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ARTICLE INFO ABSTRACT

Keywords: Background: Cardiotoxicity is a common and serious adverse effect of anthracycline therapy in breast cancer
Anthracycline patients. The current criteria for cardiotoxicity are based on imaging and cardiac biomarkers. However, there is a
Breas} Carfcfzr need for new biomarkers to help with early diagnosis. MicroRNAs (miRNAs) are small non-coding RNA mole-
gz;%::g:;ty cules that play an important role in the regulation of gene expression. Several miRNAs have been associated with
Epirubicin cardiovascular diseases and are biomarkers under investigation for cancer treatment-related cardiotoxicity.

microRNAs Methods: We performed a systematic literature search of Medline/PubMed, Cochrane Central Register of

Controlled Trials, Scopus, Lilacs, Web of Science and Embase, until April 2020. Cohort studies that reported
miRNA biomarkers in breast cancer patients with anthracycline-induced cardiotoxicity and non-cardiotoxicity
patients were included. Moreover, we searched the miRTarBase for experimentally validated miRNA-target
interactions.

Results: Among the 209 studies retrieved, five fulfilled the inclusion criteria. Let-7f, miR-1, miR-20a, miR-126 and
miR-210 were validated in two population-based cohorts. The pro-angiogenic miRNAs let-7f, miR-20a, miR-126
and miR-210 were significantly down-regulated in epirubicin-cardiotoxicity when compared to the non-
cardiotoxicity group. miR-1 has been shown to provide diagnostic and prognostic information in the setting of
myocardial infarction, but changes in its levels are controversial in doxorubicin-treated breast cancer patients
with cardiotoxicity. Reactome pathways relevant to cardiotoxicity were found from the target genes for let-7f,
miR-1, miR-20a, miR-126 and miR-210 at miRTarBase.

Conclusion: The data suggest that let-7f, miR-1, miR-20a, miR-126 and miR-210 are associated with
anthracycline-based cardiotoxicity during chemotherapy in breast cancer patients.

1. Introduction stratification is essential for early diagnosis and the prevention of car-

diovascular disease [4].

Breast cancer is the most common female cancer and is the leading
cause of cancer-related deaths [1]. The World Health Organization has
estimated that 627,000 women died of breast cancer in 2018, which
represents 15 % of all female cancer deaths [2]. Anthracyclines, such as
doxorubicin and epirubicin, are commonly used in the treatment of
breast cancer and have significantly improved the disease-specific sur-
vival [3]. However, this chemotherapy regimen has been associated
with adverse cardiovascular effects and increased cardiovascular mor-
tality, especially in older women. In this sense, appropriate risk factor

The recommendations outlined in recent studies for identify early
myocardial injury in cancer patients treated with anthracyclines and/or
anti-HER2 (human epithelial growth factor receptor 2) therapy are
based on cardiac imaging and cardiac biomarkers [5,6]. A decrease in
left ventricular ejection fraction (LVEF) is the most widely recognized
echocardiographic profile to cardiotoxicity evaluation. However, LVEF
sensitivity is limited for the detection of subtle myocardial dysfunction
[7]. Troponins and brain natriuretic peptides, circulating markers of
cardiac disease onset, have progressively emerged as useful biomarkers
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to identify patients who are more prone to developing myocardial
dysfunction and may be helpful in detecting subclinical cardiotoxicity
during patient follow-up [8,9]. However, circulating levels of these
biomarkers increase only after tissue damage has occurred.

Both in vitro and in vivo models have been focused on the association
of microRNAs (miRNAs) in anthracyclines-induced toxicity [10]. miR-
NAs are a class of small noncoding RNAs (21-25 nucleotides), which
regulate posttranscriptional gene expression by either inhibiting
messenger RNA (mRNA) translation or promoting its degradation [11].
They are involved in many important biological processes such as
cellular development and cellular signaling, cell proliferation,
cell-to-cell communication, and apoptosis. Importantly, abnormal
miRNA expression has been associated with the initiation and progres-
sion of pathological conditions, including cardiac diseases [12].

Doxorubicin-treated rats showed significant increase in plasma levels
of miR-1, miR-133a, and miR-208 [13,14]. Specifically, miR-133a levels
rapidly increased during acute myocardial infarction and were found to
be more sensitive than cardiac troponin T [15]. Moreover, higher
plasma levels of miR-34a and miR-122 were found in 25 breast cancer
patients receiving anthracycline-based chemotherapy after treatment
[16]. Although these previous studies have shown that miRNAs repre-
sent potential biomarkers for cardiac diseases, further research is needed
to investigate the possible involvement of miRNAs in
anthracycline-induced cardiotoxicity [17]. Despite the clinical impor-
tance, many of the studies have focused on the use of preclinical animal
models, which have limitations as predictors of human biology [18].

In the present study, the aim was to perform a systematic review to
assess the differential expression levels of circulating miRNAs in breast
cancer patients, in order to relate them to anthracycline-induced car-
diotoxicity. We also aimed to carry out pathway analysis to investigate
molecular pathways related to these miRNAs.

2. Materials and methods

This systematic review was designed and conducted in accordance
with the Cochrane Handbook recommendations [19]. Results were re-
ported in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [20]. Supplementary
material 1 shows the PRISMA checklist. The protocol of the current
study was registered in the International Prospective Register of Sys-
tematic Reviews (PROSPERO) (http://www.crd.york.ac.uk/ PROS-
PERO, number CRD42020177833).

2.1. Search strategy

The search strategy was defined based on the PECO question: P
(participants) = women with breast cancer treated with anthracyclines;
E (exposure) = cardiotoxicity; C (control) = women with breast cancer
treated with anthracyclines without cardiotoxicity; and O (outcome) =
microRNA expression levels. A literature search was performed in the
medical electronic databases Medline via PubMed (Medical Literature
Analysis and Retrieve System Online), the Cochrane Central Register of
Controlled Trials (CENTRAL), CINAHL EBSCO (Cumulative Index to
Nursing and Allied Health Literature), Scopus, LILACS via Virtual Health
Library (VHL) (Latin American and Caribbean Health Sciences), Scien-
tific Electronic Library Online (Scielo), ISI Web of Science: Core
Collection and Embase until April 2020 to find studies that investigated
the differential expression of miRNAs in breast cancer patients. The
search included the Mesh terms ‘breast neoplasms’, ‘cardiotoxicity’,
‘microRNA’ and the entry terms. Supplementary material 2 describes the
search strategy used for the PubMed database.

The same terms were used to search for clinical studies in Google
Scholar, www.scholar.google.com/ and OpenGrey, www.opengrey.et/.
Searches were performed on the following dissertation/thesis databases:
ProQUEST Dissertations & Theses Global, Federal University of Minas
Gerais (https://repositorio.ufmg.br/), University of Sao Paulo (https:
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//www.teses.usp.br/), Oswaldo Cruz Foundation - Fiocruz (https://
portal.fiocruz.br/repositorio-institucional-arca), University of Brasilia
(https://repositorio.unb.br/) and Federal University of Bahia (htt
ps://repositorio.ufba.br/ri/). All possibly relevant reports were
considered for review, irrespective of language and date of publication.
Reference lists of included articles were also checked to identify addi-
tional relevant citations.

2.2. Inclusion and exclusion criteria

Two authors working independently (J.D.P. and M.T.A.) performed
the review of the titles and abstracts of all articles retrieved to evaluate
eligibility for inclusion in this study. In cases of disagreement, a third
investigator (K.B.G. or J.A.G.T.) contributed to the final decision.

Eligible studies were considered when they evaluated the differential
expression of miRNA in breast cancer patients over 18 years old who
received cancer therapy with anthracycline with or without cardiotox-
icity. We excluded studies that did not present a proper non-
cardiotoxicity group, or which were conducted on animal models/cell
lines, or did not report the outcomes of interest. Therefore, we excluded
reviews and meta-analyses.

2.3. Study selection and data extraction

The studies were retrieved from each electronic database and
included on a single electronic library, and duplicates were removed
using the EndNote® software. Two reviewers (J.D.P. and M.T.A.)
independently collected the results using a standardized form. When
consensus could not be achieved, a third reviewer (K.B.G. or J.A.G.T.)
resolved the differences in data extraction. The extraction of data
comprised: 1) characteristics of studies, such as author and year of
publication; 2) the sample type (plasma, serum or tissue) that was
evaluated; 3) miRNAs measured; 4) method of miRNA detection; and 5)
the expression of miRNAs in each study group. Data from the exposure
and control group were also collected.

2.4. Quality assessment of bias for each study

The risk of bias and methodological quality of the included studies
was independently assessed by two reviewers (J.D.P. and M.T.A.)
following the Newcastle-Ottawa quality assessment scale (http://www.
ohri.ca/programs/clinical_epidemiology/oxford.asp). This scale con-
tains eight items, including representativeness of the sample in the
exposed cohort, selection of the unexposed cohort, exposure by the type
of measure used (e.g., secure records or structured interviews), how the
outcome of interest was assessed, whether the follow-up of the study was
long enough for the hypothesis of the results to occur, and if there was
adequate follow-up of the cohorts. Stars are assigned to each completed
item, with the highest possible score being nine. A score above six means
that the study has high methodological quality. Importantly, we
considered a p-value <0.05 to indicate a statistically significant differ-
ence in the expression of miRNAs when the cardiotoxicity and non-
cardiotoxicity groups were compared, in at least two population-based
cohorts.

2.5. Target gene search and pathway analysis

We searched the miRTarBase to find target genes for each of the five
miRNAs identified in this systematic review, and considered their
different names or aliases, as follows: let-7f (hsa-let-7a-5p), miR-1 (hsa-
miR-1-3p), miR-20a (hsa-miR-20a-3p and hsa-miR-20a-5p), miR-126
(hsa-miR-126-3p and hsa-miR-126-5p), and miR-210 (hsa-miR-210-3p).
miRTarBase was developed to provide comprehensive information on
experimentally validated miRNA-target interactions [21]. For the
pathway analysis, we considered only target genes that were experi-
mentally validated by at least one of the validation methods that provide
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strong evidence according to miRTarBase, namely reporter assay,
western blot, and qPCR [21]. We manually retrieved the target genes for
each miRNA (Table 3) and interrogated them for significant
well-curated signaling pathways obtained from Reactome 2016 Human
Pathway [22] sorted by p-value ranking <0.5 using Enrichr [23].

3. Results
3.1. Study selection

The flowchart of the strategy used to select studies for inclusion in
this systematic review is shown in Fig. 1. The initial search identified
209 studies, of which 53 were excluded as they were duplicates or did
not meet the eligibility criteria. Exclusion criteria were: studies that did
not evaluate breast cancer therapy with anthracycline, experimental
studies, review papers and meta-analyses. The remaining 156 articles
were evaluated based on titles and abstracts. In this phase, the Kappa
coefficient of agreement between the two investigators (J.D.P and M.T.
A) was 0.862.

