metabolic pathways, targeting NADPH
oxidase and ROS scavenging mechanisms represent promising therapeutic options for treatments [126].
The other strategy is to target tumor cells with oxidation-promoting agents that either enhance ROS
production or inhibit cellular antioxidants. NADPH oxidase plays an important role in regulating
ROS production. Several inhibitors have been demonstrated to reduce NADPH function. In general,
diphenylene iodonium (DPI) and apocynin are NADPH inhibitors [127–129]. DPI can inhibit XOD
and the proteins of mitochondrial ETC and block flavoprotein. In another strategy, ROS scavenging
enzymes are enhanced and used for anticancer therapy [130]. GSH, GST, SOD, GPX, and catalase are
able to suppress tumor formation. There are several analogs of GSH drugs, such as N-acetylcysteine
(NAC), YM737 and Telcyta, used for cancer treatment [131]. NOV-002, an agent containing oxidized
GSH, improved the efficacy of cyclophosphamide to treat colon cancer by controlling the ratio of GSH
to GSSG and promoting S-glutathionylation [131]. Yang and coworkers indicated that lithocholic acid
treatment and bile duct ligation model promoted c-Myc/miR-27/prohibitin 1 axis, with the consequence
of repressing NRF2 expression and ARE binding, resulting in decreased suppressed GSH synthesis
and antioxidant ability in chronic cholestatic liver injury [132]. Another study reported that the
rate-limiting GSH biosynthetic heterodimeric enzyme γ-glutamyl-cysteine ligase (GCL) was regulated
by miR-433 [133]. Ectopic of miR-433 in HUVEC inhibited GCL expression in an NRF2-independent
manner. Moreover, inhibition of miR-433 prevented TGFβ-mediated GCL downregulation and
fibrogenesis in hepatic cells. Recently, Cheng et al. [134] demonstrated that miR-30e expression was
suppressed in an atherosclerosis (AS) model. MiR-30e regulates Snai1/TGF-β/Nox4 expression to
modulate ROS. These findings provide novel insights on miRNAs in the anti-ROS pathway, in which
miRNA-30e may represent a novel target for AS.

6. Conclusions

Overall, many studies have been conducted to elucidate the molecular mechanisms underlying the
ROS/miRNA axis and its role in tumorigenesis (Figure 3). Moreover, miRNAs networks that modulate
OS in cancer are comprehensively listed in Table 1. Indeed, ROS and miRNAs exhibit overlapping
characteristics in tumorigenesis. ROS, as upstream regulators, modulate miRNA expression through
transcriptional, posttranscriptional and epigenetic regulation, respectively. On the other hand, miRNAs
disrupt ROS production (downstream mediator) and are involved in ROS-mediated functions. MiRNAs
and ROS can act either synergistically or antagonistically to regulate cancer progression. However, many
details of their interaction remain unclear and need to be further investigated. MiRNAs/ROS-mediated
phenotypes depend on the net result of the downstream molecules and multiple signaling pathways
in the specific context. There are still many limitations to treatment because ROS play dual roles in
cancer progression. As discussed in this review, the functional roles of miRNA in cellular adaptation
to ROS are different in cells based on tissue and cell-type specific effects. These observations raise
the possibilities to apply specific miRNAs as therapeutic targets in different contexts. Advantages
of using miRNA-target therapy include the conservation of miRNA across multiple species with
known sequences and the ability to target multiple genes within defined pathways. Notably, several
miRNA-based therapies are being developed. For example, the locked nucleic acid (LNA)-modified
anti-miR-122 is the first miRNA-targeted therapy to treat HCV in clinical trials. The association
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between ROS-mediated function and miRNA regulation provides opportunities for developing novel
anticancer strategies.

