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Abstract
The pathomechanisms underlying oxidative phosphorylation (OXPHOS)

diseases are not well-understood, but they involve maladaptive changes in
mitochondria-nucleus communication. Many studies on the mitochondria-
nucleus cross-talk triggered by mitochondrial dysfunction have focused on the
role played by regulatory proteins, while the participation of miRNAs remains
poorly explored. MELAS (mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes) is mostly caused by mutation m.3243A>G in
mitochondrial tRNAU(UUR) gene. Adverse cardiac and neurological events are
the commonest causes of early death in m.3243A>G patients. Notably, the
incidence of major clinical features associated with this mutation has been
correlated to the level of m.3243A>G mutant mitochondrial DNA (heteroplasmy)
in skeletal muscle. In this work, we used a transmitochondrial cybrid model of
MELAS (100% m.3243A>G mutant mitochondrial DNA) to investigate the
participation of miRNAs in the mitochondria-nucleus cross-talk associated with
OXPHOS dysfunction. High-throughput analysis of small-RNA-Seq data
indicated that expression of 246 miRNAs was significantly altered in MELAS
cybrids. Validation of selected miRNAs, including miR-4775 and miR-218-5p, in
patient muscle samples revealed miRNAs whose expression declined with high
levels of mutant heteroplasmy. We show that miR-218-5p and miR-4775 are
direct regulators of fetal cardiac genes such as NODAL, RHOA, ISL1 and
RXRB, which are up-regulated in MELAS cybrids and in patient muscle samples
with heteroplasmy above 60%. Our data clearly indicate that TGF- superfamily
signaling and an epithelial-mesenchymal transition-like program are activated in
MELAS cybrids, and suggest that down-regulation of miRNAs regulating fetal
cardiac genes is a risk marker of heart failure in patients with OXPHOS

diseases.

Key Words: OXPHOS diseases; heteroplasmy; hypertrophic cardiomyopathy;
miR-218-5p; MmiR-4775



1. Introduction

Mitochondria are pivotal organelles to eukaryotic cells. They play a crucial role
in ATP production, via the oxidative phosphorylation (OXPHOS) system, and in
several metabolic pathways, cell signaling and apoptosis [1-4].

Mitochondrial DNA (mtDNA) encodes 13 of the about 100 proteins that
make up the OXPHOS system, and the 2 rRNAs and 22 tRNAs necessary for
mitochondrial translation. The rest of the OXPHOS subunits and mitochondrial
translation factors are encoded by the nucleus (nDNA). Therefore, defects in
the OXPHOS system (OXPHOS diseases), which have extremely variable
clinical manifestations, ranging from single-affected tissues to multisystemic
syndromes, can be the result of both mtDNA and nDNA mutations [5-7]. The
pathogenic mechanisms associated with OXPHOS dysfunction are not well-
understood, but they likely involve retrograde signaling pathways, from
mitochondria to nucleus, that are activated by changes in metabolite
homeostasis, such as ROS, Ca?*, ADP/ATP, and NAD/NADH, and impaired
mitochondrial proteostasis [2, 8-11]. Retrograde signaling leads to
adaptive/maladaptive changes in the expression of nuclear genes, which are
modulated by cell-type and genetic and epigenetic factors.

Most studies on the pathomechanisms associated with OXPHOS
dysfunction have focused on the role played by protein components, while the
role of non-coding RNAs remains poorly explored [12-16]. MicroRNAs
(miRNAs) are short, single-stranded, non-coding RNA molecules (19-23
nucleotides) that regulate gene expression through the binding within RNA-
induced silencing complex (RISC) to their mRNA targets for degradation or
repression of mMRNA translation [17, 18]. They are implicated in a variety of
physiological and pathological processes [19], and in the mitochondria-nucleus
cross-talk [15]. In this respect, we have recently demonstrated, in cybrid models
of different mtDNA diseases, that the expression of several nuclear-encoded
mitochondrial proteins is modulated by miRNAs in response to changes in
metabolite homeostasis, which apparently aggravates the cell phenotype [13,
14]. Therefore, it is reasonable to hypothesize that dysregulation of miRNA

expression contributes to the clinical symptoms of OXPHOS diseases.
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MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes) is a well-known example of mtDNA disease. Mostly caused by
the m.3243A>G mutation in mitochondrial tRNAU(UUR) gene [20], it is a rare
progressive multisystemic disorder (ORPHA:550; OMIM: 540000) with broad
manifestations including encephalomyopathy, lactic acidemia, stroke-like
episodes, dementia, epilepsy, recurrent headaches, hearing impairment,
diabetes, heart disease, endocrinopathy, and short stature [20-23]. It was
determined that the frequency of m.3243A>G in the general population is 0.14%
[24], although the minimum point prevalence of clinically affected adults with
this mutation is ~0.004% [25], as the phenotypic expression is ultimately
dependent on the proportion of mutated mMtDNA (heteroplasmy) within
vulnerable tissues [11, 26]. The absolute amount of wild-type mtDNA, nDNA
background, and epigenetic and external factors can also have an influence on
phenotype [6, 27-31].

Cardiac and neurological diseases are the commonest causes of early
death in MELAS patients carrying m.3243A>G [22]. In this respect, cohort
studies using echocardiography have identified left ventricular hypertrophy
(which still represents a major clinical predictor of heart failure and sudden
cardiac death in humans [32]) in 34-56% patients [22, 33]. Notably, an
electrocardiographic study revealed a correlation between skeletal muscle
mutation load and indexed left ventricular mass [23], which suggests that
patients with high levels of m.3243A>G mutation in skeletal muscle may be at
increased risk of development of cardiomyopathy [22]. Moreover, a recent study
carried out after two young, asymptomatic adults harbouring the m.3243A>G
mutation died suddenly and unexpectedly revealed high levels of the mutation
in both cardiac and skeletal muscle [26]. Thus, high mutation load in muscle
may be a common feature between symptomatic and asymptomatic carriers,
pending more detailed studies in the latter. The report by Ng and colleagues
[26] suggested that sudden and unexpected death is not uncommon in young,
asymptomatic adults carrying the m.3243A>G mutation, highlighting the need
for cardiac surveillance and identification of new cardiac risk markers in the
management of this genetic disease.

In the present study, we used 143B osteosarcoma cells harboring 100%
m.3243A>G mutated mtDNA (MELAS transmitochondrial cybrids) to investigate
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the participation of miRNAs in the mitochondria-nucleus cross-talk associated
with mitochondrial dysfunction. Through miRNA sequencing and bioinformatics
analysis, we found that expression of 246 miRNAs was significantly altered by
the MELAS mutation (FDR < 0.05), with 126 miRNAs being up-regulated and
120 down-regulated. Selected miRNAs were validated in muscle samples from
MELAS patients, and the expression of a subset of down-regulated miRNAs
was found to be inversely correlated with the heteroplasmy degree. We show
that these miRNAs are regulators of genes involved in cardiac remodeling. This
study identifies miR-4775 and -218-5p as biomarkers of cardiac remodeling,

and likely of cardiovascular risk, in MELAS patients.

2. Materials and Methods

2.1 Materials

SB431542 was purchased from Sigma. Oligonucleotides (S1 Table) were also

purchased from Sigma.