After reading the titles and abstracts, 133 studies were excluded for
not fulfilling the inclusion criteria, and 23 potentially eligible articles
were selected. Reasons for excluding studies were: participants aged
<18 years old, patients who were not treated with chemotherapy with
anthracyclines, studies conducted on animal models or cell lines, studies
which did not evaluate microRNA levels, those which did not present a
proper non-cardiotoxicity group, review papers and meta-analyses.
Eligible studies evaluated miRNA expressions in breast cancer patients
aged >18 years old and anthracycline-cardiotoxicity (cases) and breast
cancer patients without this condition (control groups). However,
following full text analysis, 18 studies were excluded due to the
following reasons: did not evaluate cancer therapy with anthracycline (n
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= 4), did not present a non-cardiotoxicity group (n = 4), were conducted
on animal models/cell lines (n = 5), or were not a primary study (n = 5).
Finally, five articles that fulfilled the eligibility criteria were included in
this systematic review [24-28].

3.2. Study characteristics and quality assessment

Among the five included studies, one was performed in a population
from Italy [24], two from China [25,28], one from Brazil [26] and one
from the United States of America [27]. One study [24] was included as
two independent reports because the findings were described by the use
of different anthracyclines (doxorubicin and epirubicin). The main
characteristics of these articles are shown in Table 1.

The studies were designed as cohorts and evaluated the miRNA
expression between anthracycline-induced cardiotoxicity and non-
cardiotoxicity groups in plasma samples during the follow-up. In
particular, Rigaud et al. [26] used data from the CECCY trial
(NCT01724450) and Gioffre et al. [24] assessed results from the
ICOS-ONE clinical trial (NCT01968200), to investigate miRNA expres-
sion as possible circulating markers of cardiotoxicity. One of the studies
evaluated only triple negative breast cancer [28] and one excluded
HER-2 positive breast cancer patients [26]. In four studies, the cardiac
impairment was evaluated in one-year follow-up compared to the
baseline, and also included evaluations during the treatment. Only one
study [27] was considered as a short follow-up (after first infusion).

The most common parameter used to define cardiotoxicity was LVEF
(assessed by echocardiography), which was considered in four studies.
Only one study [24] evaluated the occurrence of cardiotoxicity by car-
diac troponin (troponin I or T). Sample sizes ranged from 32 to 363 in
the included studies. Collectively, these studies investigated a total of
708 subjects (cardiotoxicity, n = 76; non-cardiotoxicity, n = 632) and

Studies identified through Additional studies identified
=
o database search through other sources
® (n=177) (n=32)
8
=
° __ | Studiesexcluded as
duplicate
— (n=20)
- Studies after the removal of duplicates
(n =189)
2 Studies excluded for
5 not meeting the
g v elegibility criteria
(%] Studies screened (n=33)
(n = 156)
Studies excluded after
() —_— reading titles and
abstracts
> Full-text articles (n=133)
= assessed for elegibility
=) (n=23)
w
Reasons for exclusion
¥ of full-text articles:
v No exposure of interest
) o . (n=4)
Studies included in No control group of
qualitative synthesis interest (n= 4)
§ (n=5) Experimental or in
=) silico study (n=5)
2 Review and meta-
analysis (n=5)

Fig. 1. Flowchart of the literature search and the study selection process.
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the age ranged from 45.38 to 49.9 years old.

Among the included studies, anthracycline was used in combination
with other cytotoxic agents. Todorova et al. [27] used doxorubicin (60
mg/m?) with cyclophosphamide (600 mg/m?), and Rigaud et al. [26]
combined doxorubicin (cumulative dose of 240 mg/mz) and cyclo-
phosphamide (600 mg/m?) followed by paclitaxel (80 mg/m? or doce-
taxel 75 mg/m?). Only Rigaud et al. [26] excluded patients who used
cardio-protective drugs, including ACE inhibitors, angiotensin II recep-
tor blockers, or p-blockers. In another study, neoadjuvant chemotherapy
included epirubicin (100 mg/mz) and cyclophosphamide (600 mg/mz),
followed by docetaxel (75-100 mg/mz) [28]. The same neoadjuvant
chemotherapy regimen was employed in the study developed by Qin
et al. [25], which also included HER2 positive patients who received
trastuzumab treatment on demand (6 mg/kg, after docetaxel treatment).
As mentioned above, one study evaluated the effects of both anthracy-
clines [24]. According to the clinical trial, epirubicin and doxorubicin
have a median cumulative dose of 360 [270-360] and 240 [240-240]
mg/m?, respectively. During the trial, 63 % of the patients with breast
cancer were treated with taxanes and 22.5 % with trastuzumab; 2 (0.8
%) patients were treated with a tyrosine-kinase inhibitor, imatinib [29].

Two studies used miRNA PCR arrays to assess the plasma miRNA
profiles of patients with anthracycline-based therapy [24,27]. Only
Gioffre et al. [24] selected miRNA candidates to validate the miRNA
array results through single qPCR analysis. Two studies [25,26] selected
miRNAs based on a literature search and performed RT-qPCR of these
selected miRNAs, while another study did not report the candidate
miRNA selection process [28].

Quality assessment of the included studies by using NOS for cohort
studies is shown in Supplementary material 3. The median score of NOS
was 8. All studies presented a high quality (low risk of bias) score >6.

3.3. Differentially expressed miRNAs in breast cancer patients with
anthracycline-induced cardiotoxicity and non-cardiotoxicity

In two studies, the expression of miRNAs was only assessed at
baseline [25,28]. However, one study assessed the expression of miRNAs
at baseline and after the first dose of the drug [27], and the other studies
performed the analysis at baseline and at least twice during the treat-
ment [24,26].

The number of differentially expressed miRNAs found when
comparing cardiotoxicity and non-cardiotoxicity patients varied in the
studies from 3 [24] to 32 miRNAs [27]. Considering the five studies, we
identified 40 differentially expressed miRNAs (p < 0.05) (Table 2).
Among them, four miRNAs (let-7f, miR-20a, miR-126 and miR-210)
showed concordant results in two studies [25,28], both being
down-regulated in the cardiotoxicity group compared to the
non-cardiotoxicity group. Only miR-1 showed discordant results, since it
was reported as being down-regulated in cardiotoxicity patients in one
study [27], and up-regulated in another [26].

Notably, one study found 26 miRNAs to be up-regulated in car-
diotoxicity group when compared to non-cardiotoxicity subjects [27].
Also, three miRNAs have shown increased expression levels in car-
diotoxicity patients in another study [24]. Moreover, two, three and one
miRNAs were found to be down-regulated in anthracycline-treated
breast cancer patients with cardiotoxicity in different studies [25,27]
and [28], respectively.

The levels of 11 miRNAs (let-7b, miR-17-3p, miR-18a, miR-19b-1,
miR-130a, miR-146a, miR-148a-3p, miR-208a, miR-208b, miR-296,
miR-423-5p) were not different between the cardiotoxicity and non-
cardiotoxicity groups (p > 0.05, data not show).

3.4. Pathway analysis of target genes for the five differentially expressed
miRNAs

We used an approach focused on the target genes identified in the
miRTarBase for the five miRNAs (let-7f, miR-1, miR-20a, miR-126 and
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miR-210) or their aliases. Notably, the number of target genes varied
from 46 to 80 for the let-7f and miR-1, respectively (Table 3). We then
performed pathway analysis using the target genes for each miRNA in
order to search for molecular pathways which may be related to
anthracycline-induced cardiotoxicity. Reactome pathways for each of
the five miRNAs are shown in Fig. 2. Notably, some pathways are shared
among the miRNAs, such as “Signal transduction R-HAS-162582" (let-
7f, miR-1, miR-20a, and miR-126) and “Cellular responses to stress R-
HAS-2262752” (let-7f, miR-20a, and miR-210) (Fig. 2).

4. Discussion

The search for novel biomarkers for the early detection of car-
diotoxicity is clinically relevant to the detection of initial cardiac injury
before the established dysfunction [17]. In this field, several studies
have suggested that miRNAs are key mediators in modulating
anthracycline-induced cardiac injury [13-16]. Circulating miRNAs can
be potentially non-invasive biomarkers because they are stable in the
circulation, resistant to degradation by nucleases, and can be detected
before the onset of clinical symptoms [30].

However, studies have shown discordant results regarding miRNA
expression profiles, which make the identification of the best miRNA
candidates for cardiotoxicity assessment difficult [31]. Furthermore,
significant heterogeneity was also observed in different studies related
to cardiotoxicity criteria, the number of patients included and the
number of miRNAs investigated [32]. Given the importance of miRNAs
as diagnostic biomarkers in anthracycline-induced cardiotoxicity in
breast cancer patients, we performed this systematic review of all studies
that evaluated the differential expression of miRNAs in breast cancer
patients. Notably, we found five miRNAs (let-7f, miR-1, miR-20a,
miR-126 and miR-210) which were significantly deregulated in two
cohorts of breast cancer patients with anthracycline-induced
cardiotoxicity.

Let-7f is a pro-angiogenic miRNA, belonging to the let-7 family [27].
This molecule has angiogenic and endothelial function and influences
the clinical prognosis for ischemic stroke in young subjects [13]. Let-7f
facilitates the vascular network, acting directly on the transformed
growth factors (TGF)-f and vascular endothelial growth factor (VEGF)
[27]. It was also reported that low levels of let-7f expression were
related to LVEF in dilated cardiomyopathy [27]. Thus, let-7f can reduce
the risk of cardiac dysfunction and protect patients being treated with
anthracyclines against cardiotoxicity [27]. Two Chinese studies
included in this systematic review reported that breast cancer patients
with anthracycline-induced cardiotoxicity had lower levels of let-7f
compared to non-cardiotoxicity patients [25,28]. Both studies selected
14 miRNAs to be evaluated by RT-qPCR, based on their previously
proposed pro-angiogenic role. Although miRNA candidates were
selected from the literature or based on prior evidences, the validation of
miRNAs on an independent cohort of subjects contributed to reinforce
the use of miRNAs as minimally invasive screening and triage tools for
subsequent diagnostic evaluation. Additionally, the authors enrolled
patients undergoing chemotherapy with epirubicin (dose of 100 mg/m?)
and considered a follow-up period of 12 months. Cardiotoxicity was
defined as a decrease in LVEF by 10 % from baseline to a final value less
than 53 % in both studies. The similarity in the study design and miRNA
detection method allows the reliable comparison of results. In addition,
in these two studies, let-7f was found in plasma miRNA expression
profiles from women with breast cancer in China, which limits the
extension of the findings to other population groups. Importantly,
replication in samples collected from other population groups is
important to validate these findings.

