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Chagas disease, caused by the parasite Trypanosoma cruzi, is endemic in Latin America. Its acute phase
is associated with high parasitism, myocarditis and profound myocardial gene expression changes.

A chronic phase ensues where 30% develop severe heart lesions. Mouse models of T. cruziinfection
have been used to study heart damage in Chagas disease. The aim of this study was to provide an
interactome between miRNAs and their targetome in Chagas heart disease by integrating gene and
microRNA expression profiling data from hearts of T. cruziinfected mice. Gene expression profiling
revealed enrichment in biological processes and pathways associated with immune response and
metabolism. Pathways, functional and upstream regulator analysis of the intersections between
predicted targets of differentially expressed microRNAs and differentially expressed mRNAs revealed
enrichment in biological processes and pathways such as IFN~, TNFo, NF-kB signaling signatures,
CTL-mediated apoptosis, mitochondrial dysfunction, and Nrf2-modulated antioxidative responses.
We also observed enrichment in other key heart disease-related processes like myocarditis, fibrosis,
hypertrophy and arrhythmia. Our correlation study suggests that miRNAs may be implicated in the
pathophysiological processes taking place the hearts of acutely T. cruzi-infected mice.

Chagas disease (American trypanosomiasis) is a deadly disease caused by an intracellular parasite called
Trypanosoma cruzi which can be transmitted to the human host by blood-feeding triatomine insects in endemic
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areas from Argentina to Mexico'? The parasite can be also transmitted by blood transfusion, organ transplan-
tation, congenitally, and by accidental ingestion. About 7 million people are infected in endemic areas’, and an
estimated 700,000 infected people live Northern Hemisphere countries?>™, which turned Chagas disease into a
global health proble®=. The acute phase of infection in humans is mostly asymptomatic, but acute infection with
high parasite numbers induce myocarditis and severe disease. Upon infection, T. cruzi invades the bloodstream®,
infecting many cell types in different tissues including cardiac tissue. T. cruzi components trigger innate immu-
nity’ causing intense inflammation that is partially counteracted by IL-107-1°. The potent innate and adaptive
antibody and IFN~-producing T cell response keeps parasitism in check, establishing a low-grade chronic infec-
tion. Most chronically infected patients (60%) remain healthy for life (the indeterminate/asymptomatic form)!"12.
However, about 30% of chronically infected patients develop a life-threatening, symptomatic cardiac disease with
inflammatory dilated cardiomyopathy up to 30 years after infection, Chronic Chagas disease Cardiomyopathy
(CCC)1315. A smaller proportion of Chagas disease patients can develop digestive system dilation. CCC is the
major cause of death due to Chagas disease. Clinicopathological manifestations of CCC include myocarditis,
fibrosis, hypertrophy, electrocardiogram abnormalities and arrhythmias'®~'8. Its pathogenesis is still a matter of
debate. The Thl T cell-rich myocardial inflammatory infiltrate with intense IFN~ production'®? is correlated
with disease progression and is considered one of the key factors initiating and perpetuating heart damage®'. The
susceptibility factors that lead to 30% of individuals to develop CCC after T. cruzi infection remain unknown, and
evidence indicates a genetic component linked to immune-related gene polymorphisms in susceptibility to CCC
development®. Gene expression profiling of myocardium from CCC patients?, as well as hearts of acutely and
chronically T. cruzi- infected mice?*~2¢ have shown a profound change in gene expression patterns. Differentially
expressed genes included immune-related genes, energy metabolism/mitochondrial genes and cell stress/oxi-
dative stress response genes, which are all important pathogenic factors in Chagas disease cardiomyopathy.
Significantly, an IFN~ transcriptional signature was observed in CCC heart tissue, and we showed that IFN~
could directly induce expression of hypertrophy-related genes in cardiomyocytes. MicroRNAs (miRNAs or miRs)
are noncoding single stranded RNA molecules (18-26 nt length) capable of silencing gene expression, by inhib-
iting protein translation or by inducing mRNA degradation after binding to complementary sequences at the 3’
untranslated region®. They play a key role in “fine tuning” gene expression in multiple physiological and patho-
logical processes including the cardiovascular system?®->2. Our group has observed dysregulated miRNA expres-
sion in heart samples from CCC patients*! and acute T. cruzi infection in mice®® including miR-133 and miR-208,
which regulate heart genes related to cardiovascular disease®*°. In the mouse study, we found 113 differentially
expressed miRs (DEMs) at 15, 30 and/or 45 days post infection. Several of the DEMs were significantly correlated
with the clinically relevant parameters parasitemia and electrocardiography changes (QTc interval)®. Although
those results were suggestive of a role for miRNA in gene regulation and disease parameters, the relevance of
miRNA control of the overall gene expression in heart of infected mice was still unknown. In order to assess the
role of miRNAs in the regulation of the transcriptional changes that occur during acute T. cruzi infection, we have
performed an integrated genome-wide analysis of genes and miRNA expression changes in the hearts of acutely
infected mice. To this end, we performed mRNA expression analysis and used sequence-based miRNA target
prediction and negative correlation of differentially expressed miRNA and mRNA in T. cruzi-infected heart tis-
sue to identify regulated pathways. We also performed pathways, functional enrichment and upstream regulator
analysis of differentially expressed genes (DEGs) targeted by differentially expressed miRNAs (DEMs). Finally,
DEMs-DEGs networks were built around the main pathophysiological parameters of Chagas heart disease.