2.2 Cell culture

A transmitochondrial cytoplasmic hybrid (cybrid) line was previously generated
[14] by polyethylene glycol-mediated fusion of platelets, derived from a patient
carrying m.3243A>G mutation, with human osteosarcoma 143B cells lacking
MIDNA (TK-) (pO cells) as described [34]. Cybrid clones were obtained by
culturing the fusion mixture in selective Dulbecco’s modified Eagle’s medium
(DMEM) (Biological Industries, Kibbutz Beit Haemek, Israel) containing glucose
(4.5 g/l), pyruvate (0.11 g/l), 10% dialyzed fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA, USA) and 100 pg/ml BrdU (5-bromo-2-deoxyuridine; without
uridine) to prevent growth of TK+ donor cells. DNA was extracted from selected
clones and analyzed by polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) to find cells containing 100% mutant mtDNA or the
wild type counterpart (WT cybrids). The presence or absence of the mutation in
the cells was periodically confirmed using a PCR-RFLP assay [35] and gPCR
[36]. Cybrids and human HelLa cells were cultured in high glucose Dulbecco’s

modified Eagle medium (Gibco) containing 10% fetal bovine serum, 1 mM



sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine

and 1mM non-essential amino acids.

2.3 Small RNA library construction and Illlumina sequencing

For RNA sequencing, we used wild type (3 independent samples) and MELAS
(3 independent samples) cybrid cells (N = 6 in total). Total RNA was isolated
using TRIzol Reagent (Life Technologies, Grand Island, NY, USA), and the
quality of RNA was evaluated using the BioAnalyzer (Agilent, Santa Clara, CA,
USA). RNA Integrity Number (RIN) ranged from 9.2 to 9.8. Small RNA libraries
(small RNAs with 17-50 nucleotides) were constructed using the Solexa small
RNA sample preparation protocol (lllumina, San Diego, CA, USA). Single-end
50nt bp read sequencing was performed using the Solexa HiSeq2000 platform
(lumina, San Diego, CA, USA) at Genomics unit of Centre for Genomic
Regulation (Barcelona). We used 1 lane for the six samples. The raw
sequencing data were deposited in NCBI's Gene Expression Omnibus (GEO)
with the accession number GSE113300.

2.4 Program implementation

All sequencing software tools were run with the default or recommended
settings under eight cores and 32GB of RAM computer. The operating system
was Xubuntu 14.04.2 LTS (Long Time Support) using version of X_86 64 bits.

2.5 miRNA analysis

Reads quality and viability was checked using Fastqc software version 0.11.5,
poor quality reads were trimmed and filtered out with cutadapt version 1.12.
After trimming step, kept reads, were aligned against the Ensembl GRCh38
NcRNA database with Tophat2 version 2.1.1 (previously indexed with Bowtie2),
classifying each, according the corresponding biotype (lincRNA, sSnRNA,
snoRNA, miRNA, etc.). Reads aligned and classified as miRNAs, were kept and
re-aligned against the hsa-hairpin.fasta file downloaded from miRBase
database, for acute classification and expression level analysis. Expression
level analysis was applied only on miRNAs (hairpins/mature) displaying a
consistent number of sequences/reads (= 150) keeping only those showing a
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False Discovery Rate (FDR) correction value lower than 0.05 after applying a
Moderated t-statistics by LIMMA (Bioconductor). The raw data of miRNAs
(hairpins/mature) (S4 and S5 Tables) and their expression level analysis (S7
and S8 Tables) were deposited in GEO (GSE113300). Hierarchical clustering
was performed to visualize expression patterns of all differentially-expressed
mMIiRNAs. The normalized expression values were log2 transformed and
unsupervised two-way hierarchical clustering was performed using Euclidean
distance and weighted average linkage (WPGMA) to cluster miRNAs and
samples.

For genomic localization, we downloaded miRNAs and chromosomal
coordinates (chromosome, start, end, and strand) from Biomart available at
Ensemble. miRNA cluster was defined as miRNA genes located within 10 Kb of
distance on the same chromosome, the same criteria used by miRBase
database.

Gene Set Enrichment Analysis (GSEA) was performed with potential
target genes of those significant miRNAs according to TargetScan and following
the procedure described in [37], obtaining the Biological Processes (BP),
Molecular Functions (MF) and Cellular Components (CC) affected according the
Gene Ontology Consortium (GO). mRNAs target for either up- or down-
regulated miRNAs, and not for a mix of both types of miRNAs, were referenced
as exclusive. By using GSE1462 (MELAS Muscle Tissue Biopsies) and
GSE27545 (MELAS 143B osteosarcoma cybrids) datasets from database
repository Gene Expression Omnibus (GEO), we identified among the exclusive
targets, mMRNAs whose expression change between WT and MELAS

conditions.

2.6 Ethics statement

All muscle biopsies were provided by Telethon Network of Genetic Biobanks,
which were collected from patients with MELAS disease and from healthy
subjects. Written informed consent was obtained from the participants. All
procedures were approved by the Ethics Committee of Milano Area 2,
Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico (Milan, Italy) and



performed in accordance with the guidelines set forth by the Declaration of

Helsinki.

2.7 Heteroplasmy determination by gPCR

Detection and quantification of m.3243A>G mitochondrial point mutation in WT
and MELAS cybrid cells, and muscle biopsies was performed as described [36].
Results are provided in S2 and S3 Tables.

2.8 Pre-miR transfection

Cybrid cells were seeded at 1,500,000 cells/100mm dish. After 24h, cells were
transfected with one of Pre-miR miRNA Precursor Molecules (pre-miR-218-5p,
pre-miR-4775 or Negative Control (NC)-pre-miR; Applied Biosystems) at the 50
nM final concentration, using Lipofectamine 2000 reagent (Invitrogen) and Opti-
MEM medium according to the manufacturer’s instructions. The medium was
replaced by fresh growth medium after 6h of transfection and cells were

collected after 48h of transfection.

2.9 Luciferase reporter assays

The 3'UTRs of NODAL, RHOA, ISL1 and RXRB genes were amplified by PCR
and cloned in sense (+) and antisense (-) downstream of the luciferase reporter
gene into the Xbal site of the pGL3 Luciferase Reporter Vector (Promega). All
Luciferase reporter plasmid constructs were verified by DNA sequencing. HelLa
cells were seeded at 50,000 cells/well. After 24h, 500 ng of a Luciferase
reporter plasmid and, as an internal control, 25 ng of Renilla Luciferase control
vector (Promega) were co-transfected together with one of the RNA
oligonucleotides at the 50 nM final concentration, using Lipofectamine 2000
reagent (Invitrogen) and Opti-MEM medium according to the manufacturer's
instructions. After 48h, cells were lysed and Firely and Renilla luciferase
activities from the cell extracts were measured with the Dual-luciferase Reporter

Assay System (Promega) following the manufacturer’s procedure.