Regarding the pathway analysis, LIN28A (Lin-28 Homolog A) was
found among the target genes for let-7a-5p. Notably, Lin28a was
recently shown to play a pivotal role in pathological cardiac hypertro-
phy in a mouse model [33]. Through the inhibition of microRNA let-7
maturation or directly binding to mRNAs to regulate their abundance
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Table 2
Differentially expressed microRNAs in cardiotoxicity compared to non-cardiotoxicity patients in all studies included in the systematic review.
miRNA Study [reference] Change of expression in P-value Time of miRNA Potential role [Reference]
cardiotoxicity group evaluation
glg]et al., 2018 Down 50.001 Baseline
let-7f Zhu et al,, 2018 ‘ . Pro-angiogenic [59]
Down 0.001* Baseline
[28]
I[(;i?ud etal,, 2017 Up <0,05* At cycle 2, 3 and 4
miR-1 Todorova et al., Down 0.003* After first dose Arrhythmia, myocardial infarction, cardiac hypertrophy and heart failure
2017 [27] [60]
Gioffre et al., 2020 .
[24]a,b Unreported >0.05 Baseline
miR-15a- Todorova et al., X . . .
3 ” 1
5p 2017 [27] Up 0.015 After first dose Diffuse myocardial fibrosis [61]
miR-15b- Todorova et al., " . . . . e
5p 2017 [27] Up 0.029 After first dose Arteriogenesis and angiogenesis [62]
miR-16- Todorova et al.
’ .008* i i i ivation [63
2:3p 2017 [27] Up 0.008 After first dose Sympathetic denervation and PPARy activation [63]
miR-16- Todorova et al., . S .
5p 2017 [27] Up 0.016 After first dose Cardiac insufficiency [64]
. Qin et al,, 2018 Down 0.003* Baseline
miR-17- [25] . . P .
Pro-angiogenic, acute myocardial infarction) [65] [66]
5p Zhu et al., 2018 .
, Down 0.332 Baseline
[28]
gf]et al, 2018 Down 0.126 Baseline
miR-19a ” Pro-angiogenic, acute myocardial infarction) [65] [66]
Zhu et al., 2018 . .
Down 0.023* Baseline
[28]
?21;116'[ al.,, 2018 Down f0.00l Baseline
miR-20a Zhu et al., 2018 ) ‘ Pro-angiogenic [67]
Down 0.040* Baseline
[28]
miR-23b- Todorova et al., . o L
3p 2017 [27] Up 0.041 After first dose Cardiac insufficiency [64]
miR-25- Todorova et al., . . . .
3p 2017 [27] Up 0.006 After first dose Myocardial Infarction [68]
miR-28- Todorova et al., . X . .
.008* 9
3p 2017 [27] Up 0.008 After first dose Type 2 diabetes mellitus [69]
miR-30d- Todorova et al., X 1 .
5p 2017 [27] Up 0.034 After first dose Myocardial infarction [70]
T 1.
. odort)‘va etal, Up 0.002* After first dose
miR-34a- 2017 [27] . - - .
X Cardiotoxicity and apoptosis with the use of anthracyclines [71]
5p Gioffre etal,, 2020 Unreported >0.05 Baseline
[241a,b P :
Qin et al., 2018 .
[25] Down 0.882 Baseline
miR-92a f;:]et al., 2018 Down 0.160  Baseline Pro-angiogenic [72]
Todorova et al., . .
2017 [27] Up 0.019 After first dose
miR-122- ([3213§f;e etal, 2020 Up 0.007* Baseline
5p Gioffre et al., 2020 v 050 Baseline Acute coronary syndrome, severity of coronary diseases [73,74]
[241b p i
([Qzltrl]et al., 2018 Down 50.001 Baseline
. t) . .
miR-126 Zhu et al., 2018 ‘ ‘ Pro-angiogenic [75]
i Down 0.020* Baseline
[28]
miR- Todorova et al
133a- 2017 [27] ” Down 0.010* After first dose Proliferation, differentiation, survival, hypertrophic growth [76,77]
3p
l[{zii:]iud etal., 2017 Up ~0,05 12‘\( ;Zs;:éir;e, cycle
miR-133b ? Proliferation, differentiation, survival, hypertrophic growth [76,77]
Todorova etal, Down 0.004* After first dose
2017 [27] '
miR-140- Todorova et al., . i .
3p 2017 [27] Up 0.014 After first dose Myocardial infarction [78]
miR-142- Todorova et al., . . . - :
5p 2017 [27] Up 0.024 After first dose Inflammation, oxidative stress and apoptosis [79]
miR-144- Todorova et al., . Proliferation, migration, invasion and apoptosis of human umbilical vein
5p 2017 [27] Up 0.007 After first dose endothelial cells [80]; identified in heart and colon mouse tissue [81]
miR-145- Todorova et al.
> 006 . s . o
5p 2017 [27] Up 0.006 After first dose Inflammatory response, apoptosis in cardiomyocytes [82]
iR-205- Ty 1.
mlst 05 28?;?2‘,;] etal, Up 0.034* After first dose Differentiation, capture and proliferation of breast cancer [83]

(continued on next page)
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Table 2 (continued)
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miRNA Study [reference] Change of expression in P-value Time of miRNA Potential role [Reference]
cardiotoxicity group evaluation
?Zlg]et al., 2018 Down 0.021% Baseline
miR-210 Zhu et al., 2018 ‘ ' Pro-angiogenic [84]
. Down 0.032* Baseline
[28]
miR-324- Todoro{va etal, Up 0.025* After first dose Mitochondrial fission, apoptosis and myocardial infarction [85]
5p 2017 [27]
miR-331- Todorova et al., . . )
3p 2017 [27] Up 0.023 After first dose Tumor suppression [86]
miR-363- Todorova et al.
’ .023% After fi T i
3p 2017 [27] Up 0.023 ter first dose umor suppression [87]
miR- Todorova et al
376a- . ” Down 0.028* After first dose Tumor suppression [87]
2017 [27]
3p
g;]et al, 2018 Down 0.002* Baseline
miR-378 Zhu et al., 2018 ' Pro-angiogenic [88]
Down 0.104 Baseline
[28]
Tod t al.
miR-421 281;1?;78]& & Up 0.015* After first dose Cardiomyocyte apoptosis, myocardial infarction [89]
iR-486- T 1. . . . . .
m15Rp486 28?,(7“[0;;] etal, Up 0.006* After first dose Protection against cardiomyocyte apoptosis [90]
miR- [GZ‘Z?:‘* etal, 2020 ;) 0.020  Baseline
499a- . Acute myocardial infarction [91]
5 Gioffre et al., 2020 U 0.75 Baseline
P [241b P :
iR-501- Ty 1.
mgzso 28?;?2‘,73] etal, Up 0.013* After first dose Alzheimer’s disease, metastasis [92] and hepatocellular carcinoma [93]
miR-502- Todorova et al.
s . . . "
3p 2017 [27] Up 0.010 After first dose Triple negative breast cancer [94]
iR-532- T 1. . . e . . ..
miR-53 odorova et al., Up 0.040* After first dose Mitochondrial fission, apoptosis in the presence of doxorubicin [95]
3p 2017 [27]
miR-532- Todorova et al., . . - . .
.002* 9
5p 2017 [27] Up 0.002 After first dose Acute myocardial infarction, apoptotic [96]
miR-660- Todorova et al., Up 0.005* After first dose Platelets, thrombotic events and acute myocardial infarction [97]
5p 2017 [27]
' Gioffre et al., 2020 Up 0.035* Baseline
miR-885- [24]a Liver toxicity [98]
5p Gioffre et al., 2020 U 0.14 Baseline Y
[241b P :
miR- Todorova et al., Up 0.027* After first dose Metastatic melanoma [99]

1260a 2017 [27]

* P < 0.05. Baseline: before treatment.

and translation, the evolutionarily conserved RNA-binding protein
Lin28a and its paralog Lin28b play critical roles in pluripotency,
organismal growth, tissue repair, and oncogenesis [34,35].

miR-20a is a member of the miR-17 family, which in turn belongs to
the miR-17/92 cluster, a gene family with an oncogenic role that is
differentially expressed in breast cancer, mainly in tumors negative for
estrogen receptors [36]. Notably, the miR-17/92 cluster was deregu-
lated in cardiovascular, immune and neurodegenerative diseases [37].
miR-20a was shown to control angiogenesis in breast cancer and induces
abnormalities in the vascular development of the mesh [38]. Moreover,
a decreased plasma levels of miR-20a was found when compared
cardiotoxicity-affected and non-cardiotoxic patients, which suggest that
miR-20a is a potential circulating marker of cancer treatment-related
cardiotoxicity [25,28].

miR-126 is involved in angiogenic and inflammatory processes,
therefore playing an important role in cancers and autoimmune diseases
[39]. miR-126 was shown to be decreased in tumors, because it is able to
inhibit the growth, adaptation, migration and invasion of the cancer cell
of origin. Notably, miR-126 levels are used as a prognostic pattern for
the survival of neoplastic patients [40]. In addition, miR-126 was also
shown to play a role in improving myocardial damage after acute
myocardial infarction events. Two studies found decreased levels of
miR-126 in breast cancer patients when comparing the cardiotoxicity
and non-cardiotoxicity groups [25,28], suggesting that miR-126 is a
possible marker of cardiotoxicity risk. Conversely, miR-126 was found to
be significantly up-regulated after neoadjuvant chemotherapy

(cyclophosphamide or fluorouracil and epirubicin followed by docetaxel
or paclitaxel) in 25 breast cancer patients before and after chemotherapy
[16]. Importantly, this study did not evaluate whether there was a
correlation between miR-126 levels and biomarkers of cardiotoxicity
[16]. Therefore, these discordant results may be due to the lower level or
absence of cardiac toxicity. Moreover, the mechanisms of miR-126 un-
derlying cardiotoxicity is still unclear.

miR-210 modulates endothelial cells response to hypoxia and has a
robust anti-hypoxia ability. miR-210 was shown to enhance the forma-
tion of capillary networks and the migration and differentiation of
endothelial cells [41]. In vitro experiments showed that miR-210, when
overexpressed, could mitigate hypoxia-induced injury [42]. In addition,
the positive regulation of miR-210 was reported in cardiac stem cells
under conditions of hypoxia, which prevented apoptosis and promoted
cell migration [43]. In cells of breast cancer lineage, when in a hypoxic
environment, miR-210 promoted metastasis, proliferation and
self-renewal [44]. Importantly, a correlation between miR-210 levels
and the decrease in LVEF was observed in a cohort of 97 breast cancer
patients under anthracycline treatment; twelve had cardiotoxicity with a
reduction in basal LVEF [45]. Decreased levels of miR-126 were also
shown in patients affected by cardiotoxicity compared to unaffected
subjects [25,28]. Taken together, these data suggest that the differential
regulation of miR-126 may modulate cardiotoxicity.