Figure 3. Schematic model showing mechanisms in which ROS regulates the biogenesis and
transcription of miRNAs. ROS activate or inhibit epigenetic, transcriptional regulations of miRNA
expression. For example, miRNAs are regulated by ROS through modulation of chromatin remodeling
factors (DNMT1 and HDACs). In addition, ROS induces or represses transcriptional factor (p53, NFκB,
HIF1α, c-Myc and NRF2) to regulate miRNA expressions. Furthermore, ROS/TF/miRNA axis controls
cell migration, invasion, metastasis, self-renewal capacity and tumor formation.
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Abstract: Approximately 30% of pancreatic cancer patients harbor targetable mutations. However,
there has been no therapy targeting these molecules clinically. Nucleic acid medicines show high
specificity and can target RNAs. Nucleic acid medicine is expected to be the next-generation
treatment next to small molecules and antibodies. There are several kinds of nucleic acid drugs,
including antisense oligonucleotides, small interfering RNAs, microRNAs, aptamers, decoys, and CpG
oligodeoxynucleotides. In this review, we provide an update on current research of nucleic acid-based
therapies. Despite the challenging obstacles, we hope that nucleic acid drugs will have a significant
impact on the treatment of pancreatic cancer. The combination of genetic diagnosis using next
generation sequencing and targeted therapy may provide effective precision medicine for pancreatic
cancer patients.
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1. Introduction

Despite advances in diagnostics and therapeutics, the prognosis of pancreatic cancer remains
poor with an overall five-year survival rate of 6%, due in part to difficulties in treating carcinoma at an
advanced stage. Mutations of KRAS, CDKN2a, TP53, and SMAD4 are driver mutations in pancreatic
cancer; however, a targeted approach for those molecules has not been successful yet. Precision
medicine for individual patient has been greatly expected to improve pancreatic cancer patients’
outcomes. Recent advances of comprehensive gene analysis using next-generation sequencers can
provide a wealth of information of genetic abnormalities of cancers [1,2]. There have been several
candidates for treatment targets in pancreatic cancer. Approximately 30% of pancreatic cancer patients
harbor druggable mutations; for example, KRAS, BRCA1 and 2, PALB2, ATM, HER2, MET, MLH1,
MSH2, MSH6, PMS2, PI3CA, PTEN, CDKN2A, BRAF, and FGFR1 [2]. However, there has been no
clinical therapy targeting these molecules, because it is difficult to inhibit target RNA in humans.

RNA interference (RNAi) is a biological process in which RNA molecules inhibit gene expression
or translation by neutralizing targeted mRNA molecules. Nucleic acid medicine consists of natural or
chemically modified nucleotides that can act directly without changes in gene expression [3]. These
drugs show high specificity and can target mRNA and noncoding RNAs. Nucleic acid medicine is
considered the next-generation treatment next to small molecules and antibodies. There are several
aspects of nucleic acid therapy that are potentially advantageous over traditional drugs. These include
the ability to generate specific inhibitors of targets that were previously inaccessible, with the only limit
being the genetic information available. Inhibition of mRNA expression has the potential to produce
faster and longer-lasting responses than protein inhibition by conventional targeted therapy. Moreover,
the side-effects of nucleic acid medicine might be less than those of conventional therapy [4]. Lastly,
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oligonucleotides can be chemically synthesized and thus their development duration is relatively short
compared to antibodies.

There are several kinds of nucleic acid drugs, including antisense oligonucleotides (ASOs), small
interfering RNAs (siRNAs), microRNAs (miRNAs), aptamers, decoys, and CpG oligodeoxynucleotides
(CpG oligos) (Table 1). They can be classified as either extracellular or intracellular according to their
site of function; ASOs, siRNAs, miRNAs, and decoys act in the nucleus or cytoplasm, while aptamers
bind to extracellular proteins and CpG oligos act on Toll-like receptor 9 (TLR9) in the endosome.
The drugs also have different targets; ASOs, miRNAs, and siRNAs target RNA, whilst aptamers,
decoys, and CpG oligos target proteins. Nucleic acid drugs are suited for coextinction or therapeutic
synergy, which may represent an important step to overcome compensatory effects typically observed
in cancer cells following knockdown of a single target. In this review, we provide an update on the
current research of nucleic acid-based therapies, focusing on ASO and siRNA for pancreatic cancer,
and summarize the outcomes from published data.