2.10 RNA isolation and gRT-PCR



Total RNA from cybrid cells and muscle tissue samples was isolated using
TRIzol reagent (Invitrogen). To quantify mRNA levels, one-step gRT-PCRs
were performed in an Applied Biosystems Step-One Real-Time PCR System.
100 ng of total RNA were reverse-transcribed and amplified by gPCR in 12 pl of
total volume reaction containing specific primers (Sigma) (S1 Table), Power
SYBR Green PCR Master Mix, MultiScribe Reverse Transcriptase, and RNase
Inhibitor (all from Applied Biosystems), according to the manufacturer's
instructions. Amplification efficiency values were very near to 100%. Relative
guantitation of mMRNA levels was calculated using the comparative Ct method
and ACTB gene as endogenous control. The absolute abundances of NODAL,
RHOA, ISL1 and RXRB mRNAs were estimated to be in a range of 2 to 775
copies/cell in 143B cybrid cells and of 1 to 4500 copies/cell in muscle samples
by using equivalent calculations as described [14]. For miRNA quantification, 10
ng of total RNA were reverse-transcribed in 15 pl total reaction using the
MultiScribe reverse transcriptase and specific stem-loop RT primers (Applied
Biosystems). Then, 1.33 uL of cDNA was subjected to a TagMan miRNA assay
(Applied Biosystems), in a total reaction volume of 12 uL using specific primers
and probes for the 20 selected human miRNAs and U6 snRNA, according to the
manufacturer’'s protocol. Expression values were calculated using the
comparative CT method and U6 snRNA as an endogenous control. We
estimated the absolute abundances of miR-218-5p and miR-4775 to be at about
1500 and 160 copies/cell in 143B cybrid cells and muscle samples,
respectively, following the formula described in [14]. The amounts of both
mMiRNAs in the cell exceed the necessary threshold level of miIRNA expression

(100 copies /cell) proposed for significant target suppression [38].

2.11 Actin stress fiber staining

Actin cytoskeleton reorganization was assessed via filamentous actin (F-actin)
staining using Rhodamine Phalloidin. The cells were fixed with 4%
paraformaldehyde in PBS for 20 min at RT, washed with PBS, permeabilized
with 0.3% Triton X-100 for 15 min at RT and washed again with PBS. Then cells
were quenched in 100 mM NH4CI, 150 mM glycine in PBS for 10 min and
washed with PBS. Following blocking of nonspecific binding using 2% BSA,



0.05% Triton X-100 in PBS for 30 min at RT, the cells were stained with
rhodamine-conjugated phalloidin (1:500 dilution in blocking solution, Sigma
(P1951)) for 1h at 37°C. Nuclei were counterstained with 0.1 yg/mL DAPI
nuclear blue dye (Roche Diagnostics). Slides were mounted in FluorSave
reagent (Calbiochem-Merck 4 Biosciences) and images were obtained using

Leica DM6000 fluorescence microscope equipped with DM500 camera.

2.12 Western blot

Cell extracts were prepared in RIPA buffer (150 mM NaCl, 1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris-HCI pH 8.0), containing
0.1 mM leupeptin and 1 mM phenylmethanesulphonyl fluoride. When
phosphoproteins were to be analyzed, cell extracts were prepared in lysis buffer
(10 mM NacCl, 1% Nonidet P40, 15% Glycerol, and 50 mM Tris-HCI pH 7.4),
containing 1 mM phenylmethanesulphony! fluoride, 0.1 mM leupeptin, 2 mM
sodium orthovanadate, 100 mM sodium fluoride and 20 mM tetrasodium
pyrophosphate. Proteins (150 ug) from the various lysates were separated by
SDS/PAGE (10% acrylamide) and transferred to PVDF membranes (GE
Healthcare, Amersham Biosciences). For immunodetection, we used
commercial antibodies: mouse monoclonal anti-E-cadherin (sc-8426, Santa
Cruz), anti-Vimentin (V6630, Sigma), rabbit polyclonal anti-Furin (sc-20801,
Santa Cruz), mouse monoclonal anti-TGF-B3 (sc-166861, Santa Cruz), anti-
Nodal (sc-373910, Santa Cruz), anti-TBR-II (sc-17799, Santa Cruz), anti-ActR-
llb (sc-390977, Santa Cruz), rabbit monoclonal anti-phospho-Smad2
(Ser465/467)/Smad3 (Ser423/425) antibody (8828S, Cell Signaling), mouse
monoclonal anti-Smad2/3 (sc-133098, Santa Cruz), anti-SNAI1 (sc-271977,
Santa Cruz), anti-pan Rac/Racl (sc-514583, Santa Cruz), anti-RhoA (sc-418,
Santa Cruz), anti-ROCK1 (ab36746, Abcam), mouse monoclonal anti-RXRB
(sc-742, Santa Cruz) anti-ISL1 (sc-390793, Santa Cruz) and anti-VDAC (sc-
390996, Santa Cruz). The anti-rabbit (A6154) and anti-mouse (A4416) IgG-
horseradish peroxidase-conjugated secondary antibodies were obtained from
Sigma. Protein bands were quantified by densitometric analysis with an Image
Quant ECL (GE Healthcare).
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2.13 Statistical analysis

Statistical analysis was performed using Student’s t test and was conducted
using GraphPad Prism 7 (GraphPad Software, Inc, San Diego, CA). The
statistically significant differences between the means were indicated by
asterisks (*p < 0.05, **p < 0.01 or ***p < 0.001), and non-significant differences
by n.s. The t-test was used because data followed a normal distribution
(Shapiro-Wilk test, threshold 0.05).

3. Results

3.1 Small RNA landscape in MELAS and wild-type 143B cybrids

Small RNAs expressed in three biological replicates of MELAS and wild-type
(WT) 143B cybrids were size selected (17-50 nt) from total RNA (S1 Fig). The
small RNA libraries were constructed and sequenced by high-throughput
sequencing (lllumina). The sequencing generated an average of 34,099,500
and 29,524,900 raw sequences for MELAS and WT samples respectively. After
removal of adapters and low-quality reads, the analysis of small RNA libraries
returned an average of 25,950,000 sequences for MELAS samples and
24,010,000 for wild-type samples. The size distribution of sequences in wild-
type and MELAS libraries provided a significant higher number of 34- and 49-nt-
long sequences in MELAS than WT libraries. Both series showed an average of
length of 26 nt and a majority of sequences were comprised between 21 and 24
nt, being 22 nt the most frequent size (S2 Fig).

By indexing and mapping the small RNA sequences to the human
reference non-coding RNA data set from Ensemble (GRCh.38.ncrna), we
determined their origin and distribution in several classes of non-coding RNAs,
including miRNAs. Only 46% and 60% of the, respectively, MELAS- and WT-
derived sequences could be classified since not all the non-coding RNA classes
are present in the GRCh.38.ncrna (e.g., cytosolic rRNAs and tRNAs are not
included in this database). We observed that WT and MELAS samples were
specially enriched in miRNA sequences (88.2-91.8%), followed by small
nucleolar RNA (snoRNA) (3.5-4.8%) and long intergenic non-coding RNA
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(lincRNA) sequences (1.8-2.8%) (Table 1). miRNAs were slightly but
significantly less abundant in MELAS cybrids (88.2%) than in controls (91.8%).
Sequences from mitochondrial transfer RNA (mt-tRNA) and ribosomal RNA (mt-

rRNA) constituted 0.9-1.4 % and 0.8-1% of total sequences, respectively.