Results

Identification of DEGs and gene set enrichment analysis reveals functional pathways modu-
lated in hearts of acutely T. cruziinfected mice. Transcriptome analysis was performed in heart sam-
ples from acutely T. cruzi-infected mice at 15, 30 and 45 days, as well as in an uninfected control group. This mouse
study was extensively described by Navarro ef al.*>. Infected mice were infected with the Colombiana T. cruzi
strain. RNA extraction for mRNA expression profiling was performed the same tissue samples plus an extra one
at the 45 dpi time point (Fig. 1a). Unsupervised analysis based on the top 500 genes with the higher expression
variance showed segregation of the four groups both in principal component analysis (Fig. 1b; samples from each
group clearly group together) and hierarchical clustering (1c), indicating gene expression profiles were specific
to each time point. Analysis of differentially expressed genes revealed the highest number of gene expression
changes at 30 dpi. The total number of DEGs was 1685. Supplemental Tables 1-3 depict the list of all DEGs at each
time point. The number of up- or downregulated DEGs at each time point, as well as those shared between them
are depicted in Fig. 2a and Supplemental Table 4. Figure 2b and Supplemental Table 5 indicate that multiple path-
ways are common to the 3 time points. Pathways analysis of the DEGs in all time points was performed with gene
set enrichment analysis (GSEA). Metabolic pathways such as fatty acid and amino acid degradation are predicted
to be downregulated (blue) and pathways/biological functions related to innate and acquired immune response
are predicted to be upregulated (red) (Fig. 2¢). Blood transcription module GSEA analysis was consistent with
the gene expression signature of NK cells, monocytes, activated dendritic cells, T cells, and B cells in the hearts
of T. cruzi-infected mice (Supplemental Fig. 1). Since IFN~ is the most upregulated cytokine in all time points
(30-50-fold versus uninfected heart; Supplemental Tables 1-3), we matched our DEGs list to the genes into the
IFN~ global transcriptional signature. We found that 219/1067 IFN~ target genes are differentially expressed in all
time points - approximately 20% of the IFN~ signature (Supplemental Table 6). Myocardial oxidative stress*’ and
mitochondrial dysfunction are key processes in the pathogenesis as well as in vitro infection and in vivo murine
models of Chagas disease*!. To identify DEGs participating in the oxidative stress/antioxidant response processes,
we matched the DEG lists with the transcriptional signature of nuclear factor-erythroid 2-related factor 2 (Nrf2),
the master regulator of the antioxidant response*?. Out of 341 Nrf2 target genes, we found 45 DEGs, or 13% of
genes in the Nrf2 signature (Supplemental Table 6). We also matched the DEG list with the mitochondrion Gene
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Figure 1. (a) Workflow of data processing and analysis used to identify DEMS-DEGs interactome: Mice were
infected with 100 blood trypomastigotes of the Colombian strain of T. cruzi and the heart gene expression
profiling was evaluated 15, 30 or 45 days after infection. The miRNA profile used in this study was from the
same samples and previous published (Navarro et al. 2015). The numbers and letters in the workflow indicate
each one of the analysis figures present in this paper. Gene expression, statistical analysis and identification of
differentially expressed genes (DEG) was performed using Linear Model for microarray data (Limma) with
adjustment for false discovery rate with the Benjamini-Hochberg method. (b) Principal component analysis
(PCA) of gene expression was performed for all samples and all probe set, by using a median centering of the
data set. The x-axis corresponds to principal component 1 (PC1) and the y-axis to the principal component

2 (PC2), the percentage of the variance is indicated between brackets. Based on their mRNA expression
values, samples from each time group (non-infected, 15, 30 and 45 dpi) clustered together, thus confirming
homogeneity of the gene expression profiles within each group. The group of infected samples clustered
independently from the non-infected group. (c) Heatmap and hierarchical clustering. The clustering is
performed on all the samples and all probe set, using squared Euclidean distance measure and Ward’s method
for linkage analysis and Z score normalization. Each column represents one sample and each row one mRNA.
The color-coded scale (blue: expression levels lower than the mean and red: expression level over the mean)
illustrates the mRNA relative expression (ACt) after global normalization is indicated at the bottom right of the
figure.

Ontology classification. We found 123/1269 mitochondrial DEGs - approximately 10% of all mitochondrial genes
- differentially expressed in the three time points (Supplemental Table 6). Several of the DEGs participate in more
than one of these three processes (Fig. 3, Supplemental Table 7).

DEM-DEG pairs and potential pathways regulated by miRNAs.  Our previous results have shown
113 DEMs upon T. cruzi infection at 15, 30 and 45 days post infection®. The analysis of putative targets of DEMs
within the DEGs list at each time point identified a total of 848 putative inversely paired targets of the 113 DEMs,
using miRNA-target relationships predicted as high or experimentally validated (Fig. 4a). The top miRNAs
(those with the highest number of targets in each time point) were miR-149-5p, miR-138-5p and miR-16-5p
for 15, 30 and 45 dpi, with 14, 22 and 21 targets, respectively (targets described in Supplemental Tables 8-10).
We also observed that several genes involved in cardiac physiology, pathophysiology and inflammation were
simultaneously targeted by up to 5 distinct DEMs (Fig. 4b). Canonical pathways analysis of the 848 putative
DEM targets was performed in each of the three time points. The most significantly enriched canonical pathways
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Figure 2. Venn diagram showing the number of differentially expressed (a) genes and (b) enriched canonical
pathways in each time point. The enriched canonical pathways were identified by Ingenuity Pathway (IPA)
analysis or (c) gene set enrichment analysis software (GSEA). (c) Enrichment map for experimental Chagas
disease: Pre-ranked lists were analyzed for enrichment in sets of functionally related genes (pathways).
Enrichment map was drawn representing the enriched pathways (nodes) as networks where the color
corresponds to z-score based activation state prediction blue:downregulated and red:upregulated). Node size
represents the gene set size in that pathway.

and the percentage of DEGs as well as DEGs that are targets of the DEMs in each pathway are shown in Fig. 5.
We observed an enrichment in canonical pathways related to immune processes, like the Antigen Presentation
Pathway, CTL-mediated Apoptosis of Target Cells, Role of Pattern Recognition Receptors and Th1 pathway and
Interferon signaling. Upstream regulator analysis of the DEM targets indicated that IFN~ is the top upstream
regulator at all time points, followed by other transcription factors and cytokines like TNFa, STAT1, NF-kB and
IL-6 - which is itself a target of two DEMs at different time points (Fig. 6).