The miR-1 is encoded by miR-1-1 and miR1-2, which are located in
two distinct loci on chromosomes 20 and 18, respectively. The two
precursors, after being exported to the cytoplasm by the Exportin 5
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Table 3
Target genes identified in the miRTarBase for the differentially expressed miR-
NAs (or their aliases) identified in the systematic review.

miRNA Target genes identified in miRTarBase

let-7f EWSR1, PARP1, NF2, UHRF2, E2F2, HMGA2, KRAS,
CCR7, RAB40C, ITGB3, IL6, UHRF1, NKIRAS2, HRAS,
CCND2, AGO1, RRM2, HMGA1, PKM, PRDM1, PAK1,
EZH2, ARG2, MAP4K4, AURKB, WNT1, RAVER2,
TNFAIP3, CDK6, CASP3, NRAS, DICER1, LIN28A,
TNFRSF10B, MYC, TGFBR3, CDC34, STAT3, IGF2BP1,
TRIM71, EGFR, IGF2, HAS2, AGO4, CDKN1A, LIN28B
miR-1 EDN1, PTBP1, IGF1, API5, TAGLN2, MPL, CDK4, FZD7,
PIM1, MET, GJA1, SNAI2, FOXP1, PIK3CA, VEGFA,
LASP1, G6PD, XPO6, HCN2, KRAS, CCL2, FRS2, FN1,
CCND1, PAX3, RARB, HCN4, PNP, KCNJ2, PTMA, HDAC4,
FABP3, NOTCH3, KCNE1, TWF1, ETS1, NAIP, PPP2R5A,
SPRED1, SLC8A1, PGD, TKT, TNKS2, HAND2, MEF2A,
ABCB1, TWIST1, BAG4, YWHAZ, CXCL12, FASN, ANXA2,
SOX9, ADAR, ND1, SOX6, CNN3, PRKCE, COX1, HSPD1,
PGM2, CEBPA, HSPA4, SERP1, CALM3, GATA4, AGO1,
BDNF, SRXN1, LARP4, TMSB4X, KIF2A, NETO2,
ATP6V1B2, ASPH, TH, POGK, SP1, CAND1, IL11

SMO, PTEN, BID, NR4A3, EGR2, HIF1A, TCEAL1, CCND1,
E2F1, BMPR2, CDKN1A, TGFBR2, PTEN, APP, RUNX1,
SMAD4, IRF2, KIT, UBE2C, STAT3, LIMK1, GJA1, DUSP2,
SMAD?, MAP3K5, MCL1, TP53INP1, EGR2, ABL2,
ATG16L1, PRKG1, ETV1, FBXO31, RUNX3, NFKBIB,
KIF26B, DAPK3, EGLN3, REST, ITGB8, ZFYVE9, RGS5,
TGFBR1, ITGB8, MYC, BNIP2, MAP3K12, BCL2, MEF2D,
VEGFA, CCND2, E2F3, RB1, RBL1, RBL2, WEE1, PPARG,
BAMBI, CRIM1, MAP2K3, PURA, ARHGAP12, TSG101,
SIRPA, PHLPP2, ANKH, EPAS1, DNMT1, PKD1, PKNOX1,
RB1CC1, TIMP2, PTPRO, PPP2R2A, NRAS, THBS1,
MUC17

PITPNC1, IGFBP2, KRAS, SPRED1, PLK2, EGFL7, RGS3,
TOM1, HOXA9, MERTK, CRK, VEGFA, PIK3R2, IRS1,
SOX2, TWF1, TWF2, PTPN7, DNMT1, SLC7A5, PIK3CG,
TEK, ADAMY, CRKL, FOX03, BCL2, CXCR4, RHOU, LRP6,
SIRT1, NFKBIA, CADM1, EZH2, ROCK1, SLC45A3,
VCAMI1, PGR, ADGRE5, AKT1, CCNE2, MMP7, CXCL12,
TCF4, ADM, E2F1, SPRED1, PTPN7, HOTAIR, CRK, CYLD,
SLC45A3, MYC, ADAM9, MMP7, CXCL12, VEGFA
FGFRL1, RAD52, EFNA3, PTPN1, BDNF, ISCU, E2F3,
MNT, AIFM3, NDUFA4, SDHD, ALDH5A1, FOXN3, MCM3,
IGFBP3, COL4A2, INPP5A, EHD2, SH3BGRL, PTPN2,
FOXP3, HIF3A, BNIP3, ATG7, THSD7A, VMP1, BTK,
NPTX1, XIST, CPEB2, GPD1L, NCAM1, DDAH1, TFRC,
HSD17B1, STMN1, DIMT1, LDHA, LDHB, P4HB, PTBP3,
HIF1A, HOXA9, TP53111, PIM1, HOXA1, CASPSAP2,
KCMF1, PLK1, TWIST1, MRE11A, XPA, SMCHD1, TNPO1,
CBX1, ABCB9, CDK10, DENND6A, HOXA3, MYORG,
MDGAL1, MID1IP1, SEH1L, UBQLN1, SERTAD2, ACVR1B,
APC, ATP11C, CHD9, CLASP2, ELK3, PTAR1, NIPBL,
MIB1, HECTD1

hsa-let-7a-5p (46
target genes)

hsa-miR-1-3p (80
target genes)

miR-20a
hsa-miR-20a-3p

hsa-miR-20a-5p (74
target genes)

miR-126

hsa-miR-126-3p

hsa-miR-126-5p (48
target genes)

miR-210

hsa-miR-210-3p (75
target genes)

molecule, are processed in mature identical forms of miR-1. It has been
seen that miR-1 is related to several types of cancer, including breast
cancer [46]. miR-1 has been reported to be elevated in cardiac muscle,
but not in other tissues [47]. Patients who have suffered from acute
myocardial infarction had higher plasma levels of miR-1 compared to
healthy patients. As miR-1 is abundantly expressed in skeletal muscle, it
was suggested that miR-1 is released by necrotic cardiac myocytes [48].
While increased levels of miR-1 were found in the plasma of breast
cancer patients who had to be treated with doxorubicin and suffered
from cardiac dysfunction after cycles 2, 3 and 4 [26], miR-1 was also
found to be down-regulated after the first dose of doxorubicin [27].
Although both studies have investigated patients treated with doxoru-
bicin, they have adopted different combined regimes and dosages [26,
27]. Considering that cardiotoxicity is related to both the peak plasma
concentration and cumulative dose of anticancer drugs [49], their
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findings may differ because of the chemotherapy cycles (dosage, time
and periodicity) and drug combinations. Moreover, their findings
probably differed due to different molecular subtypes of breast cancer,
which could have distinct clinical outcomes. Importantly, different
sample size and detection methods were employed. In particular, Rigaud
et al. [26] selected 6 candidate miRNAs, based on the literature, to be
evaluated in plasma of 56 breast cancer patients with abnormal cardiac
function by qRT-PCR. On the other hand, Todorova et al. [27] performed
plasma profiling, using a miRNome PCR panel, in sample of 20 breast
cancer patients with cardiotoxicity. Different commercial kits and pro-
tocols may lead to different conclusions and make the comparison of
results very difficult. Finally, Gioffre et al. [24] did not find any signif-
icant differences in miR-1 levels in 88 breast cancer patients treated with
doxorubicin or epirubicin. Moreover, this study evaluated the effects of
anthracycline by ¢TnT and cTnl levels, because of the lack of a decrease
in LVEF [24]. Conversely, two other studies assessed cardiotoxicity
using LVEF [26,27]. Using an OpenArray screening, miR-1 was not
found to be differentially expressed at baseline, during treatment and at
follow-up, probably because few patients presented cardiac toxicity
[24]. Importantly, only this study confirmed the expression of miRNAs
by a second RT-qPCR technique using TagMan assays on the same
plasma samples for results validation.

In order to search for pathways that are relevant to anthracycline-
induced cardiotoxicity, we searched the miRTarBase for target genes
for the five miRNAs (Table 3) and found relevant Reactome pathways
(Fig. 2). Notably, the “Cellular responses to stress R-HAS-2262752"
pathway was found from the target genes for the miRNAs let-7f, miR-
20a, and miR-210. Accordingly, redox cycling and oxidative stress are
among the well-known molecular pathways related to doxorubicin-
induced cardiotoxicity [50-53]. Notably, recent studies indicate the
role of non-coding RNAs, including miRNAs and long non-coding RNAs,
in the pathogenic process of oxidative stress and the response of cells to
oxidative stress [54,55]. However, recent evidence suggested that
doxorubicin cardiotoxicity is not solely due to redox cycling. Novel ex-
planations include anthracycline-dependent regulation of major
signaling pathways controlling DNA damage response, cardiomyocyte
survival, cardiac inflammation, energetic stress and gene expression
modulation  [56]. Interestingly, the  “Signal transduction
R-HAS-162582" pathway was found from the target genes for the miR-
NAs let-7f, miR-1, miR-20a, and miR-126. Indeed, the review of mo-
lecular advances regarding anthracycline-associated cardiomyopathy
have uncovered the complex balance between cardiomyocytes and
endothelial homeostasis through reactive oxidative stress, interference
in apoptosis/growth/metabolism, and angiogenic imbalance [52].

The reliable prediction of who will develop cardiomyopathy and
heart failure upon anthracycline exposure have proven elusive [52].
Predictive genomic biomarkers of functional relevance for
doxorubicin-induced cardiotoxicity and heart failure were previously
identified using human Induced Pluripotent Stem Cells-derived car-
diomyocytes [57]. Doxorubicin exposure for more than two days was
shown to deregulate genes participating in apoptosis, DNA damage, and
the oxidative stress response. Several clusters of genes were found to be
down-regulated (sarcomere, myofibril, contractile fiber, and regulation
of heart contraction genes) or up-regulated (stress response, p53
signaling pathway, and apoptosis genes) after two and six days of
treatment with 156 nM doxorubicin, again becoming up-regulated or
down-regulated toward control levels after washing out of the drug [57,
58].

The major strength of this systematic review and pathway analysis
was the novelty of the study. To the best of our knowledge, this was the
first systematic review focusing on the predictive role of miRNAs in
anthracycline-induced cardiotoxicity in the prognosis of breast cancer
patient. Moreover, we showed two shared pathways among the miRNAs
including “Signal transduction R-HAS-162582” and “Cellular responses
to stress R-HAS-2262752”.

Although the literature search was conducted in accordance with
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Fig. 2. Reactome pathways obtained from the target genes identified in the miRTarBase for the five differentially expressed miRNAs (or their aliases) identified in
this systematic review.