3.2 The MELAS mutation triggers an important and specific miRNA
response in 143B cells

To identify known miRNAs present in the wild-type and MELAS libraries, the
cleaned sequences were mapped to the sequence library of human precursor
MIiRNAs (pre-miRNAs) and mature miRNAs (miRNAs) deposited in miRBase
20.0 (http://www.mirbase.org). A total of 963 different pre-miRNAs (S4 Table;
GSE113300) and 905 different miRNAs (S5 Table; GSE113300) were identified
in the six libraries.

First, we examined the 20 most abundant pre-miRNAs (S3A Fig) and
miRNAs (S3B Fig) in WT and MELAS cybrids. We observed that 18 out of the
20 most abundant pre-miRNAs in the control cells (S3A Fig, left) were also
among the 20 most abundant pre-miRNAs in the MELAS cybrids (S3A Fig,
right). Likewise, 18 of the 20 most abundant miRNAs in WT cells (S3B Fig, left)
were among the 20 most abundant miRNAs in MELAS cells (S3B Fig, right).
The mismatched pre-miRNAs and miRNAs between WT and MELAS cells
(black and red arrows in S3 Fig) showed expression changes that were
statistically significant in all cases except for pre-miRNA-191 and miRNA-27a-
3p (S6 Table). Notably, the differentially expressed miRNAs (miR-186-5p, miR-
27b-3p, and miR-181b-5p) have been associated with epithelial to
mesenchymal transition (EMT) processes [39-41] and myocardial responses
[42, 43].

Second, we compared the expression of the overall pre-miRNA and
MiRNA species between MELAS and WT cells. 263 pre-miRNAs were
significantly changed in MELAS cells (FDR < 0.05), with 131 (49.8%) being up-
regulated and 132 (50.2%) down-regulated (S7 Table; GSE113300), while 246
mMiRNAs were significantly altered (FDR < 0.05), 126 (51.2 %) up-regulated and
120 (48.8%) down-regulated (S8 Table; GSE113300). Notably, 175 out of 246
MiRNAs (71%) came from differentially-expressed pre-miRNAs (S9 Table),
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suggesting that the remaining miRNAs represent species with a different
generation-rate or stability than their precursors. Therefore, transcriptional
and/or post-transcriptional regulatory mechanisms control the levels of specific
MiRNAs in response to the MELAS mutation. The genomic location of the
transcriptionally-regulated miRNAs (S9 Table) indicated that they are
homogeneously distributed among chromosomes (S4 Fig; S10 Table), and that
about 20% are grouped in clusters (S5 Fig; S11 Table), which suggests that a
portion of mMiIRNAs are co-expressed.

Finally, the 246 differentially expressed miRNAs were submitted to
unsupervised hierarchical clustering to construct a heat map based on log 2
gene expression fold-changes (MELAS vs WT) (Fig 1A). A positive log 2 value
indicated up-regulation, and a negative log 2 value indicated down-regulation.
The clustering clearly segregated the two groups of cells (Fig 1A, X-axis
dendrogram) and visualized two main clusters corresponding to the up- and
down-expressed mIiRNAs that were easily divisible into sub-clusters of
potentially co-regulated miRNAs (Fig 1A, Y-axis dendrogram).

Briefly, our results showed an important dysregulation of miRNAs in
MELAS cybrid cells that appears to be mediated by both transcriptional and

post-transcriptional mechanisms.

3.3 RNAseq and RT-gPCR provide similar expression values for 20
selected miRNAs in MELAS cells

Expression of 20 differentially expressed miRNAs was verified by qRT-PCR.
Ten up- and ten down-regulated miRNAs in MELAS cells were selected
according to two independent criteria. On the one hand, we randomly selected
10 out of the 20 miRNAs with the highest fold changes and good abundance
threshold (an average of at least 1000 reads in WT cells) (criterion 1, S12
Table). On the other hand, we selected 10 miRNAs with the highest numbers of
predicted targets identified from a list of differentially expressed genes in
MELAS cybrids and tissue samples, according to the database repository Gene
Expression Omnibus (GEO). We only considered those cases where a gene
appeared as a target for either up- or down-regulated miRNAs, and not for a

mix of both types of miRNAs. These genes were referenced as “exclusive”
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genes in our work (criterion 2, S13 Table). Unsupervised hierarchical clustering
over the 20 selected miRNAs is shown in Fig 1B. The qRT-PCR results (Figs
1C and D) were consistent with those from the RNAseq analysis. This finding
reinforced the reliability of the RNAseq data and, accordingly, the conclusion

that miRNAs are deregulated as a consequence of the MELAS mutation.

3.4 Expression of certain miRNAs correlates with the heteroplasmy of the

mutant mtDNA in muscle samples from patients

In order to evaluate whether the miRNA response in MELAS cybrids mirrored
the miRNA response in patient’s cells, we explored the expression of the 20
selected miRNAs (S14 Table) in muscle tissue samples from 5 MELAS patients
(cohort 1) with heteroplasmy levels ranged between 53 and 76% (76, 75, 69, 61
and 53 %) (S2 Table). As shown in Figs 2A and B, 10 out of the 20 miRNAs
(50%) followed in muscle samples a similar expression trend to that observed in
MELAS cybrids, 7 being down-regulated (miR-598-3p, -218-5p, -4775, -1276, -
340-5p, 27b-3p and -186-5p) and 3 up-regulated (miR-199a-3p, -181a-3p and -
214-3p). We also noted that expression of a subset of the down-regulated
mMiRNAs correlated with the heteroplasmy levels. In particular, we detected a
statistically significant inverse correlation between the expression level of miR-
598-3p, -218-5p, -4775, -27b-3p and -186-5p and the m.3243A>G mutation
load in muscle (Figs 2C and D; S15 Table); i.e., the higher level of mutation
load, the lower expression of the miRNAs. No significant correlation was
observed for the up-regulated miRNAs (Fig 2E; S16 Table).

To confirm the inverse correspondence of the miR-598-3p, -218-5p, -
4775, -27b-3p and -186-5p expression levels with the m.3243A>G mutation
load, we introduced in our analysis a new cohort of 9 MELAS muscle samples
(cohort 2) with heteroplasmy levels ranged between 49 and 72% (S3 Table) and
3 controls. We found that in the total sample pool (cohort 1 plus cohort 2) the 5
MiRNAs kept a low expression level (Fig 2F), and 3 of them (miR-598-3p, -4775
and -218-5p) still showed a significant inversed correlation with m.3243A>G
mutation load (Fig 2G; S17 Table).

Altogether our data suggest that MELAS cybrid cells and muscle tissue

from MELAS patients share a set of dysregulated miRNAs, and specifically
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point to down-regulation of miR-598-3p, -218-5p, -4775, -27b-3p and -186-5p as
a hallmark of MELAS. Notably, a recent report identified miRNA-27b-3p as a
putative biomarker for MELAS diagnosis [16]. In that report, a significant inverse
correlation was found between serum miR-27b-3p and lactate, the Newcastle
Mitochondrial Disease Scale for Adults (NMDAS), and m.3243A>G mutation
load in muscle. Therefore, miR-27b-3p appeared to decrease with the clinical
severity of MELAS patients. In our study of muscle samples, we found a
significant inverse correlation between the expression of miR-598-3p, -218-5p
and -4775 and the m.3243A>G load, whereas inverse correlation was of
borderline statistical significance (p=0.067) in the case of miR-27b-3p. miR-218-
5p and miR-4775 were chosen for further studies as their inverse correlation

with m.3243A>G load provided the lower p values.