DEM/DEG networks related to Chagas heart disease pathophysiological processes. In order
to investigate the possible role of miRNAs in regulating the key pathophysiological processes in Chagas heart
disease, we built networks with DEGs and DEMs in the 3 time points after T. cruzi infection, around each disease
process (Arrhythmia, Fibrosis, Myocarditis and Hypertrophy of Heart). Figure 7a depicts the networks for the 30
dpi time point, which had the highest number of DEMs and DEGs. Significantly, several miRNA-targeted DEGs
participate simultaneously in more than one pathophysiological process. Five out of the 35 DEM:s in the net-
work have targets involved in all four of the pathophysiological processes (miR-238-3p, miR-149-5p, miR-143-3p,
miR-145-5p and miR-486-5p); an additional six DEMs target genes involved in three of the four processes (miR-
138-5p, miR-9-5p, miR-26a-5pmiR-185-5p, miR-200b-3p and miR-335-5p). Similar observations were found in
the pathophysiological process networks in the 15 and 45 dpi time points, and several of the DEMs and DEGs
were the same as in the 30 dpi time point (data not shown). qPCR validation of microarray expression results
analysis on 8 miRNA targets present in the different networks and time points confirmed differential expression.
(Fig. 7b). To address the role of miRNAs in the regulation of mitochondrial genes, IFN~ or Nrf2-modulated genes
in hearts of T. cruzi-infected mice, we performed target filtering analysis of DEMs and the mitochondrial DEGs.
We found that 22 mitochondrial genes are targeted by 15 microRNAs in the three time points; 6 DEMs targeting
5 Nrf2-modulated DEGs; and 48 IFN~ -modulated genes were also targets of 32 DEMs (Supplemental Table 11).

Discussion

The aim of this study was to provide the first interactome of miRNAs and their targetome in an acute T. cruzi
infection animal model of Chagas heart disease. Using a systems biology approach, we integrated miRNA-mRNA
expression profiles and identified the putative mRNA targets of differentially expressed miRNAs 15, 30 and
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Figure 3. Venn diagrams showing the number of differentially expressed mitochondrial genes, and/or genes
belonging to the IFN~- and Nrf2- modulated transcriptional profile. Genes in each transcriptional profile were
obtained from published data and mitochondrial genes were obtained from Gene Ontology as described in the
Methods section. Graphs display the number of differentially expressed genes at the three time points. The Venn
diagram includes three colored circles. Blue circles indicate the number of DEGs that are IFN~-modulated,
green circles indicate the number of Nrf2-modulated/antioxidant response genes and red circles indicate the
number of mitochondrial genes.

45 days after infection. This analysis was done between microRNA and mRNA - not protein - levels. So, our
approach could hypothetically only find those gene targets where microRNA regulation of gene expression occurs
at the mRNA degradation, rather than the translational level. A significant number of genes and miRNA were
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Figure 4. MiRNA target analysis and DEMs-DEGs Network. (a) Venn diagram showing the number of DEM
targets (high predicted and experimentally validated targets) within the list of DEGs for each time point post
infection as well as those that are shared among different time points. Red numbers indicate upregulated genes,
blue numbers indicate downregulated genes. (b) A DEMs-DEGs network showing that individual targets
associated with immunity, cardiovascular function or disease can be regulated by multiple miRNAs. The nodes
are represented in graduation of red and green based on their fold change in expression at 30 dpi compared to
the uninfected group.

differentially expressed, and unsupervised analysis of gene expression profiles distinguished each time point
group. Pathways analysis disclosed an enrichment in pathways related to the immune response, metabolism,
mitochondria and the antioxidative stress response. Importantly, expression levels, pathways and upstream reg-
ulator analysis indicated that IFN~ is the key cytokine modulating transcriptional changes. In silico integration
of differentially expressed miRNAs (DEMs) and genes (DEGs) revealed a large number of DEGs targeted by
DEMs. Our data suggest that a few microRNAs may potentially regulate multiple key pathogenetically relevant
pathways and processes, including fibrosis, hypertrophy, myocarditis and arrhythmia, IFN~- and Nrf2-modulated
and mitochondrial genes.