Table 1. Nucleic acid medicines.

Antisense
Oligonucleotides

siRNAs
Antisense
miRNAs

miRNA
Mimics

Decoys Aptamers
CpG

Oligodeoxynucleotides

Structure Single strand
DNA/RNA

Double
strand
RNA

Single
strand

DNA/RNA

Double
strand RNA

Double strand
DNA

Single
strand

DNA/RNA
Single strand DNA

Length
(base
pairs)

12–21
20–30 20–25 12–16 20–25 20 26–45 20

Site
Intracellular

(nucleus,
cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(nucleus) Extracellular Extracellular

(endosome)

Target
mRNA

pre-mRNA
miRNA

mRNA miRNA mRNA
Protein

(transcription
factor)

Protein Protein (TLR9)

Function

mRNA
degradation
Translational

inhibition
miRNA

inhibition
Splicing

inhibition

mRNA
degradation

miRNA
degradation

mRNA
degradation
Translational

inhibition

Transcriptional
inhibition

Inhibition
of protein
function

Activation of natural
immunity via TLR9

Drug
delivery
system

Modified or
unnecessary Necessary Necessary Necessary Necessary PEGylation Antigen

TLR9, toll like receptor 9.

2. Functions

2.1. Antisense Oligonucleotides

ASOs are single strands of DNA or RNA that are complementary to a chosen sequence. In the
case of antisense RNA, they prevent protein translation of certain messenger RNA strands by binding
to them [5].

Antisense DNA can be used to target a specific, complementary (coding or noncoding RNA). If
binding takes place, this DNA/RNA hybrid can be degraded by the enzyme RNase H. After crossing the
cell membrane, ASOs target mRNA directly in the nucleus or cytosol, thus blocking and neutralizing
the targeted miRNA, with the help of the enzyme RNase H1. Furthermore, ASOs have various
functions, including the inhibition of translation, miRNA, and splicing. ASOs have been investigated
for more than 20 years and their use is now a standard technique in developmental biology and they are
used to study altered gene expression and gene function. Recently, several ASOs have been modified
for an unnecessary drug delivery system (DDS).
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2.2. siRNAs

siRNAs are double-stranded RNAs with a length of 20–25 base pairs. siRNAs can suppress the
gene expression via sequence specific inhibition of RNA expression (RNA interference, RNAi). The
cellular process of RNAi occurs in almost all eukaryotic organisms [6]. After being processed by
the ribonuclease III-like DICER enzyme, siRNA interacts with RNA-induced silencing complex to
block and neutralize the target mRNA [7]. siRNA libraries have been created to dissect the function
of independent genes since they show high sequence specificity. The application of siRNAs allows
researchers to discover novel targets and pathway mediators.

2.3. Aptamers

Nucleic acid aptamers are short single-stranded DNA or RNA oligonucleotides that fold into
unique three-dimensional structures and bind to a wide range of targets, including proteins, small
molecules, metal ions, viruses, bacteria, and whole cells [8]. Aptamers have high specificity and
binding affinities (in the low nanomolar to picomolar range) similar to those of antibodies and are
frequently referred to as ‘chemical antibodies’. Proteins constitute by far the largest class of aptamer
targets. The high stability of aptamer–protein complexes, frequently characterized by a Kd in the low
nanomolar range, combined with an excellent specificity of interaction make aptamers valuable tools
for various applications, such as affinity purification, bio-sensing, imaging, and enzyme inhibition [9].