3.5 The MELAS mutation increases the expression of NODAL, RHOA, ISL1
and RXRB via down-regulation of miR-218-5p and miR-4775

To explore the biological significance of miR-4775 and -218-5p down-regulation
in MELAS cells, we first performed a functional analysis of the 246 differentially-
expressed miRNAs in MELAS cybrids and then we looked at which functional
packages the two selected miRNAs were related to. We used TargetScan for
predicting target genes of the 246 differentially expressed miRNAs (S18 Table),
and Gene ontology [GO] for their functional annotation (S19 Table). Enrichment
analysis of GO terms showed 147 enrichment items of biological process (S19A
Table), including several packages related to muscle and nervous system
development, 32 of molecular function (S19B Table) and 22 of cellular
components (S19C Table).

Particularly interesting was the association with functional packages
related to heart and signaling pathways controlling cardiac events (some
examples for the three GO subcategories (biological process, molecular
function and cellular component) are highlighted in black bold in S19A, S19B
and S19C Tables, respectively). Structural and functional abnormalities of the
heart are common in MELAS patients with the m.3243A>G mutation [22, 23, 33,
44, 45], and the presence of cardiomyopathy worsens the prognosis of these

patients because it is associated with increased mortality [46, 47]. Moreover, in
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MELAS patients with left ventricular hypertrophy, a significant correlation was
observed between the ratio of left ventricular mass to body surface area and the
degree of the mutation heteroplasmy [23]. Although the mechanisms of left
ventricular hypertrophy in MELAS remain unclear [44], reactivation of fetal
genes driven by miRNAs has been involved in pathological cardiac remodeling
[32, 43]. Notably, our analysis provided multiple target predictions for miR-4775
and -218-5p within functional packages related to heart and signaling pathways
controlling cardiac events, including cardiac development (S20 Table). This
finding suggests that both miRNAs could be involved in cardiac events
associated with MELAS.

To explore the role of miR-4775 and -218-5p in the reactivation of genes
involved in cardiac remodeling and development, we selected four “exclusive”
target genes from GO items related to these processes: NODAL, RHOA, ISL1,
and RXRB (S21 and S22 Tables). NODAL and RHOA are associated with the
TGF-B signaling pathway (Fig 3), which is involved in epithelial-mesenchymal
transitions (EMTS) operating in heart development and disease [48-59]. NODAL
is @ member of the TGFB superfamily and, therefore, acts as activator of the
pathway, whereas RHOA is a downstream effector that induces the formation of
actin stress fibers during TGF-B-induced EMT. ISL1 and RXRB are key
transcriptional regulators of the cardiac progenitor cell lineage [60-64].
Interestingly, we found that the mRNA and protein levels of the four selected
genes were increased in MELAS cybrids, showing therefore an opposite
expression pattern to their putative regulatory miRNAs, miR-218-5p and miR-
4775 (Figs 4A and B, Figs 5A and B, and Fig 1C).

Anti-correlated expression of miR-218-5p and miR-4775 respect to their
putative target genes was confirmed by transfecting WT cells with appropriate
pre-miR mimics. Transfection with pre-miR-218-5p reduced the expression of
NODAL and RHOA respect to the control at both mRNA and protein levels (Figs
4C and D), whereas transfection with pre-miR-4775 reduced the expression of
ISL1 and RXRB at mRNA and protein levels in relation to the control (Figs 5C
and D). Moreover, a decrease in the expression of the target genes was
observed after transfection of MELAS cybrids with the pre-miR mimics (Figs 4E,
4F, 5E and 5F).
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Furthermore, we explored the capability of miR-218-5p and miR-4775 to
bind to the 3'UTR of their predicted mRNA targets by means of a luciferase
reporter assay [65]. To this end, we cloned the 3'UTR of each mRNA in direct
(+) or reverse (-) direction downstream of the luciferase reporter gene. Then, we
co-transfected each recombinant plasmid into HelLa cells together with the
respective pre-miR or its negative control (NC-Pre-miR) and determined the
luciferase activity. As shown in Fig 4G and 5G, the cotransfection of each
reporter (+) with the corresponding pre-miR significantly reduced the luciferase
activity when compared with the NC-pre-miR-transfected cells, whereas no
effect was observed when the reporters carried the 3'UTR cloned in the reverse
direction (-). Altogether these data indicate that miR-218-5p directly targets
NODAL and RHOA (Fig 4G) and that miR-4775 directly targets ISL1 and RXRB
(Fig 5G).

3.6 The MELAS mutation triggers a miRNA-mediated cardiac remodeling
program via TFG-B superfamily signaling and reactivation of fetal cardiac

genes

In MELAS cybrids, we also observed an increased expression of other
members of the TGF-B superfamily, such as TGF-B3 and BMP4 (Fig. 6A and
B), which are putative targets of different down-regulated miRNAs (S20 Table,
highlighted in red bold). In contrast, no changes were detected in the mRNA
expression of Leftyl and Lefty2 (Fig 6A), which act as extracellular antagonists
of NODAL signaling [66], and myostatin (MSTN), a member of the TGF-3
superfamily that acts as a negative regulator of muscle growth [67]. The
increased expression of NODAL, TGF-B3 and BMP4 is likely responsible for the
activation of TGF-B superfamily signaling (as revealed by the up-regulation of
the TGF-3 convertase Furin, which is transactivated by TGF-f signaling through
the p42/p44 MAPK pathway [68], and the TGF-3 type Il receptors TBR-Il and
ActR-lIb, the phosphorylation and activation of Smad2/3, and the up-regulation
of SNAI1, ROCK1 and Racl; see Figs 6B and C) and of an EMT-like program
[51, 56, 69] (as indicated by the up-regulation of the mesenchymal markers
vimentin and N-cadherin, and down-regulation of the epithelial marker E-
cadherin; see Figs 6D and E). That TGF- superfamily signaling is activated in

17



MELAS cybrids was further supported by the findings that treatment of these
cells with the TGF-B inhibitor SB431542 (which is an inhibitor of TGF-3 type |
receptors; [70]) or transfection of MELAS cells with pre-miR-218-5p (which
negatively regulates the NODAL expression; see Fig 3) led to a decrease in
phosphorylation of SMAD2/3 and/or the SNAI1 levels (Figs 7A and B).

TGF-B signaling induces mobilization of actin cytoskeleton via small
GTPases such as RHOA and RAC1 (Fig 3), a process that has been associated
with ventricular myocyte hypertrophy and, consequently, with pathogenic
cardiac remodeling [48, 49, 57, 71]. Interestingly, we observed that the MELAS
cybrids contain many filamentous bundles organized as stress fibers, as
recently described [72], and that treatment with the TGF-B inhibitor SB431542
abrogated this organization of the actin filament system (Fig 6F and G).
Similarly, the transfection with pre-miR-218-5p, but not with pre-miR-4775,
greatly reduced the stress fiber formation (S6 Fig). These data indicate that
induction of TGF- signaling promotes reorganization of the actin cytoskeleton
in MELAS cybrids, which could occur via the RHOA/ROCK1 pathway, and that
miR-218-5p plays an important role in this process (see Fig 3).