A significant number of genes and miRNA were differentially expressed, and unsupervised analysis of gene
expression profiles distinguished each time point group. The finding that each time point after infection had a
distinct gene expression profile, but roughly 50% of the DEGs are shared between the 3 time points indicates
there are core DEGs related to infection. On the other hand, DEGs specific to each time point may indicate the
existence of distinct functions that are selectively enriched in early or late points after infection. Among the
enriched pathways and biological functions predicted to be inhibited and activated were those related to energy/
fatty acid metabolism and immune system response to infection, respectivly. The finding that IFN~ is the most
upregulated cytokine in the heart is in line with previous findings in murine infection and human Chagas car-
diomyopathy studies'®****. In addition, the findings that IFN~ is the top upstream regulator, and that the IFN
signaling pathway is enriched, corroborate IFN~ production/signaling are key factors in Chagas heart disease
pathogenesis. Indeed, IFN~ produced by local activated Th1/Tcl T cells and NK cells -whose transcriptional
signature was found in our heart samples - induces NOS2 NO/peroxynitrite production and plays a crucial pro-
tective role against T cruzi*!. This and other IFN~-mediated gene changes'>* also damage heart tissue and reduce
cardiomyocyte function. NO/peroxynitrite production is involved in heart failure*’. So, paradoxically, increased
IFN~ levels essential for parasite control also cause heart tissue damage. Previous studies have described that
fatty acids are the major energy sources in the normal heart, while a decreased fatty acid oxydation and shift to
the glycolytic pathway - reducing ATP generation - has been observed in heart failure*>*®. We and others have
shown a dysregulation in gene, protein and activity of mitochondrial metabolism and control of oxidative stress,
including reduced function of the electron transfer chain and creatine kinase system, key processes in cardiac
ATP generation and oxidative stress; in the hearts of both T. cruzi infected mice**-2* and CCC patients**”*, Our
results showed that T. cruzi infection powerfully modulates mitochondrial function genes involved in energy
metabolism, oxidative stress, and apoptosis, in line with previous observations*!. In silico integration of differ-
entially expressed miRNAs (DEMs) and genes (DEGs) revealed a large number of DEGs targeted by DEMs.
While the differential gene expression of immune-related and mitochondrial genes has already been described
in the hearts of T. cruzi-infected mice**-2° and CCC patients®, our data are the first to indicate miRNAs may play
a regulatory role in these transcriptome changes. The finding that multiple microRNAs target up to 30% of the
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Figure 5. Ingenuity Pathway Analysis (IPA) canonical pathways most significantly enriched in the heart of T.
cruzi infected mice. The stacked bar chart displays the percentage of target DEGs molecules present in each
pathway. The numerical value in the parentheses in front each pathway name represents the total number of
genes in that canonical pathway. The Benjamini-Hochberg (B.-H.) method was used to adjust the right-tailed
Fisher’s exact test P-value, which was always <0.001.

differentially expressed genes in multiple important disease-associated pathways indicates a potentially impor-
tant role of mRNAs in the control over each pathway. In addition, we found that some DEMs target multiple
different targets, and that a relatively small set of DEMs target DEGs simultaneously involved in pathogenetically
relevant processes like hypertrophy, fibrosis, arrhythmia, and myocarditis. DEM also targeted a significant num-
ber of mitochondrial DEGs, as well as DEGs that are modulated by IFN~ and Nrf2. Mitochondrial DEM targets
participate in energy generation, apoptosis and oxidative stress. DEMs also play a putative role in regulating the
Nrf2 antioxidant response pathway. miRNAs target several Nrf2-modulated genes (like the major effector of the
antioxidant response heme oxygenase 1 HMOXI, targeted by miR-16-5p). In addition, miR-155-5p (upregu-
lated in the 3 time points) and let-7a-5p (upregulated at 30 and 45 dpi) can increase the global Nrf2 transcrip-
tional response by targeting translation of the transcriptional regulator BACH1%. This indicates that microRNAs
comodulate the Nrf2 response with oxidative stress induced in T. cruzi-infected hearts. It has been described that
chemical induction or Nrf2 or forced expression of Nrf2 or HMOX1 helps to control T. cruzi infection in vitro
and in vivo, while Nrf2 of HMOX1 knockdown or treatment with antagonists increase parasitism*. This indicates
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Figure 6. Upstream regulator analysis. Corrplot representation of the top10 upstream regulators. Cytokines
and growth factors were only considered upstream regulators if were found to be differentially expressed
and upregulated; otherwise they were excluded. Red or blue color represent activated or inhibited pathways,
respectively, according to Z-score prediction a statistical calculation of the activation state.

that the parasite is adapted to the high oxidative environment that is part of the anti-infectious response and
grows better in it*. Interestingly, the Nrf2 response plays a role in the overall cellular protection mechanisms. The
Nrf2 pathway and HMOX1 have been reported to play a role in “tissue tolerance” - the ability of resist pathogen-,
inflammation, or oxidative stress-mediated damage during infection or inflammation®"*2

Our study was performed in whole heart tissue, containing several cell types, including cardiomyocytes, fibro-
blasts, endothelial and infiltrating inflammatory cells. This means we cannot be certain that all these miRNA and
mRNA changes occurred in the same cell type. For instance, it is likely that many of the immune response-associated
DEGs were expressed in the infiltrating inflammatory cells, although infection and inflammation can trigger expres-
sion of inflammatory genes in heart parenchymal cells as well. However, it has been shown that miR-146a secreted
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Figure 7. (a) DEMs-DEGs networks related to the main Chagas disease clinicopathogical features. Networks
related to myocarditis, fibrosis, arrhythmia and hypertrophy were built using IPA software. Each built network
contains molecules represented as nodes, and the biological relationship between two nodes is represented

as an edge (line). All edges are supported by at least one reference from the literature, from a textbook, or

from canonical information stored in the Ingenuity Knowledge Base (IKB). The molecules are represented

in graduation of red and green based on their fold change in expression at 30 dpi compared to 0 dpi. Each
node shape represents one type of molecule, as follows: (b) Validation of miRNA target expression by qPCR.
Genes chosen for validation were network nodes which were direct miRNA targets belonging to each of

the pathophysiology networks. The genes validated were IFN-g (interferon gamma), VCAM1 (vascular

cell adhesion molecule 1), CTSC (cathepsin C), IL-6 (interleukin 6), NOS2 (nitric oxide synthase 2), NTF3
(Neurotrophin 3), FASLG (FAS Ligand) and PLA2G4A (Phospholipase A2, Group IVA). The expression

was calculated as the mean + s.d. for each group as individual data points using the relative expression (fold
change over CONT) by the 2724 method, where Ct is the threshold cycle. Groups were compared by a non-
parametrical test (Mann-Whitney Rank Sum Test) with GraphPad Prism software (version 5.0.4). Results were
expressed as medians and interquartile ranges. *P-values were considered significant if <0.05.