Table 1
Characteristics of the studies included in the systematic review.
First Type of breast Study duration Cardiotoxicity miRNA miRNA
author, cancer diagnosis Number of patients; . detection studied
ear. mean age + SD or median (interquartile range) Chemotherapy regimens; method
year, . s q 8 dose (mg/m?) + SD
country, in years
reference
Entire Cardiotoxicity =~ Non- Entire cohort Cardiotoxicity Non-cardiotoxicity
cohort cardiotoxicity
32 18 14 Doxorubicin Doxorubicin Doxorubicin miR-1-3p
miR-34a-
Sp
miR-99b-
5p
Gioffre Open Array miR-122-
et al., R 5p
2020; unreported 12 months c¢TnIand cTnT Median cumulative dose of 226.2 + 38.7 240.0 & screening miR-125b-
, P unreported  53.3 £ 11.3 53.9 +£10.8 2 ) L 0 (cumulative and RT-
Italy [24] 240 [240-240] mg/m’ (cumulative dose) 5p
dose) qPCR .

a miR-499a-
5p
miR-532-
Sp
miR-885-
5p

56 12 44 Epirubicin Epirubicin Epirubicin miR-1-3p
miR-34a-
5p
miR-122-
Sp
miR-128-

239.1 + 45.
Gioffre (gl?mula;\s/es 223.3 £ 425 Open Arra 3p
etal, epirublcin dose (Gumulative Sclieening Y miR-181b-
2020; 12 h Tn I TnT Medi lati f irubici
0 0,' unreported months c¢TnIand cTn unreported 52.2 4 6.3 493 £ 11.4 edian cumulative dgse o converting in epiru 1c'1n cjlose and RT- 59

Italy [24] 360 [270-360] mg/m converting in terms miR-181c-

terms of . qPCR

b . of doxorubicin 5p

doxorubicin R s
. equivalents) miR-361-
equivalents)
3p
miR-499a-
5p
miR-885-
Sp
46 Doxorubicin Doxorubicin Doxorubicin miR-1
. iR-133b
Rigaud . Reduction in Cumulative dose of 240 mg/ m%R 33
etal, Adenocarcinom; LVEF >10% 56 m?) and cyclophosphamide miR-146a
2017; HER-2 positive 12 months =0 10 48.6 + 3.2 ¢ OPnosp 408.4 + 1.4 (Total ~ 410.6 + 11.4 RT-qPCR miR-208a
. and/or LVEF 49.9+3.3 499 + 1.2 (600 mg/m~) followed by .
Brazil was excluded . 2 dose) (Total dose) miR-208b
. <50% paclitaxel (80 mg/m~ or .
[26] > miR-423-
docetaxel 75 mg/m~) 5p
363 19 346 Epirubicin Epirubicin Epirubicin let-7b
> : 11 > H
245 years 245 years 100 mg/m?, (treatment let-7f

. . (5.5) 189(94.5) . .

Qin et al., LVEF declined by regimen), cyclophosphamide miR-17-3p
. o 2 -17-

20? 8 unreported 12 months 10% .from 45.38 + (600 mg/m3, then followed RT-qPCR miR-17-5p

China baseline to by docetaxel (75-100 mg/ unreported unreported .

6.05 <45 years: 8 <45 years: o5 miR-18a

[25] below 53% m*), trastuzumab treatment .

(4.8) 157(95.2) miR-19a
on demand (6 mg/kg, after B
miR-19b-1
docetaxel treatment) .
miR-20a

(continued on next page)
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Table 1 (continued)

First Type of breast Study duration Cardiotoxicity miRNA miRNA

author, cancer diagnosis Number of patients; . detection studied
ear. mean age + SD or median (interquartile range) Chemotherapy regimens; method

year, . 8 q 8 dose (mg/m?) + SD

country, in years

reference

Entire Cardiotoxicity Non- Entire cohort Cardiotoxicity Non-cardiotoxicity

cohort cardiotoxicity
miR-92a
miR-126
miR-130a
miR-210
miR-296
miR-378

Todorova 20 8 12 Doxorubicin Doxorubici Doxorubicin

1., . T-qP
era . After one dose Decline of LVEF 60 mg/m? (treatment R . aPCR
2017; Invasive ductal . using a

R . of below by >10% regimen) . Unreported
United carcinoma unreported  unreported unreported . unreported unreported miRNome

chemotherapy or below 50% cyclophosphamide (600 mg/

States m?) PCR panel
[27]

179 9 170 Epirubicin Epirubicin Epirubicin let-7b
let-7f
miR-17-5p
miR-17-3p
miR-18a

Zhu et al., LVEF declined by 100 mg/m?(treatment mfR-lQa
2018; . . 10% from R . miR-19b-1
. Triple negative 12 months . regimen), cyclophosphamide RT-qPCR .
China baseline to 459 + 6.1 unreported unreported LS unreported unreported miR-20a
(600 mg/m~), then followed .
(28] below 53% by docetaxel (75-100 mg/m?) miR-92a
Y & miR-126
miR-130a
miR-210
miR-296
miR-378

Abbreviations: cTnl: troponin [; ¢cTnT: troponin T; HER-2: epithelial growth factor receptor 2; LVEF: left ventricular ejection fraction; RT-qPCR: reverse transcriptase quantitative polymerase chain reaction; SD: standard

deviation.
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standardized guidelines, the current study has some limitations. There
were only five eligible studies in this systematic review. While we
identified five miRNAs that are associated with the anthracycline-based
cardiotoxicity, it was difficult to accurately evaluate their potential use
for monitoring of early cardiotoxicity from chemotherapy because they
have been reported in a few studies. Importantly, some studies lack a
clear and detailed description of the studied population (e.g., histolog-
ical classification of breast cancer type, number of patients, age),
treatment (e.g., total or cumulative anthracycline dose) and different
assessment of cardiotoxicity, including image evaluation (e.g., echog-
raphy) or by the dosage of circulating markers (e.g., troponins). Notably,
in almost studies, patients using cardioprotective drugs were not
excluded and their beneficial effects on the cardiovascular system were
not considered. Importantly, the presence of comorbidities is a factor
that can accelerate cardiotoxicity, although the authors did not discuss
these confounding factors or adjust the confounders for the analysis.
Another limitation was the inclusion of studies that selected only miR-
NAs reported in the literature (e.g., miR-1). Indeed, the studies showed
high variability in breast cancer treatment — including the use of other
concomitant agents known to have cardiotoxic effects — and different
follow-up periods. Therefore, in this systematic review, the limited
number of studies with the same differentially expressed miRNA makes
it impossible to perform a quantitative analysis of the data (meta-anal-
ysis). In addition, most studies did not report the raw or normalized
miRNA expression data, only if the miRNA was significantly up- or
down-regulated. Large prospective studies are needed to confirm the
involvement of the five miRNAs identified in the current systematic
review in breast cancer patients with anthracycline-induced cardiotox-
icity. Moreover, it is important to conduct studies using screening
methods like microarrays and/or RNAseq techniques in order to inves-
tigate additional miRNAs, related to other pathways in cardiotoxic
process.

5. Conclusion

In conclusion, our systematic review showed five miRNAs (let-7f,
miR-1, miR-20a, miR-126 and miR-210) with the potential to predict
anthracycline-induced cardiotoxicity in breast cancer patients. These
miRNAs and their targets participate in pathways of known relevance
for cardiotoxicity pathogenesis, such as pro-angiogenesis and myocar-
dial infarction. Moreover, analysis of the target genes found for the five
miRNAs suggests that cellular responses to stress and signal transduction
pathways may contribute to anthracycline-induced cardiotoxicity. To
the best of our knowledge, this is the first systematic review investi-
gating the differential expression of circulating miRNAs in breast cancer
patients affected by anthracycline cardiotoxicity, considering their
clinical potential as early prediction tools and prognostic markers.

Declaration of Competing Interest

The authors report no declarations of interest.
Acknowledgments

KBG, MTA, and MRL are grateful to Conselho Nacional de Desen-
volvimento Cientifico e Tecnoldgico (CNPq) for research fellowship.
JAGT is grateful to Coordenacao de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES) for research fellowship. This work was sup-
ported by FAPEMIG, CNPq/Brazil and CAPES.
Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.biopha.2020.110709.