On the other hand, transfection of MELAS cybrids with pre-miR-4775 led
to a decrease in the expression of the fetal cardiac genes MEF2C and TNNT2
(Fig 7C), which are targets of ISL1 [73, 74].

Altogether these results indicate that, in cybrid cells, the MELAS mutation
promotes expression of genes involved in cardiac remodeling through a miRNA-
mediated activation of both TGF-B superfamily signaling and genes involved in
cardiac development. Notably, in patient muscle samples, we observed an
increase in the NODAL, RHOA, ISL1, MEF2c, and RXRB mRNA levels when
the mutation load was higher than 60% (Fig 8), which is a reminiscent trait of
that exhibited by MELAS cybrids (100% heteroplasmy). These data suggest
that down-regulation of miR-218-5p and miR-4775 in muscle samples
associated with a mutation load higher than 60% may be a risk marker for heart

failure in MELAS patients.

4. Discussion
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In this work, we demonstrated that the MELAS mutation m.3243A>G triggers an
important and specific miRNA response in 143B cells, which highlights the role
of miRNAs in the cell response to mitochondrial dysfunction and, therefore, in
the mitochondria-nucleus cross-talk. Using small RNAseq analysis, we
identified 246 dysregulated miRNAs (FDR < 0.05), with 126 (51.2 %) being up-
regulated and 120 (48.8%) down-regulated. Reliability of the RNAseq data was
confirmed by gRT-PCR analysis of 20 miRNAs. We used TargetScan for
predicting target genes of the 246 differentially expressed miRNAs, and Gene
ontology [GO] for their functional annotation. The enrichment analysis revealed
that target genes for dysregulated miRNAs were associated with GO items
related to muscle and nervous system development, heart, and signaling
pathways controlling cardiac events. This finding suggests that the miRNA
program triggered by the MELAS mutation could explain for some of the clinical
manifestations of the MELAS syndrome.

We observed that 5 out of 10 selected, down-regulated miRNAs (miR-
598-3p, -218-5p, -4775, -27b-3p and -186-5p) in MELAS cybrids also exhibited
a significant lower expression in_muscle samples from 14 MELAS patients
relative to 6 controls, and that 3 of them (miR-598-3p, -4775 and -218-5p)
showed a significant inversed correlation with the m.3243A>G mutation load;
I.e., the higher mutation load, the lower expression of the miRNAs. Given that
the incidence of major clinical features associated with the m.3243A>G
mutation, including left ventricular abnormalities, has been correlated to the
level of mutant mtDNA in skeletal muscle [23, 75], our data suggest that the low
expression of miR-598-3p, -4775 and -218-5p in muscle may be a risk factor for
severe symptoms of MELAS disease.

We demonstrate that miR-218-5p directly targets NODAL and RHOA,
while miR-4775 directly targets ISL1 and RXRB. Therefore, down-regulation of
both miRNAs in MELAS cybrids is likely a major cause of the increased
expression of NODAL, RHOA, ISL1 and RXRB in these cells. NODAL signaling
is essential for the induction and pattering of mesoderm and endoderm during
embryogenesis, and thus it is important to promote cardiogenic differentiation
[66, 76-79]. RHOA has been shown to be essential in mammalian cardiac
development [80, 81]. ISL1 has a hierarchical role in cardiac progenitor cells,

regulating downstream genes by an epigenetic mechanism [64]. Finally, many
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studies have demonstrated that the formation of the heart depends on retinoic
acid signaling, which controls the activity of retinoic acid receptors, including
RXRB [63]. Therefore, we conclude that by lowering the expression of miR-218-
5p and miR-4775, the MELAS mutation promotes the reactivation of a fetal
cardiac gene program including NODAL, RHOA, ISL1 and RXRB (Fig 3).

In MELAS cybrids, we also observed induction of other recognized fetal
cardiac genes, such as BMP4 and TGFB3 [32, 82], which are putative targets of
down-regulated miRNAs identified in this study. Previous reports have
established essential roles for miRNAs in cardiac hypertrophic and heart failure,
although limited information is available about specific miRNAs that are involved
in regulation of cardiac genes during both embryonic development and heart
failure [32, 43]. Our work reveals new miRNAs involved in reactivation of fetal
cardiac genes. In this case, unlike other studies, the primary cause of the
reactivation is a mtDNA mutation and its associated mitochondrial dysfunction.
It is possible that different causes leading to heart failure do it by reactivating
different miRNA-driven programs of fetal cardiac genes. Mitochondrial
cardiomyopathy has been described as a myocardial condition characterized by
abnormal heart-muscle structure, function, or both, secondary to genetic defects
involving the mitochondrial respiratory chain, in the absence of concomitant
coronary artery disease, hypertension, valvular disease, or congenital heart
disease [83]. Therefore, it seems reasonable to think that although sharing
mMiRNAs with other causes of cardiomyopathy, mitochondrial cardiomyopathy
has specific miRNA program(s).

As aforementioned, reactivation of fetal genes is thought to play a
causative role in pathological cardiac remodeling and adult heart failure [32, 43,
84]. Specifically, cardiac hypertrophy has been associated with the reactivation
of a fetal gene program including cardiac transcription factors, such as SMAD
and MEF2 factors, and requiring the participation of small GTPases like RHOA
[84, 85]. Notably, we found an increased expression of pSMAD2/3, MEF2C and
RHOA in MELAS cybrids. Thus, it is reasonable to suspect that the reactivation
of fetal cardiac genes in MELAS cybrids is related to an adverse cell response
to mitochondrial dysfunction. Interestingly, we also observed increased mRNA
levels of NODAL, RHOA, ISL1, MEF2C and RXRB in muscle samples from
MELAS patients when the mutation load was higher than 60%, which was
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commonly associated with low expression levels of miR-218-5p and miR-4775.
Therefore, down-regulation in muscle of miRNAs controlling the expression of
fetal cardiac genes, such as miR-218-5p and miR-4775, appears to be a risk
marker for heart failure.

Our data clearly indicate that TGF- superfamily signaling is activated in
MELAS cybrids. TGF-B is a potent inducer of EMT, a complex process that
allows a polarized epithelial cell to acquire a variety of mesenchymal phenotypic
traits [86-88]. While being a fundamental process during development, EMT is
recalled under pathological conditions, including heart disease [52, 53, 89].
SNAI1 is considered a key organizer of EMT, as it is involved in down-
regulation of an important caretaker of the epithelial phenotype, E-cadherin, and
in the activation of genes that contribute to the mesenchymal phenotype such
as N-cadherin and vimentin [51, 56]. Complementing its signaling through
SMADS (Fig 3), TGF-B also induces signaling through RHO-like GTPases,
which regulate actin dynamics and control actin rearrangement during EMT
[51]. Specifically, RHOA promotes formation of actin stress fibers, which are
thought to increase cell contractility. Qur data indicate that activation of TGF-3
superfamily signaling in MELAS cybrids leads to a reorganization of the actin
cytoskeleton, induction of SNAI1, down-regulation of E-cadherin, and increased
expression of mesenchymal markers like vimentin and N-cadherin. Therefore,
the MELAS mutation triggers an EMT-like process in 143B cells through
activation of TGF-f superfamily signaling, which is mediated by down-regulation
of miR-218-5p and miR-4775 (Fig 3).