in exosomes by endothelial cells, is captured by adjacent cardiomyocytes where it modulates gene expression and
metabolic activity, suggesting miRNAs synthesized in a cell type could act on an adjacent cell®>. An additional limi-
tation of the present work is that it is a correlation study of miRNA and mRNA expression, without direct testing of
regulatory function in appropriate gene expression systems. This correlation approach has been used to provide an
overview of miRNA-mRNA networks that involve a high number of differentially expressed genes. Indeed, a broad
systematic analysis is limited due to the fact that correlation is not proof of causality. Our results suggest that, by
potentially targeting multiple genes in each of several disease pathways and pathobiologic processes, microRNAs
may exert a combined regulatory effect that may be stronger than the effect of a microRNA targeting a single mRNA
in a pathway. In addition, we found a small number of key “high-ranking” differentially expressed miRNAs - those
with a high number of targets involved in several pathological processes. Our data identified specific molecular
features of acute T. cruzi infection that may translate in the identification of novel therapeutic targets. In vitro and in
vivo testing of targeting of key miRNA to induce the amplification of anti-T. cruzi and tissue protection mechanisms,
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like the Nrf2 pathway or HMOXI1; or reduction of maladaptive responses, like mitochondrial dysfunction, may
establish the functional or therapeutic relevance of miRNA regulation in the context of T. cruzi infection.

Methods

Ethics statement. This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation (http://www.
cobea.org.br/), the Guide for the Care and Use of Laboratory animals (NIH,2011) and the Brazilian Federal Law
11.794 (October 8, 2008). The Institutional Committee for Animal Ethics of Fiocruz (CEUA/Fiocruz, License 004/09)
and the Institutional Committee for Animal Ethics of the University of Sao Paulo School of Medicine (CEUA/FMUSP,
License 390/13) approved all the procedures used in this study. For euthanasia prior to excision of the hearts, mice
were first tranquilized with diazepam (10 mg/kg, intraperitoneally) and then submitted to CO2 exposure.

Mouse experimental infection and RNA isolation. Mouse, parasite strains and heart tissues used were
the same as previously published®. Briefly, 36 C57BL6 mice (females; weight, 20 to 25 g), were intraperitoneally
infected with 100 blood Colombiana T. cruzi Type I strain trypomastigotes for 15, 30 and 45 days. The level of
parasitemia in tail blood was assessed daily by Brener’s method**. Therapeutic activity and criterion of cure on
mice experimentally infected with Trypanosoma cruzi. The hearts of surviving animals that passed RNA quality
control were used for gene and microRNA expression analysis. Heart ventricles from 16 mice (4 per group) were
isolated for miRNA extraction using the mirVana™ miRNA Isolation Kit (Ambion, USA), following the man-
ufacturers’ protocol (Fig. 1a). RNA extraction for mRNA expression profiling was performed the same tissue
samples plus an extra one at the 45 dpi time point (Fig. 1a). Total RNA was isolated by mechanical disruption with
the Precellys 24-bead-based homogenizer (Bertin Technologies, France) followed by extraction with the Trizol
reagent (Life Technologies, USA) following the manufacturer’s protocol.

miRNA and gene expression profiling. The miRNA profiling data was extracted from our group’s
previous publication®. For gene expression profiling was done using the SurePrint G3 mouse Gene Expression
vl 8 x 60K arrays, the Low Input Quick Amp Labeling One-Color Kit (Agilent Technologies, USA) and the
One-color RNA Spike-in Kit (Agilent Technologies) following the manufacturer’s standard protocol. 100 ng of
total RNA input was used. After cDNA synthesis, amplification, labeling and purification, the reaction efficacy
was checked using the NanoDrop (Thermo Scientific, USA). The hybridization was performed for 17 hours at
10rpm and 65 °C in a Hybridization Oven (Robbins Scientific, USA). Slide wash was done according to the
manufacturer’s recommendation. Cy3 intensities were detected by one-color scanning using Agilent DNA
microarray scanner at 3 micron resolution. Raw data from scanned image files were extracted using Feature
Extraction software (10.7.3.1). Spike-in used in the experiment gave reliable data and all arrays passed the
quality control.

Bioinformatic analysis. Sample raw fluorescence intensities were read, background corrected, log2 trans-
formed and submitted to the quantile normalization with the LIMMA R package, following the Agilent probe to
gene symbol annotation®. Probes replicates and matching the same gene were averaged to the highest mean across
all samples. Data quality of the samples arrays and outliers removal were assessed with the array Quality Metrics R
package®. Differentially expressed genes (DEG) between groups were determined by linear model fitting imple-
mented in the LIMMA package. Comparisons p-values were submitted to false discovery rate adjustment accord-
ing to the Benjamini-Hochberg method. Statistical significance threshold was defined as adjusted p-value <0.05.
Genes were considered differentially expressed if presented an absolute fold change between groups greater than
2.0 (JFC| >2.0). The samples hierarchical clustering was carried out using the squared Euclidean distance of
measure for the top 500 most variable genes. Principal component analysis (PCA) analysis was performed using
all genes and the variance expression of the number of standard deviations from mean overall samples. Canonical
pathways, networks analysis and Upstream regulator analysis were performed with Ingenuity Pathway Analysis
(IPA, Qiagen). We also used published lists of IFN~-induced/repressed genes®’, Nrf2-induced/repressed genes
and mitochondrion Gene Ontology classification to identify the corresponding DEGs. Pathways enrichment
analysis was carried with the program Gene Set Enrichment Analysis®® to find induced or repressed pathways in
the mice heart transcriptional profiles of each contrast between the infected and non-infected biological states.
The normalized enrichment scores were calculated over 1000 of permutations using a FC pre-ranked list of genes
and the Reactome gene sets™. The same experiment was also performed to find enriched immune cells using
a previously described collection of gene sets of blood transcription modules®. The corresponding networks
were drawn with the Cytoscape suite®!, with a statistical significance threshold of adjusted p-value <0.01. The
mRNA and miRNA expression profiles were integrated to identify potential functional interactions of miRNAs
with their target genes using the IPA target filter tool based on the content of the 2016-03 release, incorporating
the TargetScan, TarBase and miRecords algorithms. The lists of DEMs (miRNAs were considered differentially
expressed if adjusted P < 0.05 and absolute fold change FC >1.5) in each time point were analyzed with the IPA
software (2016-03) release. We thus obtained a list of high predicted and experimentally validated targets of the
DEMs (considering the inverse pairing between DEMs and DEGs). IPA was also used to identify significantly
enriched canonical pathways within the list of DEMs and their target DEGs (significance according to Fisher’s
exact test). The same protocol was used to build DEMs-DEGs networks related to each of the main Chagas heart
disease pathophysiological processes. DEMs regulating mitochondrial, IFN~-dependent, and oxidative stress
DEGs were also determined by inverse pairing with DEG lists belonging to each one of the processes.