2.4. Decoys

Decoys are double-stranded molecules that mimic the consensus DNA binding site of a specific
transcription factor in the promoter region of its target genes [10]. The regulation of transcription
of disease-related genes in vivo has important therapeutic potential. Gene expression controlled by
the transcription factor is effectively prevented, thereby effectively silencing gene expression and
preventing protein production. Therefore, being less specific in comparison with the siRNA or ASO
method, the decoy technique can be considered a gene silencing approach.

2.5. CpG Oligos

CpG oligodeoxynucleotides (CpG oligos) are short single-stranded synthetic DNA molecules
that contain cytosine triphosphate deoxynucleotide followed by a guanine triphosphate
deoxynucleotide [11]. Synthetic phosphorothioate oligodeoxynucleotides bearing unmethylated
CpG motifs can mimic the immune-stimulatory effects of bacterial DNA and are recognized by
Toll-like receptor 9 (TLR9), which is constitutively expressed only in B cells and plasmacytoid dendritic
cells. Nucleotide modifications at positions at or near the CpG dinucleotides can severely affect
immune modulation. CpG oligos induce type I interferon, cytokines, B cell proliferation, dendritic
cell maturation, and natural killer cell activation. CpG oligos have been applied for antiallergenic or
anticancer treatment.

3. Modifications of Nucleic Acid Drugs

Although, the function of nucleic acid drugs is promising, several challenges have been identified,
including lack of stability against extracellular and intracellular degradation by nucleases, poor
uptake and low potency at target sites of nucleic acid drugs, and off-target effects [12]. Off-target
effects are nonspecific suppressive effects of nucleic acid drugs. Although it has been considered that
nucleic acid drugs possess high specificity, several nucleic acid drugs can affect gene expression of
multiple genes. Furthermore, nucleic acid drugs are quickly degraded by RNase in vivo. In humans,
naked nucleic acid drugs preferentially accumulate in the liver and kidneys, which causes the nucleic
acid drugs to be rapidly cleared from circulation with poor tissue distribution [13]. The pursuit of
clinically viable antisense drugs has led to the development of various types of strategies, such as
carriers or chemical modifications. Apart from structural modification of oligonucleotides, different
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cell-penetrating peptides and ligands conjugated to oligonucleotide-based DDS are normally adopted
following the conjugation.

3.1. Structural Modifications of Nucleic Acid Drugs

Important modifications have been implemented to improve the therapeutic potential of nucleic
acid medicines. However, the properties of the modifications have also led to some decreased
affinity for the target sequence, with associated nonhybridization toxicities such as complement
activation, increased coagulation times, or immune activation (Table 2). Another concern relates to the
hybridization-dependent toxicity, caused by exaggerated action of the drug or off-target hybridization.

Table 2. Modifications of nucleic acid drugs.

Structural
Modifications

Contents Stability
Cellular
Uptake

Gene
Silencing

Effect
Cytotoxicity

Binding
Affinity

Diester
modification Phosphorothioate superior superior inferior superior

Ribose
modification 2’-O-Me, 2’-O-A, 2’-F superior inferior

Base
modification

Adenine methylation
and deamination,

cytosine methylation,
hydroxy methylation

and carboxy
substitution, Guanine

oxidation

superior

Oligonucleotide
analogues

replacement

Peptide nucleic acid,
locked nucleic acid,

morpholino
phosphamide

superior superior inferior

Conjugation to
cell-penetrating

peptides

Cysteine, transactivator
of transcription peptide,

gelatin
superior superior inferior

Aptamer 20–100 nucleotides superior superior

The first of the modifications included phosphorothioate backbone modification, which defined
the first-generation nucleic acid drugs [5]. One of the nonbridge oxygen atoms in the diester bond
is replaced by sulfur. Chemical modification can help enhance cellular uptake and increase the
bioavailability of the modified nucleic acid drugs. Resistance to circumscribed nucleases is also
effectively increased. However, although the modified siRNA is found to be significantly stable
in the body, it increases the cytotoxicity and decreases the gene silencing effect. Modification of
phosphorylated phosphate ester in the phosphorylation location damages RISC activity [14].