Owing to critical dependence of the heart on oxidative metabolism,
cardiac involvement in OXPHOS diseases is common and an important
predictor of morbidity and early mortality [22, 46, 90]. Further studies in larger
prospective cohorts are needed to clarify the role of miRNAs in the clinical
features of cardiac involvement in MELAS and other OXPHOS diseases.

In brief, our data provide the first evidence of a miRNA program that
promotes reactivation of fetal cardiac genes and an EMT-like process in

response to a pathological mtDNA mutation.

5. Conclusions
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Our study provides cutting-edge information on the involvement of microRNAs
(miRNAS) in the cell response to the mitochondrial dysfunction associated with
mutation m.3243A>G. Enrichment analysis revealed that target genes of
dysregulated miRNAs were associated with GO items for muscle and nervous
system development, heart, and signaling pathways controlling cardiac events.
These findings point to a key role of miRNAs in mediating some of the clinical
manifestations of MELAS. Validation of selected miRNAs in patient muscle
samples allowed us to identify miRNAs, including miR-4775 and -218-5p,
whose expression declines with increasing levels of the mutant mtDNA in
skeletal muscle. We demonstrate that down-regulation of these miRNAs leads
to reactivation of fetal cardiac genes and an epithelial-mesenchymal transition-
like process, which are considered hallmarks of pathological cardiac
remodeling. Since cardiac disease is one of the commonest causes of early
death in m.3243A>G patients, low levels of certain miRNAs identified in this
work may be a risk signature of heart failure in MELAS patients.
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Figure and Table captions

Fig 1. The MELAS mutation produces an important and specific miRNA
dysregulation in 143B cells. (A and B) Dendrogram and heatmap of
hierarchical clustering of the total number (A) and the 20 selected differentially-
expressed miRNAs (B). miRNA expression is hierarchically clustered on the y
axis, and WT and MELAS samples are hierarchically clustered on the x axis.
The legend on the left indicates the miRNA represented in the corresponding
row. The relative miRNA expression is depicted according to the color scale
shown on the right. Red indicates up-regulation; and blue, down-regulation. (C)
RT-gPCR analysis of the expression of 20 selected miRNAs in MELAS cybrid
cells. Data are represented as fold change respect to WT values. Differences
from WT values were found to be statistically significant at *p<0.05, **p<0.01,
***pn<0.001. RT-gPCR data are the mean £ SD of at least three different
experiments. (D) Correlation analysis of logz fold changes obtained by both

techniques, small RNAseq and RT-gPCR.

Fig 2. Expression levels of miR-598-3p, -218-5p and -4775 follow an
inverse correlation with the mutation load. (A and B) RT-qPCR analysis of
the expression of 10 selected down-regulated (A) and 10 selected up-regulated
(B) miRNAs in MELAS cybrid cells and muscle samples from 5 patients with
different heteroplasmy (cohort 1). Data are expressed as fold change respect to
WT values and presented in a scatter plot with the mean = SD of all
determinations. (C) Correlation analysis between logz fold changes of the 10
selected down-regulated miRNAs and heteroplasmy levels in MELAS muscle
samples from the first cohort. (D) Correlation and linear regression between log:
fold changes of miR-598-3p, -218-5p, -4775, -27b-3p and -186-5p, and the
heteroplasmy levels in MELAS muscle samples from cohort 1. (E) Correlation
analysis between log2 fold changes of the 10 selected up-regulated miRNAs
and heteroplasmy levels in MELAS muscle samples from cohort 1. (F) RT-
gPCR analysis of miR-598-3p, -218-5p, -4775, -27b-3p and -186-5p in 14
MELAS muscle samples with different heteroplasmy (5 samples from cohort 1

plus 9 samples from cohort 2). Data are expressed as fold change respect to
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WT values and presented in a scatter plot with the mean = SD of all
determinations. (G) Correlation and linear regression between logz fold changes
of miR-598-3p, -218-5p, -4775, -27b-3p and 186-5p, and the heteroplasmy
levels in the 14 MELAS muscle samples. All data are expressed as fold change
respect to WT values. Differences from WT values were found to be statistically
significant at *p<0.05, **p<0.01, ***p<0.001.

Fig 3. Action of miR-218-5p and miR-4775 on TGFB superfamily signaling
and expression of fetal cardiac genes. Transforming growth factor-p (TGF-B)
superfamily signaling plays critical roles in embryonic development and adult
tissue homeostasis through the regulation of many cellular processes including
epithelial-mesenchymal transition (EMT) [91]. The TGF-B superfamily
comprises 33 structurally related secreted growth factors including TGF-Bs,
NODAL, Activins and Bone Morphogenetic Proteins (BMPs) [92]. All TGF-3 and
most BMP ligands are secreted as pro-peptides in which the mature growth
factor domain, generated after cleavage by a convertase (CV) such as Furin,
remains non-covalently attached to the pro-domain [93]. Binding of TGF- and
BMP ligands to their receptors induces the formation of active receptor signaling
complexes which phosphorylate receptor-activated Smad (R-Smad) proteins
(Smad2 and Smad3 for the TGF-B/activin pathway, or Smad1/5/9 for the BMP
pathway), which associate with Smad4 and accumulate in the nucleus [94]. In
the nucleus, Smads regulate gene expression assisted by transcriptional co-
factors, co-activators, or co-repressors [95, 96]. Moreover, TGF-f signaling can
affect Smad-independent pathways, including RHO GTPase signaling [97].
RHOA activates downstream target proteins, such as ROCK1, promoting
rearrangement of the actin cytoskeleton [98, 99]. Other Rho subfamily
members, CDC42 and RACL1, also participate in actin reorganization following
TGF-B activation [100]. This work demonstrates that miR-258-5p targets
NODAL and RHOA, while miR-4775 targets ISL1 and RXRB.

Fig 4. NODAL and RHOA are up-regulated in MELAS cybrids via miR-218-
5p. (A) RT-gPCR analysis of NODAL and RHOA mRNA expression in MELAS
cybrid cells. Data are represented as fold change respect to WT values. (B)
Representative immunoblots of NODAL and RHOA in WT and MELAS cybrid
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cells. Porin was used as a loading control. The scatter plot shows the
densitometric analysis of NODAL and RHOA normalized to porin, and
represented as fold change relative to WT. (C) RT-gPCR analysis of the
NODAL and RHOA mRNA expression in pre-miR-218-5p-transfected WT cybrid
cells. Data are represented as fold change relative to Negative Control (NC)-
pre-miR-transfected WT cells. (D) Representative immunoblots of NODAL and
RHOA in pre-miR-218-5p- and NC-pre-miR-transfected WT cells cybrid cells.
Porin was used as a loading control. The scatter plot shows the densitometric
analysis of these proteins normalized to porin and represented as fold change
relative to NC-premiR-transfected WT cells. (E) RT-gPCR analysis of the RHOA
MRNA expression in MELAS, and pre-miR-218-5p- and NC-pre-miR-
transfected MELAS cybrid cells. Data are represented as fold change respect to
WT values. (F) Representative immunoblots of RHOA in WT, MELAS, and pre-
miR-218-5p and NC-pre-miR-transfected MELAS cybrid cells. Porin was used
as a loading control. The scatter plot shows the densitometric analysis of these
proteins normalized to porin and represented as fold change respect to WT
values. (G) Effects of miR-218-5p transfection on the activity of luciferase
reporter constructs containing the RHOA-3’-UTR or NODAL-3’-UTR in the direct
(+) or reverse (-) direction. All data are the mean + SD of at least three different
experiments. Differences from WT values were found to be statistically
significant at *p<0.05, **p<0.01, ***p<0.001.