SCIENTIFICREPORTS| (2017) 7:17990 | DOI:10.1038/s41598-017-18080-9 10


http://www.cobea.org.br/
http://www.cobea.org.br/

www.nature.com/scientificreports/

References

1.
2.

U W

10.
11.
12.

13.
. Perez-Molina, J. A., Perez, A. M., Norman, F. F, Monge-Maillo, B. & Lopez-Velez, R. Old and new challenges in Chagas disease.

15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
26.
27.
. Scalbert, E. & Bril, A. Implication of microRNAs in the cardiovascular system. Curr Opin Pharmacol. 8, 181-188 (2008).
29.
30.
31
. Min, P. K. & Chan, S. Y. The biology of circulating microRNAs in cardiovascular disease. Eur J Clin Invest. 45, 860-874 (2015).
33.
34.
35.
36.

37.
38.

39.
40.
41.
42,

43.

44.

Carod-Artal, E J. Globalization, stroke and Chagas disease on the hundredth anniversary of its discovery. Neurologia. 24, 431-432 (2009).
Coura, J. R, Vinas, P. A. & Junqueira, A. C. Ecoepidemiology, short history and control of Chagas disease in the endemic countries
and the new challenge for non-endemic countries. Mem Inst Oswaldo Cruz. 0,0 (2014).

. Hotez, P. ]. et al. Chagas disease: “the new HIV/AIDS of the Americas”. PLoS Negl Trop Dis. 6, 1498 (2012).
. Kalil-Filho, R. Globalization of Chagas Disease Burden and New Treatment Perspectives. ] Am Coll Cardiol. 66, 1190-1192 (2015).
. Pinto Dias, J. C. Human chagas disease and migration in the context of globalization: some particular aspects. ] Trop Med. 2013,

789758 (2013).

. Marinho, C. R., D’Imperio Lima, M. R,, Grisotto, M. G. & Alvarez, J. M. Influence of acute-phase parasite load on pathology,

parasitism, and activation of the immune system at the late chronic phase of Chagas’ disease. Infect Immun. 67, 308-318 (1999).

. Oliveira, A. C. et al. Expression of functional TLR4 confers proinflammatory responsiveness to Trypanosoma cruzi

glycoinositolphospholipids and higher resistance to infection with T. cruzi. ] Immunol. 173, 5688-5696 (2004).

. Cardoso, M. S. et al. Identification and functional analysis of Trypanosoma cruzi genes that encode proteins of the

glycosylphosphatidylinositol biosynthetic pathway. PLoS Negl Trop Dis. 7, €2369 (2013).

. Ropert, C. et al. Macrophage signaling by glycosylphosphatidylinositol-anchored mucin-like glycoproteins derived from

Trypanosoma cruzi trypomastigotes. Microbes Infect. 4,1015-1025 (2002).

Ferreira, L. R,, Silva, A. M., Michailowsky, V., Reis, L. F. & Gazzinelli, R. T. Expression of serum amyloid A3 mRNA by inflammatory
macrophages exposed to membrane glycoconjugates from Trypanosoma cruzi. ] Leukoc Biol. 66, 593-600 (1999).

Andrade, D. V,, Gollob, K. J. & Dutra, W. O. Acute chagas disease: new global challenges for an old neglected disease. PLoS Negl Trop
Dis. 8,€3010 (2014).

Mensah, G. A., Burns, K. M., Peprah, E. K., Sampson, U. K. & Engelgau, M. M. Opportunities and challenges in chronic Chagas
cardiomyopathy. Glob Heart. 10, 203-207 (2015).

Urbina, J. A., Gascon, J. & Ribeiro, I. Benznidazole for Chronic Chagas’ Cardiomyopathy. N Engl | Med. 374, 189 (2016).

Lancet Infect Dis. 15, 1347-1356 (2015).

Keating, S. M. et al. Inflammatory and cardiac biomarkers are differentially expressed in clinical stages of Chagas disease. Int |
Cardiol. 199, 451-459 (2015).

Vannucchi, V. et al. Chagas disease as a cause of heart failure and ventricular arrhythmias in patients long removed from endemic
areas: an emerging problem in Europe. ] Cardiovasc Med (Hagerstown). 16, 817-823 (2015).

Healy, C. et al. Arrhythmias in chagasic cardiomyopathy. Card Electrophysiol Clin. 7, 251-268 (2015).

Tanowitz, H. B. et al. Developments in the management of Chagas cardiomyopathy. Expert Rev Cardiovasc Ther. 13, 1393-1409 (2015).
Abel, L. C. et al. Chronic Chagas’ disease cardiomyopathy patients display an increased IFN-gamma response to Trypanosoma cruzi
infection. ] Autoimmun. 17,99-107 (2001).