The second-generation nucleic acid drugs included the nucleoside analogues containing a modified
sugar moiety, such as 2′-O-methyl-modified or 2′-O-methoxyethyl. The 2′ modifications inhibit the
ability of RNase H to cleave the bound sense RNA strand within the heteroduplex formed between
the nucleic acid drugs and the target RNA [15]. The widespread use of thiophosphate modifications
results in a certain cytotoxicity, but the 2′-O-methylation improves the siRNA activity and is nontoxic
to normal cells [16]. The activity of siRNA depends on the position of the modified parts.

Base modification plays an important role in the function of nucleic acid drugs; for example, it can
improve the function of siRNA and increase the ability of the siRNA interaction with the target mRNA.
The modification increases the ability of RISC to recognize and cleave the mRNA. The modifications on
the base include adenine methylation and deamination, cystosine methylation, hydroxymethylation
and carboxyl substitution, and guanine oxidation, etc. [17]. The modified bases are related to the
changes of functional groups, which is the basis of triggering the functional changes through the
modification of structure of nucleic acid drugs.

Oligonucleotide analogs’ replacement includes peptide substitution, and the resulting materials
typically include peptide nucleic acid, locked nucleic acid, and morpholino phosphamide. They can
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reduce the degradation of oligonucleotides by nucleases, and have low toxicity and a slight decrease
in affinity compared with unmodified sequences [18]. These nucleotide analogs do not support the
cleavage of RNase H-mediated target mRNA in ASPs; thereby, they primarily exhibit their reflective
activity by steric hindrance to prevent gene expression during transcription or translation. This method
further enhances the binding affinity, nuclease resistance, and targeted effect compared with several
other chemical modifications.

3.2. Conjugation of Ligand or Cell-Penetrating Peptides

Cell-penetrating peptides are a class of short peptides that are rich in cations and can efficiently
enter cells through penetrating biofilms. Based on these properties, cell-penetrating peptides are used to
modified DNA, RNA, and oligonucleotides and are loaded on nanocarriers for therapy. The conjugation
of oligonucleotides and cell-penetrating peptides can overcome the deficiencies of cytotoxicity
and enhance the efficiency in eukaryotic cells. Complexes formed by cationic cell-penetrating
peptides and anionic oligonucleotides which are formed through electrostatic interaction can promote
oligonucleotides’ entry into cells and initiate RNA interfering, leading to silencing of endogenous
genes [19]. Cell-penetrating peptides include cysteine, transactivator of transcription peptide [20], and
gelatin [21].

4. Aptamers

Aptamers are synthetic single-stranded oligonucleotides of short length (20–100 nucleotides)
whose three-dimensional disposition confers high avidity for their target DNA or RNA. They shows high
stability, lack of immunogenicity, flexible structure, and small size, which increases their penetration
strength [22]. Aptamer-based targeted delivery of siRNAs using aptamer–siRNA chimeras are becoming
a very useful tool for targeting gene-knockdown in cancer therapy [23]. Aptamer–siRNA chimeras
bind the aptamer’s receptor and upon engagement, the chimera–receptor complex is embedded into
an endocytosis vesicle. The chimera reaches the cytoplasm and the duplex siRNA is recognized by
Dicer and loaded into Dicer and RNA-induced silencing complex (RISC). Several aptamers have been
reported for treatment of prostate, breast, and colon cancer, melanoma, lymphoma, and glioblastoma,
for example PSMA, 4-1BBm EpCAP, CTLA4, PDGFRβ, HER2, and HER3 [23].

5. Drug Delivery Systems of Nucleic Acid Drugs

DDS has been necessary to regulate the drug distribution in the body in terms of quantity and
spatiotemporal aspects. Several kinds of DDSs have been developed based on the diameter of medicine,
specific antibody for tumor, sustained release, and percutaneous absorption. They are expected to
improve the specificity, effects, usability, and economy of drug as well as to suppress the side-effects.