11

Biomedicine & Pharmacotherapy 131 (2020) 110709

References

[1] J. Ferlay, M. Colombet, I. Soerjomataram, C. Mathers, D.M. Parkin, M. Pineros,
A. Znaor, F. Bray, Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods, Int. J. Cancer 144 (8) (2019) 1941-1953.
W.H. Organization, Breast Cancer: Early Diagnosis and Screening, 2019. https:
//www.who.int/cancer/prevention/diagnosis-screening/breast-cancer/en/.
M. Burnell, M.N. Levine, J.A. Chapman, V. Bramwell, K. Gelmon, B. Walley,
T. Vandenberg, H. Chalchal, K.S. Albain, E.A. Perez, H. Rugo, K. Pritchard,
P. O’Brien, L.E. Shepherd, Cyclophosphamide, epirubicin, and Fluorouracil versus
dose-dense epirubicin and cyclophosphamide followed by Paclitaxel versus
Doxorubicin and cyclophosphamide followed by Paclitaxel in node-positive or
high-risk node-negative breast cancer, J. Clin. Oncol. 28 (1) (2010) 77-82.
H. Abdel-Qadir, P.C. Austin, D.S. Lee, E. Amir, J.V. Tu, P. Thavendiranathan,
K. Fung, G.M. Anderson, A population-based study of cardiovascular mortality
following early-stage breast cancer, JAMA Cardiol. 2 (1) (2017) 88-93.
J. Lopez-Sendon, C. Alvarez—Ortega, P. Zamora Aunon, A. Buno Soto, A.R. Lyon,
D. Farmakis, D. Cardinale, M. Canales Albendea, J. Feliu Batlle, I. Rodriguez
Rodriguez, O. Rodriguez Fraga, A. Albaladejo, G. Mediavilla, J.R. Gonzalez-
Juanatey, A. Martinez Monzonis, P. Gomez Prieto, J. Gonzalez-Costello, J.
M. Serrano Antolin, R. Cadenas Chamorro, T. Lopez Fernandez, Classification,
prevalence, and outcomes of anticancer therapy-induced cardiotoxicity: the
CARDIOTOX registry, Eur. Heart J. 41 (18) (2020) 1720-1729.
N. Pareek, J. Cevallos, P. Moliner, M. Shah, L.L. Tan, V. Chambers, A.J. Baksi, R.
S. Khattar, R. Sharma, S.D. Rosen, A.R. Lyon, Activity and outcomes of a cardio-
oncology service in the United Kingdom-a five-year experience, Eur. J. Heart Fail.
20 (12) (2018) 1721-1731.
L.G. Klaeboe, T. Edvardsen, Echocardiographic assessment of left ventricular
systolic function, J. Echocardiogr. 17 (1) (2019) 10-16.
P. Ponikowski, A.A. Voors, S.D. Anker, H. Bueno, J.G.F. Cleland, A.J.S. Coats,
V. Falk, J.R. Gonzalez-Juanatey, V.P. Harjola, E.A. Jankowska, M. Jessup, C. Linde,
P. Nihoyannopoulos, J.T. Parissis, B. Pieske, J.P. Riley, G.M.C. Rosano, L.
M. Ruilope, F. Ruschitzka, F.H. Rutten, P. van der Meer, 2016 ESC guidelines for
the diagnosis and treatment of acute and chronic heart failure: the task force for the
diagnosis and treatment of acute and chronic Heart Failure of The European
Society of Cardiology (ESC) developed with the special contribution of The Heart
Failure Association (HFA) of The ESC, Eur. Heart J. 37 (27) (2016) 2129-2200.
R. Simoes, L.M. Silva, A. Cruz, V.G. Fraga, A. de Paula Sabino, K.B. Gomes,
Troponin as a cardiotoxicity marker in breast cancer patients receiving
anthracycline-based chemotherapy: a narrative review, Biomed. Pharmacother.
107 (2018) 989-996.
Z.Yin, Y. Zhao, H. Li, M. Yan, L. Zhou, C. Chen, D.W. Wang, miR-320a mediates
doxorubicin-induced cardiotoxicity by targeting VEGF signal pathway, Aging 8 (1)
(2016) 192-207.
S. Griffiths-Jones, R.J. Grocock, S. van Dongen, A. Bateman, A.J. Enright, miRBase:
microRNA sequences, targets and gene nomenclature, Nucleic Acids Res. 34
(Database issue) (2006) D140-4.
T.Y. Ha, MicroRNAs in human diseases: from cancer to cardiovascular disease,
Immune Network 11 (3) (2011) 135-154.
J. Calvano, W. Achanzar, B. Murphy, J. DiPiero, C. Hixson, C. Parrula, H. Burr,
R. Mangipudy, M. Tirmenstein, Evaluation of microRNAs-208 and 133a/b as
differential biomarkers of acute cardiac and skeletal muscle toxicity in rats,
Toxicol. Appl. Pharmacol. 312 (2016) 53-60.
Y. Nishimura, C. Kondo, Y. Morikawa, Y. Tonomura, M. Torii, J. Yamate,
T. Uehara, Plasma miR-208 as a useful biomarker for drug-induced cardiotoxicity
in rats, J. Appl. Toxicol. 35 (2) (2015) 173-180.
Y. Kuwabara, K. Ono, T. Horie, H. Nishi, K. Nagao, M. Kinoshita, S. Watanabe,
O. Baba, Y. Kojima, S. Shizuta, M. Imai, T. Tamura, T. Kita, T. Kimura, Increased
microRNA-1 and microRNA-133a levels in serum of patients with cardiovascular
disease indicate myocardial damage, Circ. Cardiovasc. Genet. 4 (4) (2011)
446-454.
P. Freres, C. Josse, N. Bovy, M. Boukerroucha, I. Struman, V. Bours, G. Jerusalem,
Neoadjuvant chemotherapy in breast cancer patients induces miR-34a and miR-
122 expression, J. Cell. Physiol. 230 (2) (2015) 473-481.
L.L. Tan, A.R. Lyon, Role of biomarkers in prediction of cardiotoxicity during
cancer treatment, Curr. Treat. Options Cardiovasc. Med. 20 (7) (2018) 55.
Y. D’Alessandra, Early diagnosis of doxorubicin-induced cardiotoxicity: the miRNA
way, Cardiovasc. Disord. Med. 2 (4) (2017) 1-3.
J. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M. Page, Ve. Welch,
Cochrane Handbook for Systematic Reviews of Interventions Version 6.0 (Updated
July 2019), 2019.
A. Liberati, D.G. Altman, J. Tetzlaff, C. Mulrow, P.C. Ggtzsche, J.P.A. Ioannidi,
M. Clarke, P.J. Devereaux, J. Kleijnen, D. Moher, The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that evaluate health care
interventions: explanation and elaboration, PLoS Med. 6 (2009) 1-28.
C.H. Chou, S. Shrestha, C.D. Yang, N.W. Chang, Y.L. Lin, K.W. Liao, W.C. Huang, T.
H. Sun, S.J. Tu, W.H. Lee, M.Y. Chiew, C.S. Tai, T.Y. Wei, T.R. Tsai, H.T. Huang, C.
Y. Wang, H.Y. Wu, S.Y. Ho, P.R. Chen, C.H. Chuang, P.J. Hsieh, Y.S. Wu, W.
L. Chen, M.J. Li, Y.C. Wu, X.Y. Huang, F.L. Ng, W. Buddhakosai, P.C. Huang, K.
C. Lan, C.Y. Huang, S.L. Weng, Y.N. Cheng, C. Liang, W.L. Hsu, H.D. Huang,
miRTarBase update 2018: a resource for experimentally validated microRNA-
target interactions, Nucleic Acids Res. 46 (D1) (2018) D296-d302.
B. Jassal, L. Matthews, G. Viteri, C. Gong, P. Lorente, A. Fabregat, K. Sidiropoulos,
J. Cook, M. Gillespie, R. Haw, F. Loney, B. May, M. Milacic, K. Rothfels, C. Sevilla,
V. Shamovsky, S. Shorser, T. Varusai, J. Weiser, G. Wu, L. Stein, H. Hermjakob,

[2]

[3]

[4]

[5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]



J.D. Pereira et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

P. D’Eustachio, The reactome pathway knowledgebase, Nucleic Acids Res. 48 (D1)
(2020) D498-d503.

M.V. Kuleshov, M.R. Jones, A.D. Rouillard, N.F. Fernandez, Q. Duan, Z. Wang,

S. Koplev, S.L. Jenkins, K.M. Jagodnik, A. Lachmann, M.G. McDermott, C.

D. Monteiro, G.W. Gundersen, A. Ma'ayan, Enrichr: a comprehensive gene set
enrichment analysis web server 2016 update, Nucleic Acids Res. 44 (W1) (2016)
W90-7.

S. Gioffré, M. Chiesa, D.M. Cardinale, V. Ricci, C. Vavassori, C.M. Cipolla,

S. Masson, M.T. Sandri, M. Salvatici, F. Ciceri, R. Latini, L.I. Staszewsky,

G. Pompilio, G.I. Colombo, Y. D’Alessandra, Circulating MicroRNAs as potential
predictors of anthracycline-induced troponin elevation in breast cancer patients:
diverging effects of doxorubicin and epirubicin, J. Clin. Med. 9 (5) (2020).

X. Qin, F. Chang, Z. Wang, W. Jiang, Correlation of circulating pro-angiogenic
miRNAs with cardiotoxicity induced by epirubicin/cyclophosphamide followed by
docetaxel in patients with breast cancer, Cancer Biomarkers 23 (4) (2018)
473-484.

V.0. Rigaud, L.R. Ferreira, S.M. Ayub-Ferreira, M.S. Avila, S.M. Brandao, F.D. Cruz,
M.H. Santos, C.B. Cruz, M.S. Alves, V.S. Issa, G.V. Guimaraes, E. Cunha-Neto, E.
A. Bocchi, Circulating miR-1 as a potential biomarker of doxorubicin-induced
cardiotoxicity in breast cancer patients, Oncotarget 8 (4) (2017) 6994-7002.
V.K. Todorova, I. Makhoul, J. Wei, V.S. Klimberg, Circulating miRNA profiles of
doxorubicin-induced cardiotoxicity in breast cancer patients, Ann. Clin. Lab. Sci.
47 (2) (2017) 115-119.

Z. Zhu, X. Li, H. Dong, S. Ke, W.H. Zheng, Let-7f and miRNA-126 correlate with
reduced cardiotoxicity risk in triple-negative breast cancer patients who underwent
neoadjuvant chemotherapy, Int. J. Clin. Exp. Path. 11 (10) (2018) 4987-4995.
D. Cardinale, F. Ciceri, R. Latini, M.G. Franzosi, M.T. Sandri, M. Civelli, G. Cucchi,
E. Menatti, M. Mangiavacchi, R. Cavina, E. Barbieri, S. Gori, A. Colombo,

G. Curigliano, M. Salvatici, A. Rizzo, F. Ghisoni, A. Bianchi, C. Falci, M. Aquilina,
A. Rocca, A. Monopoli, C. Milandri, G. Rossetti, M. Bregni, M. Sicuro, A. Malossi,
D. Nassiacos, C. Verusio, M. Giordano, L. Staszewsky, S. Barlera, E.B. Nicolis,

M. Magnoli, S. Masson, C.M. Cipolla, Anthracycline-induced cardiotoxicity: a
multicenter randomised trial comparing two strategies for guiding prevention with
enalapril: The International CardioOncology Society-one trial, Eur. J. Cancer
(Oxford, Engl. 1990) 94 (2018) 126-137.

C.Z. Chen, H.F. Lodish, MicroRNAs as regulators of mammalian hematopoiesis,
Semin. Immunol. 17 (2) (2005) 155-165.

M. Skdla, B. Hanouskova, L. Skalova, P. Matouskova, MicroRNAs in the diagnosis
and prevention of drug-induced cardiotoxicity, Arch. Toxicol. 93 (1) (2019) 1-9.
C. Ruggeri, S. Gioffré, F. Achilli, G.I. Colombo, Y. D’Alessandra, Role of microRNAs
in doxorubicin-induced cardiotoxicity: an overview of preclinical models and
cancer patients, Heart Fail. Rev. 23 (1) (2018) 109-122.

H. Ma, S. Yu, X. Liu, Y. Zhang, T. Fakadej, Z. Liu, C. Yin, W. Shen, J.W. Locasale, J.
M. Taylor, L. Qian, J. Liu, Lin28a regulates pathological cardiac hypertrophic
growth through Pck2-mediated enhancement of anabolic synthesis, Circulation
139 (14) (2019) 1725-1740.

J. Tsialikas, J. Romer-Seibert, LIN28: roles and regulation in development and
beyond, Development 142 (14) (2015) 2397-2404.

S.R. Viswanathan, G.Q. Daley, Lin28: a microRNA regulator with a macro role, Cell
140 (4) (2010) 445-449.

M. Dal Bo, R. Bomben, L. Hernandez, V. Gattei, The MYC/miR-17-92 axis in
lymphoproliferative disorders: a common pathway with therapeutic potential,
Oncotarget 6 (23) (2015) 19381-19392.