Nogueira, L. G. et al. Myocardial gene expression of T-bet, GATA-3, Ror-gammat, FoxP3, and hallmark cytokines in chronic Chagas
disease cardiomyopathy: an essentially unopposed TH1-type response. Mediators Inflamm. 2014, 914326 (2014).

Ferreira, L. R. et al. Interferon-gamma and other inflammatory mediators in cardiomyocyte signaling during Chagas disease
cardiomyopathy. World J Cardiol. 6,782-790 (2014).

Cunha-Neto, E. & Chevillard, C. Chagas disease cardiomyopathy: immunopathology and genetics. Mediators Inflamm. 2014,
683230 (2014).

Cunha-Neto, E. et al. Cardiac gene expression profiling provides evidence for cytokinopathy as a molecular mechanism in Chagas’
disease cardiomyopathy. Am J Pathol. 167, 305-313 (2005).

Garg, N., Popov, V. L. & Papaconstantinou, J. Profiling gene transcription reveals a deficiency of mitochondrial oxidative
phosphorylation in Trypanosoma cruzi-infected murine hearts: implications in chagasic myocarditis development. Biochim Biophys
Acta. 1638, 106-120 (2003).

Mukherjee, S. et al. Microarray analysis of changes in gene expression in a murine model of chronic chagasic cardiomyopathy.
Parasitol Res. 91, 187-196 (2003).

Soares, M. B. et al. Reversion of gene expression alterations in hearts of mice with chronic chagasic cardiomyopathy after
transplantation of bone marrow cells. Cell Cycle. 10, 1448-1455 (2011).

Ambros, V. The functions of animal microRNAs. Nature. 431, 350-355 (2004).

Urbich, C., Kuehbacher, A. & Dimmeler, S. Role of microRNAs in vascular diseases, inflammation, and angiogenesis. Cardiovasc
Res. 79, 581-588 (2008).

Katz, M. G., Fargnoli, A. S., Kendle, A. P., Hajjar, R. J. & Bridges, C. R. The role of microRNAs in cardiac development and
regenerative capacity. Am J Physiol Heart Circ Physiol. 310, H528-541 (2016).

Seeger, T. & Boon, R. A. MicroRNAs in cardiovascular ageing. J Physiol. 594, 2085-2094 (2016).

Navarro, L. C. et al. MicroRNA Transcriptome Profiling in Heart of Trypanosoma cruzi-Infected Mice: Parasitological and
Cardiological Outcomes. PLoS Negl Trop Dis. 9, €0003828 (2015).

Chistiakov, D. A., Orekhov, A. N. & Bobrysheyv, Y. V. Cardiac-specific miRNA in cardiogenesis, heart function, and cardiac
pathology (with focus on myocardial infarction). ] Mol Cell Cardiol. 94, 107-121 (2016).

Yu, H, Lu, Y, Li, Z. & Wang, Q. microRNA-133: expression, function and therapeutic potential in muscle diseases and cancer. Curr
Drug Targets. 15, 817-828 (2014).

Muraoka, N. et al. MiR-133 promotes cardiac reprogramming by directly repressing Snail and silencing fibroblast signatures. Embo
J. 33, 1565-1581 (2014).

Castaldi, A. et al. MicroRNA-133 modulates the betal-adrenergic receptor transduction cascade. Circ Res. 115, 273-283 (2014).
Hua, Y., Zhang, Y. & Ren, J. IGF-1 deficiency resists cardiac hypertrophy and myocardial contractile dysfunction: role of
microRNA-1 and microRNA-133a. J Cell Mol Med. 16, 83-95 (2012).

Satoh, M., Minami, Y., Takahashi, Y., Tabuchi, T. & Nakamura, M. Expression of microRNA-208 is associated with adverse clinical
outcomes in human dilated cardiomyopathy. ] Card Fail. 16, 404-410 (2010).

Pall, M. L. The NO/ONOO-cycle as the central cause of heart failure. Int ] Mol Sci. 14, 22274-22330 (2013).

Wan, X., Wen, J. ], Koo, S.J., Liang, L. Y. & Garg, N. J. SIRT1-PGClalpha-NFkappaB Pathway of Oxidative and Inflammatory Stress
during Trypanosoma cruzi Infection: Benefits of SIRT1-Targeted Therapy in Improving Heart Function in Chagas Disease. PLoS
Pathog. 12, 1005954 (2016).

Mitsuishi, Y. et al. Nrf2 redirects glucose and glutamine into anabolic pathways in metabolic reprogramming. Cancer Cell. 22, 66-79
(2012).

Talvani, A. et al. Kinetics of cytokine gene expression in experimental chagasic cardiomyopathy: tissue parasitism and endogenous
IFN-gamma as important determinants of chemokine mRNA expression during infection with Trypanosoma cruzi. Microbes Infect.
2, 851-866 (2000).

Stephanou, A. et al. Ischemia-induced STAT-1 expression and activation play a critical role in cardiomyocyte apoptosis. ] Biol Chem.
275, 10002-10008 (2000).

SCIENTIFICREPORTS| (2017) 7:17990 | DOI:10.1038/s41598-017-18080-9 11



www.nature.com/scientificreports/

45. Brown, D. A. et al. Expert consensus document: Mitochondrial function as a therapeutic target in heart failure. Nat Rev Cardiol. 14,
238-250 (2017).

46. Fillmore, N., Mori, J. & Lopaschuk, G. D. Mitochondrial fatty acid oxidation alterations in heart failure, ischaemic heart disease and
diabetic cardiomyopathy. Br ] Pharmacol. 171, 2080-2090 (2014).

47. Wan, X. et al. Defects of mtDNA replication impaired mitochondrial biogenesis during Trypanosoma cruzi infection in human
cardiomyocytes and chagasic patients: the role of Nrf1/2 and antioxidant response. ] Am Heart Assoc. 1, 003855 (2012).