Various carriers of siRNAs have become increasingly available because RNAi can integrate short
hairpin RNA into the cell genome, leading to stable siRNA expression and long-term knockdown of
a target gene. Nonviral carriers have been increasingly preferred owing to lower toxicity compared
with other carrier methods. These carriers typically involve a positively charged vector (cationic
cell-penetrating peptides, cationic polymers, and lipids), small molecules (cholesterol, bile acids, lipids,
and PEGylated lipids), polymers, antibodies, aptamers, and lipid and polymer-based nanocarriers
encapsulating the siRNA [24]. Specific delivery of siRNAs to hepatocytes has been accomplished by
conjugation to N-acetylgalactosamine in order to target an asialoglycoprotein receptor present in the
liver [25].
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Different nanocarrier strategies are still needed in practical applications to make them more effective
in diagnosing and treating diseases. A combination of chemical modification and a nanoparticle-based
DDS is likely to be more effective for oligonucleotide delivery. For example, the siRNA can be
modified with the free thiol group of the amino acid cysteine on cell-penetrating peptides, then they are
encapsulated into ultrasound-sensitive nanomicrobubbles. When nanomicrobubbles reach the target
site, they disintegrate under external ultrasonic irradiation, releasing siRNA to achieve cytoplasmic
delivery [26].

Liposomes are widely used as oligonucleotide delivery systems (Table 3). Cationic liposomes
include monovalent lipids such as DODMA and DOTAP [27]. Oligonucleotides are negatively charged
and easy to encapsulate into cationic liposomes. Neutral liposomes are primarily constructed by neutral
lipids, which include PC, PE, cholesterol, and DOPE [28]. Neutral liposomes have good biocompatibility
and excellent pharmacokinetic characteristics, but they cannot interact with oligonucleotides to adsorb
them and encapsulate them into the liposomes efficiently. Neutral liposomes are adopted to modified
cationic liposomes to enhance particle stability. Ionizable liposomes are important for siRNA delivery.
They can protonated and deprotonated according to the acidity of the environment [28]. Under hypoxic
conditions, tumor tissues are more acidic and pH-responsive liposomes have more positive charges.
Cationic liposomes are the most widely used form of liposomes.

Table 3. Drug delivery systems.

Materials

Liposomes

Cationic liposome DOTAP, DODMA, DOGS, DC-Chol

Neutral liposome PC, Chol, DOPE

Ionizable liposome DODMA, DODAP

Micelles

Polymeric micelles
Amphiphilic copolymer, PEG, polyamino acid,

polylactic or glycolic acid, polycaprolactone, and
short phospholipid chains

Cationic polymer micelles PEG-PLL-PLLeu, PEI-CG-PEI, PgP

Nanoparticles

Albumin-based thiol, arginine-glycine-aspartic acid peptide

Metal-based gold, silver, magnetic

Polymeric micelles have promising applications in drug delivery including extending the drug
cycle time, changing the drug release curve, and easily connecting targeted ligands [29]. Cationic
polymer micelles can ensure good oligonucleotide loading capacity through electrostatic adsorption.
They show long circulation times, tumor passive targeting by the enhanced permeability and retention
effect, and efficient oligonucleotide endosome release by the proton sponge effect [30]. Furthermore,
the suitable carrier should can deliver oligonucleotides and chemotherapy drugs together to the tumor
tissue and release the two drugs simultaneously, for example polymeric micelles with doxorubicin and
siRNA targeting P-glycoprotein [31].

Nanoparticles using albumin, metals, and polymers have been used for drug delivery. Tumor
cells can take up human serum albumin through endocytosis; therefore, albumin-based nanoparticles
can show high stability without cytotoxicity [32]. Metallic nanometer-sized particles, such as silver,
gold, and magnetic metals show the property of the enhanced surface to volume ratio; therefore, they
have good applications in oligonucleotide delivery [33].