E. Mogilyansky, I. Rigoutsos, The miR-17/92 cluster: a comprehensive update on
its genomics, genetics, functions and increasingly important and numerous roles in
health and disease, Cell Death Differ. 20 (12) (2013) 1603-1614.

G. Luengo-Gil, E. Gonzalez-Billalabeitia, S.A. Perez-Henarejos, E. Navarro
Manzano, A. Chaves-Benito, E. Garcia-Martinez, E. Garcia-Garre, V. Vicente,

F. Ayala de la Pena, Angiogenic role of miR-20a in breast cancer, PloS One 13 (4)
(2018), e0194638.

Q. An, C. Han, Y. Zhou, F. Li, D. Li, X. Zhang, Z. Yu, Z. Duan, Q. Kan, Matrine
induces cell cycle arrest and apoptosis with recovery of the expression of miR-126
in the A549 non-small cell lung cancer cell line, Mol. Med. Rep. 14 (5) (2016)
4042-4048.

M. Casciaro, E. Di Salvo, T. Brizzi, C. Rodolico, S. Gangemi, Involvement of miR-
126 in autoimmune disorders, Clin. Mol. Allergy 16 (2018) 11.

P. Fasanaro, Y. D’Alessandra, V. Di Stefano, R. Melchionna, S. Romani,

G. Pompilio, M.C. Capogrossi, F. Martelli, MicroRNA-210 modulates endothelial
cell response to hypoxia and inhibits the receptor tyrosine kinase ligand Ephrin-A3,
J. Boil. Chem. 283 (23) (2008) 15878-15883.

Y. Luan, X. Zhang, Y. Zhang, Y. Dong, MicroRNA-210 protects PC-12 cells against
hypoxia-induced injury by targeting BNIP3, Front. Cell. Neurosci. 11 (2017) 285.
B. Wang, T.X. Gu, F.M. Yu, G.W. Zhang, Y. Zhao, Overexpression of miR-210
promotes the potential of cardiac stem cells against hypoxia, Scand. Cardiovasc. J.
52 (6) (2018) 367-371.

T. Tang, Z. Yang, Q. Zhu, Y. Wu, K. Sun, M. Alahdal, Y. Zhang, Y. Xing, Y. Shen,
T. Xia, T. Xi, Y. Pan, L. Jin, Up-regulation of miR-210 induced by a hypoxic
microenvironment promotes breast cancer stem cells metastasis, proliferation, and
self-renewal by targeting E-cadherin, FASEB J. (2018), {fj201801013R.

C. Salvador-Coloma, A. Hernandiz, S. Tejedor, V. Mird, L. Palomar, A. Salvador,
P. Septilveda, A. Santaballa, Abstract P3-14-07: early detection of chemotherapy-
induced cardiotoxicity in breast cancer patients, in: San Antonio, TX, in: P.P. AACR
(Ed.), Proceedings of the 2017 San Antonio Breast Cancer Symposium; 2017 Dec 5-
9, Cancer Res. 2018, 78, 2017 (4 Suppl).

C. Han, J.K. Shen, F.J. Hornicek, Q. Kan, Z. Duan, Regulation of microRNA-1 (miR-
1) expression in human cancer, Biochim. Biophys. Acta 1860 (2) (2017) 227-232.

12

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]
[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Biomedicine & Pharmacotherapy 131 (2020) 110709

C. Piubelli, V. Meraviglia, G. Pompilio, Y. D’Alessandra, G.I. Colombo, A. Rossini,
microRNAs and cardiac cell fate, Cells 3 (3) (2014) 802-823.

J. Ai, R. Zhang, Y. Li, J. Pu, Y. Lu, J. Jiao, K. Li, B. Yu, Z. Li, R. Wang, L. Wang,
Q. Li, N. Wang, H. Shan, Z. Li, B. Yang, Circulating microRNA-1 as a potential novel
biomarker for acute myocardial infarction, Biochem. Biophys. Res. Commun. 391
(1) (2010) 73-77.

M. Zhao, X.F. Ding, J.Y. Shen, X.P. Zhang, X.W. Ding, B. Xu, Use of liposomal
doxorubicin for adjuvant chemotherapy of breast cancer in clinical practice,

J. Zhejiang Univ. Sci. B 18 (1) (2017) 15-26.

D. Cappetta, A. De Angelis, L. Sapio, L. Prezioso, M. Illiano, F. Quaini, F. Rossi,
L. Berrino, S. Naviglio, K. Urbanek, Oxidative stress and cellular response to
doxorubicin: a common factor in the complex milieu of anthracycline
cardiotoxicity, Oxid. Med. Cell Longev. 2017 (2017), 1521020.

D. Cappetta, F. Rossi, E. Piegari, F. Quaini, L. Berrino, K. Urbanek, A. De Angelis,
Doxorubicin targets multiple players: a new view of an old problem, Pharmacol.
Res. 127 (2018) 4-14.

J.A. Cowgill, S.A. Francis, D.B. Sawyer, Anthracycline and peripartum
cardiomyopathies, Circ. Res. 124 (11) (2019) 1633-1646.

N. Wenningmann, M. Knapp, A. Ande, T.R. Vaidya, S. Ait-Oudhia, Insights into
doxorubicin-induced cardiotoxicity: molecular mechanisms, preventive strategies,
and early monitoring, Mol. Pharmacol. 96 (2) (2019) 219-232.

S. Ghafouri-Fard, H. Shoorei, M. Taheri, Non-coding RNAs participate in the
ischemia-reperfusion injury, Biomed. Pharmacother. 129 (2020), 110419.

S. Ghafouri-Fard, H. Shoorei, M. Taheri, Non-coding RNAs are involved in the
response to oxidative stress, Biomed. Pharmacother. 127 (2020), 110228.

A. Ghigo, M. Li, E. Hirsch, New signal transduction paradigms in anthracycline-
induced cardiotoxicity, Biochim. Biophys. Acta 1863 (7 Pt B) (2016) 1916-1925.
U. Chaudhari, H. Nemade, V. Wagh, J.A. Gaspar, J.K. Ellis, S.P. Srinivasan,

D. Spitkovski, F. Nguemo, J. Louisse, S. Bremer, J. Hescheler, H.C. Keun, J.

G. Hengstler, A. Sachinidis, Identification of genomic biomarkers for anthracycline-
induced cardiotoxicity in human iPSC-derived cardiomyocytes: an in vitro repeated
exposure toxicity approach for safety assessment, Arch. Toxicol. 90 (11) (2016)
2763-2777.

A. Sachinidis, Cardiotoxicity and heart failure: lessons from human-induced
pluripotent stem cell-derived cardiomyocytes and anticancer drugs, Cells 9 (4)
(2020).

C. Zhao, A.S. Popel, Computational model of microRNA control of HIF-VEGF
pathway: insights into the pathophysiology of ischemic vascular disease and
cancer, PLoS Comput. Biol. 11 (11) (2015), e1004612.

J. Li, X. Dong, Z. Wang, J. Wu, MicroRNA-1 in cardiac diseases and cancers, Korean
J. Physiol. Pharmacol. 18 (5) (2014) 359-363.

L. Fang, A.H. Ellims, X. Moore, D.A. White, A.J. Taylor, J. Chin-Dusting, A.M. Dart,
Circulating microRNAs as biomarkers for diffuse myocardial fibrosis in patients
with hypertrophic cardiomyopathy, J. Transl. Med. 13 (1) (2015) 314.

L. Zhu, J. Zhou, J. Zhang, J. Wang, Z. Wang, M. Pan, L. Li, C. Li, K. Wang, Y. Bai,
G. Zhang, MiR-15b-5p regulates collateral artery formation by targeting AKT3
(protein kinase B-3), Arterioscler. Thromb. Vasc. Biol. 37 (5) (2017) 957-968.
J.M. Metzger, M.S. Lopez, J.K. Schmidt, M.E. Murphy, R. Vemuganti, M.E. Emborg,
Effects of cardiac sympathetic neurodegeneration and ppary activation on rhesus
macaque whole blood miRNA and mRNA expression profiles, Biomed Res. Int.
2020 (2020), 9426204.

F.Z. Marques, D. Vizi, O. Khammy, J.A. Mariani, D.M. Kaye, The transcardiac
gradient of cardio-microRNAs in the failing heart, Eur. J. Heart Fail. 18 (8) (2016)
1000-1008.

X. Yu, Y. Ruan, T. Shen, Q. Qiu, M. Yan, S. Sun, L. Dou, X. Huang, Q. Wang,

X. Zhang, Y. Man, W. Tang, Z. Jin, J. Li, Dexrazoxane protects cardiomyocyte from
doxorubicin-induced apoptosis by modulating miR-17-5p, Biomed Res. Int. 2020
(2020), 5107193.

S. Xue, D. Liu, W. Zhu, Z. Su, L. Zhang, C. Zhou, P. Li, Circulating MiR-17-5p, MiR-
126-5p and MiR-145-3p are novel biomarkers for diagnosis of acute myocardial
infarction, Front. Physiol. 10 (2019) 123.

G. Luengo-Gil, E. Gonzalez-Billalabeitia, S.A. Perez-Henarejos, E.N. Manzano,

A. Chaves-Benito, E. Garcia-Martinez, E. Garcia-Garre, V. Vicente, F.A. de la Pena,
Angiogenic role of miR-20a in breast cancer, PLoS One 13 (4) (2018), e0194638.
J.A. Ward, N. Esa, R. Pidikiti, J.E. Freedman, J.F. Keaney, K. Tanriverdi, O. Vitseva,
V. Ambros, R. Lee, D.D. McManus, Circulating cell and plasma microRNA profiles
differ between non-ST-segment and ST-segment-elevation myocardial infarction,
Fam. Med. Med. Sci. Res. 2 (2) (2013) 108.

R. Jiménez-Lucena, O.A. Rangel-Zuniga, J.F. Alcala-Diaz, J. Lopez-Moreno,

1. Roncero-Ramos, H. Molina-Abril, E.M. Yubero-Serrano, J. Caballero-Villarraso,
J. Delgado-Lista, J.P. Castano, J.M. Ordovas, P. Pérez-Martinez, A. Camargo,

J. Lopez-Miranda, Circulating miRNAs as predictive biomarkers of type 2 diabetes
mellitus development in coronary heart disease patients from the CORDIOPREV
study, Mol. Ther. Nucleic Acids 12 (2018) 146-157.

T. Bukauskas, R. Mickus, D. Cereskevicius, A. Macas, Value of serum miR-23a, miR-
30d, and miR-146a biomarkers in ST-elevation myocardial infarction, Med. Sci.
Monit. 25 (2019) 3925-3932.