48. Teixeira, P. C. et al. Selective decrease of components of the creatine kinase system and ATP synthase complex in chronic Chagas
disease cardiomyopathy. PLoS Negl Trop Dis. 5, €1205 (2011).

49. Cheng, X, Ku, C. H. & Siow, R. C. Regulation of the Nrf2 antioxidant pathway by microRNAs: New players in micromanaging redox
homeostasis. Free Radic Biol Med. 64, 4-11 (2013).

50. Paiva, C. N. et al. Oxidative stress fuels Trypanosoma cruzi infection in mice. J Clin Invest. 122, 2531-2542 (2012).

51. Soares, M. P, Gozzelino, R. & Weis, S. Tissue damage control in disease tolerance. Trends Immunol. 35, 483-494 (2014).

52. Soares, M. P. & Ribeiro, A. M. Nrf2 as a master regulator of tissue damage control and disease tolerance to infection. Biochem Soc
Trans. 43, 663-668 (2015).

53. Halkein, J. et al. MicroRNA-146a is a therapeutic target and biomarker for peripartum cardiomyopathy. J Clin Invest. 123,2143-2154
(2013).

54. Brener, Z. Therapeutic activity and criterion of cure on mice experimentally infected with Trypanosoma cruzi. Rev Inst Med Trop
Sao Paulo. 4, 389-396 (1962).

55. Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res.
43, e47 (2015).

56. Kauffmann, A., Gentleman, R. & Huber, W. ArrayQualityMetrics—a bioconductor package for quality assessment of microarray data.
Bioinformatics. 25, 415-416 (2009).

57. Ehrt, S. et al. Reprogramming of the macrophage transcriptome in response to interferon-gamma and Mycobacterium tuberculosis:
signaling roles of nitric oxide synthase-2 and phagocyte oxidase. ] Exp Med. 194, 1123-1140 (2001).

58. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles.
Proc Natl Acad Sci USA 102, 15545-15550 (2005).

59. Fabregat, A. et al. The Reactome pathway Knowledgebase. Nucleic Acids Res. 44, D481-487 (2016).

60. Li, S. et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat Immunol.
15, 195-204 (2014).

61. Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13,
2498-2504 (2003).

Acknowledgements

This work was supported by the Institut National de la Santé et de la Recherche Médicale (INSERM), Aix-
Marseille University (Direction des Relations Internationales), the USP-COFECUB program, the ARCUS II
PACA Brésil program, CNPq (the Brazilian National Council for Scientific and Technological Development), and
FAPESP (Sao Paulo State Research Funding Agency-Brazil) « grant 2013/50302-3 ». This work is supported by
the plan « Laboratoire d’Excellence (LabEx) ParaFrap ANR-11-LABX-0024 ». ECN and CC were recipients for
an international program (Br-Fr-Chagas) funded by the French (Agence Nationale de Recherche-ANR) and the
Brazilian (FAPESP) science funding agencies. ECN and JK are recipients of CNPq productivity awards.

Author Contributions

Ludmila Rodrigues Pinto Ferreira: Mirnome experiments, data analyses, manuscript preparation. Laurie Laugier:
Whole genome expression experiments, data analyses, manuscript preparation. Frederico Moraes Ferreira: Data
analyses. Sandrine Cabantous: Whole genome expression experiments. Isabela Navarro: Mirnome experiments.
Darlan da Silva Cindido: Mirnome experiments. Vagner Carvalho Rigaud: Mirnome experiments. Juliana
Monte Real: Mouse experiments. Glaucia Vilar Pereira: Mouse experiments. Isabela Resende Pereira: Mouse
experiments. Leonardo Ruivo: Mouse experiments. Ramendra Pati Pandey: Data analyses. Marilda Savoia:
Data analyses. Jorge Kalil: Manuscript preparation. Joseli Lannes-Vieira: Mouse experiments, data analyses,
manuscript preparation. Helder Nakaya: Data analyses, manuscript preparation. Christophe Chevillard: Data
analyses, manuscript preparation. Edecio Cunha-Neto: Data analyses, manuscript preparation.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18080-9.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2017) 7:17990 | DOI:10.1038/s41598-017-18080-9 12


http://dx.doi.org/10.1038/s41598-017-18080-9
http://creativecommons.org/licenses/by/4.0/

	Integration of miRNA and gene expression profiles suggest a role for miRNAs in the pathobiological processes of acute Trypa ...
	Results

	Identification of DEGs and gene set enrichment analysis reveals functional pathways modulated in hearts of acutely T. cruzi ...
	DEM-DEG pairs and potential pathways regulated by miRNAs. 
	DEM/DEG networks related to Chagas heart disease pathophysiological processes. 

	Discussion

	Methods

	Ethics statement. 
	Mouse experimental infection and RNA isolation. 
	miRNA and gene expression profiling. 
	Bioinformatic analysis. 

	Acknowledgements

	Figure 1 (a) Workflow of data processing and analysis used to identify DEMS-DEGs interactome: Mice were infected with 100 blood trypomastigotes of the Colombian strain of T.
	Figure 2 Venn diagram showing the number of differentially expressed (a) genes and (b) enriched canonical pathways in each time point.
	Figure 3 Venn diagrams showing the number of differentially expressed mitochondrial genes, and/or genes belonging to the IFNγ- and Nrf2- modulated transcriptional profile.
	Figure 4 MiRNA target analysis and DEMs-DEGs Network.
	Figure 5 Ingenuity Pathway Analysis (IPA) canonical pathways most significantly enriched in the heart of T.
	Figure 6 Upstream regulator analysis.
	Figure 7 (a) DEMs-DEGs networks related to the main Chagas disease clinicopathogical features.