Another challenge to overcome in the DDS for pancreatic cancer is intratumoral injection [34]
or implantation [35,36] of siRNAs in the pancreas (Figure 1). Implantation of Local Drug EluterR
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(LODER), can release siRNAs targeting KRAS over months in pancreatic cancer in vivo [36]. LODER is
a biodegradable polymeric matrix that shields drugs against enzymatic degradation. EUS have enabled
researchers to obtain pancreatic tissue samples and inject medicines into the pancreas repeatedly;
therefore, DDS using EUS may improve the effectiveness of siRNA treatment for pancreatic cancer.
In an animal model, we have reported that administration of siRNA by intratumoral injection with
atelocollagen [37] and intravenous injection [38]. Both settings were effective to reduce targeted
mRNA expression in vivo without severe side effects in the short term. Clinical trials are necessary to
determine the long-term effects and safety of nucleic acid medicines.

Figure 1. Delivery of nucleic acid medicines. (1) Intravenous injection, (2) intratumoral injection under
EUS, and (3) intratumoral implantation.

6. Clinical Trials

6.1. Antisense Oligonucleotide

Eight nucleic acid medicines have been approved by the FDA (Table 4), five of which are ASOs
used to treat nervous muscular diseases and familial metabolic diseases.

There have been a lot of reports about ASOs for pancreatic cancer treatment in preclinical studies.
KRAS is the most common target because approximately 90% of pancreatic cancer harbor KRAS
mutation. AZD-4785, a high-affinity constrained ethyl-containing therapeutic ASO targeting KRAS
mRNA, potently depleted KRAS mRNA in KRAS-mutant colon, pancreatic, and lung cancer cell lines,
with no feedback activation of MAPK signaling. Significant antitumor activity was obtained in mice
bearing KRAS-mutant lung cancer xenografts [39].

ASOs have been tested in more than 1000 clinical trials. Various ASOs have reached clinical
trials for the treatment of pancreatic cancer. The targets of these molecules were related to cell
proliferation (X-linked inhibitor of apoptosis protein, XIAP [40]; Protein Kinase A, PKA [41]), cell
signaling (HRAS) [42], resistance to chemotherapy (heat shock protein 27, Hsp27) [43], or cancer stroma
(TGFβ2) [44]. However, few ASOs have shown antitumor effects in clinical trials.
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Table 4. Food and Drug Administration (FDA)-approved nucleic acid medicines.

Drug Nucleic Acid Disease Modification Administration Company

Vitravene [45] ASO Cytomegalovirus
retinitis Phosphorothioated Intravitreous

Isis
Pharmaceuticals,
Carlsbad, CA

Macugen [46] Aptamer Age-related macular
degeneration

PEGylation
2’-F

2’-OMe
Intravitreous

Valeant
Pharmaceuticals,
Laval, Canada

Kynamro [47] ASO Homozygous familial
hypercholesterolemia

Phosphorothioated
2’-MOE Subcutaneous

Kastle
Therapeutics,
Chicago, IL

Exondys 51 [48] ASO Duchenne muscular
dystrophy

Morpholino
nucleic acid Intravenous

Sarepta
Therapeutics,
Cambridge,

MA

Spinraza [49] ASO Myelopathic muscular
atrophy

Phosphorothioated
2’-MOE Intraspinal

Biogen,
Cambridge,

MA

Heplisav-B [50] CpG oligo Hepatitis B Phosphorothioated Intramuscular
Dynavax

Technologies,
Berkeley, CA

Tegsedi [51] ASO
Hereditary

transthyretin-mediated
amyloidosis

Phosphorothioated
2’-MOE Subcutaneous

Akcea
Therapeutics,
Boston, MA

Onpattro [52] siRNA
Hereditary

transthyretin-mediated
amyloidosis

2’-MOE Intravenous

Alnylam
Pharmaceuticals,

Cambridge,
MA

FDA, Food and Drug Administration; ASO, antisense oligonucleotide; CpG oligo, CpG oligodeoxynucleotide;
2’-MOE, 2’-O-methoxyethyl; 2’-OMe, 2’-O-Methyl; 2’-F, 2’-Fluoro.