J. Zhu, Y. Fu, Z. Hu, W. Li, C. Tang, H. Fei, H. Yang, Q. Lin, D. Gou, S. Wu, Z. Shan,
Activation of miR-34a-5p/Sirtl/p66shc pathway contributes to doxorubicin-
induced cardiotoxicity, Sci. Rep. 7 (1) (2017) 1-12.

A. Bonauer, G. Carmona, Mi Iwasaki, M. Mione, M. Koyanagi, A. Fischer,

J. Burchfield, H. Fox, C. Doebele, K. Ohtani, E. Chavakis, M. Potente, M. Tjwa,
C. Urbich, A.M. Zeiher, S. Dimmeler, MicroRNA-92a controls angiogenesis and
functional recovery of ischemic tissues in mice, Science 324 (5935) (2009)
1710-1713.



J.D. Pereira et al.

[73]

[741

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

X. Li, Y. Yang, L. Wang, S. Qiao, X. Lu, Y. Wy, B. Xu, H. Li, D. Gu, Plasma miR-122
and miR-3149 potentially novel biomarkers for acute coronary syndrome, PLoS
One 10 (5) (2015), e0125430.

W. Gao, H. He, Z. Wang, H. Zhao, X. Lian, Y. Wang, J. Zhu, J. Yan, D. Zhang,

Z. Yang, L. Sheng Wang, Plasma levels of lipometabolism-related miR-122 and
miR-370 are increased in patients with hyperlipidemia and associated with
coronary artery disease, Lipids Health Dis. 11 (1) (2012) 55.

B. Jing, Y. Ou, L. Zhao, Q. Xie, Y.X. Zhang, Experimental study on the prevention of
liver cancer angiogenesis via miR-126, Eur. Rev. Med. Pharmacol. Sci. 21 (22)
(2017) 5096-5100.

N. Li, H. Zhou, Q. Tang, miR-133: a suppressor of cardiac remodeling? Front.
Pharmacol. 9 (2018) 903.

A. Gjymishka, L. Pi, S. Oh, M. Jorgensen, C. Liu, Y. Protopapadakis, A. Patel, B.
E. Petersen, miR-133b regulation of connective tissue growth factor: a novel
mechanism in liver pathology, Am. J. Pathol. 186 (5) (2016) 1092-1102.

D. Wei, C. Lin, Y. Huang, L. Wu, M. Huang, Ellagic acid promotes ventricular
remodeling after acute myocardial infarction by up-regulating miR-140-3p,
Biomed. Pharmacother. 95 (2017) 983-989.

L. Zhan, S. Lei, W. Li, Y. Zhang, H. Wang, Y. Shi, Y. Tian, Suppression of microRNA-
142-5p attenuates hypoxia-induced apoptosis through targeting SIRT7, Biomed.
Pharmacother. 94 (2017) 394-401.

W. Fu, Z. Liu, J. Zhang, Y. Shi, R. Zhao, H. Zhao, Effect of miR-144-5p on the
proliferation, migration, invasion and apoptosis of human umbilical vein
endothelial cells by targeting RICTOR and its related mechanisms, Exp. Ther. Med.
19 (3) (2020) 1817-1823.

M. Lagos-Quintana, R. Rauhut, A. Yalcin, J. Meyer, W. Lendeckel, T. Tuschl,
Identification of tissue-specific microRNAs from mouse, Curr. Biol. 12 (9) (2002)
735-739.

M. Yuan, L. Zhang, F. You, J. Zhou, Y. Ma, F. Yang, L. Tao, MiR-145-5p regulates
hypoxia-induced inflammatory response and apoptosis in cardiomyocytes by
targeting CD40, Mol. Cell. Biochem. 431 (1-2) (2017) 123-131.

C. Ma, X. Shi, W. Guo, F. Feng, G. Wang, miR-205-5p downregulation decreases
gemcitabine sensitivity of breast cancer cells via ERp29 upregulation, Exp. Ther.
Med. 18 (5) (2019) 3525-3533.

M. Arif, R. Pandey, P. Alam, S. Jiang, S. Sadayappan, A. Paul, R.P.H. Ahmed,
MicroRNA-210-mediated proliferation, survival, and angiogenesis promote cardiac
repair post myocardial infarction in rodents, J. Mol. Med. (Berl.) 95 (12) (2017)
1369-1385.

K. Wang, D.L. Zhang, B. Long, T. An, J. Zhang, L.Y. Zhou, C.Y. Liu, P.F. Li, NFAT4-
dependent miR-324-5p regulates mitochondrial morphology and cardiomyocyte
cell death by targeting Mtfr1, Cell Death Dis. 6 (12) (2015) e2007-e2007.

M. Zhao, M. Zhang, Z. Tao, J. Cao, L. Wang, X. Hu, miR-331-3p suppresses cell
proliferation in TNBC cells by downregulating NRP2, Technol. Cancer Res. Treat.
19 (2020), 1533033820905824.

J. Fellenberg, B. Lehner, H. Saehr, A. Schenker, P. Kunz, Tumor suppressor function
of miR-127-3p and miR-376a-3p in osteosarcoma cells, Cancers (Basel) 11 (12)
(2019).

C. Templin, J. Volkmann, M.Y. Emmert, P. Mocharla, M. Miiller, N. Kraenkel, J.
R. Ghadri, M. Meyer, B. Styp-Rekowska, S. Briand, R. Klingenberg, M. Jaguszewski,
C.M. Matter, V. Djonov, F. Mach, S. Windecker, S.P. Hoerstrup, T. Thum, T.

F. Liischer, U. Landmesser, Increased proangiogenic activity of mobilized CD34+

13

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Biomedicine & Pharmacotherapy 131 (2020) 110709

progenitor cells of patients with acute ST-segment-elevation myocardial infarction:
role of differential MicroRNA-378 expression, Arterioscler. Thromb. Vasc. Biol. 37
(2) (2017) 341-349.

J. Chen, W. Yu, Z. Ruan, S. Wang, TUG1/miR-421/PINK1: a potential mechanism
for treating myocardial ischemia-reperfusion injury, Int. J. Cardiol. 292 (2019)
197.

H. Zhu, X. Wang, Y. Sun, W. He, J. Liang, B. Mo, L. Li, MicroRNA-486-5p targeting
PTEN protects against coronary microembolization-induced cardiomyocyte
apoptosis in rats by activating the PI3K/AKT pathway, Eur. J. Pharmacol. 855
(2019) 244-251.

F. Olivieri, R. Antonicelli, M. Lorenzi, Y. D’Alessandra, R. Lazzarini, G. Santini,
L. Spazzafumo, R. Lisa, L.L. Sala, R. Galeazzi, R. Recchioni, R. Testa, G. Pompilio,
Maurizio C. Capogrossi, A.D. Procopio, Diagnostic potential of circulating miR-
499-5p in elderly patients with acute non ST-elevation myocardial infarction, Int.
J. Cardiol. 167 (2) (2013) 531-536.

N. Hara, M. Kikuchi, A. Miyashita, H. Hatsuta, Y. Saito, K. Kasuga, S. Murayama,
T. Ikeuchi, R. Kuwano, Serum microRNA miR-501-3p as a potential biomarker
related to the progression of Alzheimer’s disease, Acta Neuropathol. Commun. 5
(1) (2017) 10.

C. Luo, D. Yin, H. Zhan, U. Borjigin, C. Li, Z. Zhou, Z. Hu, P. Wang, Q. Sun, J. Fan,
J. Zhou, X. Wang, S. Zhou, X. Huang, microRNA-501-3p suppresses metastasis and
progression of hepatocellular carcinoma through targeting LIN7A, Cell Death Dis. 9
(5) (2018) 1-12.

X. Zhang, Q. He, L. Sun, Y. Zhang, S. Qin, J. Fan, J. Wang, Comparing MicroRNA
profilings of purified HER-2-negative and HER-2-positive cells validates miR-362-
5p/Sema3A as characteristic molecular change in triple-negative breast cancers,
D Markers 2019 (2019), 6057280.

J.X. Wang, X.J. Zhang, C. Feng, T. Sun, K. Wang, Y. Wang, L.Y. Zhou, P.F. Li,
MicroRNA-532-3p regulates mitochondrial fission through targeting apoptosis
repressor with caspase recruitment domain in doxorubicin cardiotoxicity, Cell
Death Dis. 6 (3) (2015) e1677-e1677.

J. Ma, J. Zhang, Y. Wang, K. Long, X. Wang, L. Jin, Q. Tang, L. Zhu, G. Tang, X. Li,
M. Li, MiR-532-5p alleviates hypoxia-induced cardiomyocyte apoptosis by
targeting PDCD4, Gene 675 (2018) 36-43.

P. Jakob, T. Kacprowski, S. Briand-Schumacher, D. Heg, R. Klingenberg, B.

E. Stahli, M. Jaguszewski, N. Rodondi, D. Nanchen, L. Raber, P. Vogt, F. Mach,
S. Windecker, U. Volker, C.M. Matter, T.F. Liischer, U. Landmesser, Profiling and
validation of circulating microRNAs for cardiovascular events in patients
presenting with ST-segment elevation myocardial infarction, Eur. Heart J. 38 (7)
(2017) 511-515.

A.D.B. Vliegenthart, J.M. Shaffer, J.I. Clarke, L.E.J. Peeters, A. Caporali, D.

N. Bateman, D.M. Wood, P.I. Dargan, D.G. Craig, J.K. Moore, A.I. Thompson, N.
C. Henderson, D.J. Webb, J. Sharkey, D.J. Antoine, B.K. Park, M.A. Bailey,

E. Lader, K.J. Simpson, J.W. Dear, Comprehensive microRNA profiling in
acetaminophen toxicity identifies novel circulating biomarkers for human liver and
kidney injury, Sci. Rep. 5 (2015) 15501.

N. Latchana, M.J. DiVincenzo, K. Regan, Z. Abrams, X. Zhang, N.K. Jacob, A.

A. Gru, P. Fadda, J. Markowitz, J.H. Howard, W.E. Carson, Alterations in patient
plasma microRNA expression profiles following resection of metastatic melanoma,
J. Surg. Oncol. 118 (3) (2018) 501-509.



	microRNAs associated to anthracycline-induced cardiotoxicity in women with breast cancer: A systematic review and pathway a ...
	1 Introduction
	2 Materials and methods
	2.1 Search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Study selection and data extraction
	2.4 Quality assessment of bias for each study
	2.5 Target gene search and pathway analysis

	3 Results
	3.1 Study selection
	3.2 Study characteristics and quality assessment
	3.3 Differentially expressed miRNAs in breast cancer patients with anthracycline-induced cardiotoxicity and non-cardiotoxicity
	3.4 Pathway analysis of target genes for the five differentially expressed miRNAs

	4 Discussion
	5 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