ISIS 2503 (ASO targeting XIAP) showed evidence of growth inhibition when combined with
gemcitabine in locally advanced or metastatic pancreatic cancer in first-line treatment [40]. In that study,
58% of patients who received the combination survived 6 months or longer. Addition of apatorsen, the
Hsp27-targeting antisense oligonucleotide, to chemotherapy did not improve outcomes in unselected
patients with metastatic pancreatic cancer in the first-line setting, although a trend toward prolonged
overall survival in patients with high baseline serum Hsp27 suggests that this therapy may warrant
further evaluation in this subgroup.

6.2. Clinical Trials for siRNAs

Fourteen years after the first clinical trial using RNAi was entered (2004), the FDA approved the first
therapeutic RNAi, ONPATTRO (patisiran), a lipid complex injection for treatment of peripheral nerve
disease caused by hereditary transthyretin-mediated amyloidosis in adults [52] (Table 4). However,
there is no clinically available therapeutic RNAi for pancreatic cancer.

Some siRNAs have already entered clinical trials for the treatment of locally advanced pancreatic
cancer. siRNA targeting mutated KRAS is the most common [35,36]. The vast majority of KRAS
mutations in pancreatic cancer are gain-of-function mutations, most of which occur in codon 12 with
substitution of the Glycine for Aspartate (G12D). Golan et al. implanted siRNA targeting KRAS
(G12D) in the pancreatic tumor using LODER in combination with Gemcitabine treatment [35]. The
majority of patients (83%) demonstrated stable disease and 17% of patients showed partial response.
Decrease in CA19-9 was observed in 70% of patients. The most frequent adverse events observed were
grade 1 or 2 severity (89%); transient abdominal pain, diarrhea, and nausea. They concluded that
the combination of mutated KRAS-targeting siRNAs and chemotherapy is well tolerated, safe, and
demonstrated potential efficacy in pancreatic cancer patients [53].

Nishimura et al. have shown that EUS-guided fine-needle injection (EUS-FNI) of a synthetic
double-stranded RNA oligonucleotide directed against CHST15 (STNM01), an extracellular matrix
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component, was safe and feasible [34]. There were no adverse effects. STNM01 is also directly injected
by endoscopy to treat ulcerative colitis.

Atu027 is a liposomally formulated siRNA with antimetastatic activity, which silences protein
kinase N3 (PKN3) expression in the vascular endothelium [54]. PKN3 acts as a Rho effector downstream
of PI3K. Combination of Atu027 and gemcitabine for the treatment of advanced pancreatic cancer was
safe and well tolerated.

TKM-080301 is a lipid nanoparticle formulation of an siRNA against Polo-like kinase 1 (PLK1),
which regulates critical aspects of tumor progression [55]. Preliminary antitumor efficacy for advanced
pancreatic cancer has been observed. A potential molecular therapeutic context of increased PLK1
expression with inactivation of p53 or NF1 was observed in a remarkable responder.

However, these data must be interpreted with caution because they are early-phase trials and
some are still recruiting patients. The best responses observed so far have been tumor stabilization,
with very few complete or partial responses documented. siRNAs were well tolerated but one death
and a few grade 3–4 toxic effects due to elevation of liver enzymes were observed [56]. Several trials
with different combinations including siRNAs are ongoing, and the combination of several nucleic
acid medicines may be explored in the coming years.

7. Conclusions

Despite the challenging obstacles, we hope that nucleic acid drugs will have a significant impact
on the treatment of pancreatic cancer. The combination of genetic diagnosis using next-generation
sequencing and targeted therapy may provide effective precision medicine for pancreatic cancer patients.
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