Fig 5. ISL1 and RXRB are up-regulated in MELAS cybrids via miR-4775.
(A) RT-gPCR analysis of ISL1 and RXRB mRNA expression in MELAS cybrid
cells. Data are represented as fold change respect to WT values. (B)
Representative immunoblots of ISL1 and RXRB. The scatter plot shows the
densitometric analysis of ISL1 and RXRB normalized to porin and represented
as fold change relative to WT. (C) RT-gPCR analysis of the ISL1 and RXRB
MRNA expression in pre-miR-4775-transfected WT cybrid cells. Data are
represented as fold change relative to NC-pre-miR-transfected WT cells. (D)
Representative immunoblots of ISL1 and RXRB in pre-miR-4775- and NC-pre-
miR-transfected WT cells. Porin was used as a loading control. The scatter plot
shows the densitometric analysis of these proteins normalized to porin and

represented as fold change relative to NC-premiR-transfected WT cells. (E) RT-
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gPCR analysis of the ISL1 and RXRB mRNA expression in MELAS, and pre-
mMiR-4775- and NC-pre-miR-transfected MELAS cybrid cells. Data are
represented as fold change relative to WT cells (F) Representative immunoblots
of ISL1 and RXRB in WT, MELAS, and pre-miR-4775- and NC-pre-miR-
transfected MELAS cybrid cells. Porin was used as a loading control. The
scatter plot shows the densitometric analysis of these proteins normalized to
porin and represented as fold change relative to WT cells. (G) Effects of miR-
4775 transfection on the activity of luciferase reporter constructs containing the
ISL1-3’-UTR or RXRB-3-UTR in the direct (+) or reverse (-) direction. Data are
represented as fold change relative to WT cells. All data are the mean = SD of
at least three different experiments. Differences from WT values were found to
be statistically significant at *p<0.05, **p<0.01, ***p<0.001.

Fig 6. TGF-B signaling pathway and an EMT-like program are activated in
MELAS cybrid cells. (A) RT-gPCR analysis of TGF-3, MSTN, BMP4, Leftyl
and Lefty2 mRNA expression in MELAS cybrid cells. Data are represented as
fold change respect to WT values. (B) Representative immunoblots of TGF-3
signaling elements (Furin, TGF-B3, TRR-Il, ActR-Ilb, phosphor-Smad2 and 3,
Smad2 and 3, SNAI1, ROCK1 and Racl) in WT and MELAS cybrid cells. Porin
was used as a loading control. The scatter plot shows the densitometric
analysis of TGF-B signaling elements normalized to porin and represented as
fold change relative to WT. (C) The scatter plot shows the densitometric
analysis of phosphor-Smad2/3 normalized to Smad2/3 and represented as fold
change relative to WT. (D) RT-gPCR analysis of Vimentin, E-cadherin and N-
cadherin mRNA expression in MELAS cybrid cells. Data are represented as fold
change respect to WT values. (E) Representative immunoblots of Vimentin and
E-cadherin in WT and MELAS cybrid cells. Porin was used as a loading control.
The scatter plot shows the densitometric analysis of Vimentin and E-cadherin
normalized to porin, and represented as fold change relative to WT. (F)
Representative images of rhodamine-phalloidin staining for F-actin (red) and
DAPI for cell nucleus (blue) of WT and MELAS cybrid cells treated or not with
30 uM of the TGF-B inhibitor SB-431542 for 24h. Stress fibers are indicated
with a white arrow. Scale bar, 50 um. (G) Quantification of the percentage of
WT and MELAS cybrid cells, treated or not with the TGF-f inhibitor SB-431542,
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that show stress fibers. At least 350 cells were quantified per condition and per
experiment. All data are the mean + SD of at least three different experiments.
Differences from WT values were found to be statistically significant at *p<0.05,
**p<0.01, **p<0.001.

Fig 7. Inhibition of TGF-B signaling or increasing levels of miR-4775 revert
MELAS phenotypic traits. (A) Representative immunoblots of phosphor-
Smad2 and 3, Smad2 and 3, and SNAI1 in MELAS cybrid cells treated or not
with 30 uM of the TGF-B inhibitor SB-431542 for 24h. Porin was used as a
loading control. The scatter plot shows the ratio of phosphor-Smad2/3 versus
Smad2/3 and SNAI1 versus porin in treated or untreated MELAS cybrids
represented as fold change relative to WT. (B) Representative immunoblots of
SNAI1 in WT, MELAS, and pre-miR-218-5p- and NC-pre-miR-transfected
MELAS cybrid cells. Porin was used as a loading control. The scatter plot
shows the densitometric analysis of this protein normalized to porin and
represented as fold change relative to WT cybrid cells. (C) RT-gPCR analysis of
MRNA expression of the ISL1-targets MEF2C and TNNT2 in MELAS, and pre-
miR-4775- and NC-pre-miR-transfected MELAS cybrid cells. All data are the
mean + SD of at least three different experiments. Differences from WT values

were found to be statistically significant at *p<0.05 and **p<0.01.

Fig 8. Anti-correlative expression between miR-4775 and miR-218-5p and
their respective targets in MELAS muscle samples. (A and B) RT-gPCR
analysis of the NODAL, RHOA (A), ISL1, MEF2c (ISL1 target) and RXRB (B)
MRNA expression in several MELAS muscle samples from cohort 1 (B) and
cohort 2 (A). (C) Comparison between the logz fold changes of miRNA-218-5p
and -4775, and their respective targets. Data from the same sample are circled.
Samples with heteroplasmy levels higher than 60% are inside the rectangle. All

data are represented as fold change respect to control values.

Table 1. Classification of MELAS and WT-derived sequences in non-

coding RNA classes according to GRCh.38.ncrna. **p<0.001

33



ACCEPTED MANUSCRIPT



Table 1.

small RNA sequences

WT

MELAS

lincRNA

processed transcript
antisense

retained intron
sense overlapping
sense intronic
SNRNA

miscRNA

rRNA

snoRNA

mt-tRNA

mt-rRNA
pseudogene
3'overlapping ncrna

MIiRNA***
Total sequences

253436,7 (1,75%)
3280,7 (0,023%)
68920,3 (0,48%)
10393,3 (0,072%)
2005,7 (0,014%)
20590,7 (0,14%)
34819 (0,24%)
46710,7 (0,32%)
3314 (0,023%)
508103 (3,529%)
130212,3 (0,9%)
108891,7 (0,75%)
3,3 (0,000023%)
491,3 (0,0034%)
13263180
(91,76%)
14454352 (100%)

332119,3 (2,80%)
4455,7 (0,038%)
90904,7 (0,77%)
8974,7 (0,076%)
2445,3 (0,021%)
19298,7 (0,16%)

51047 (0,43%)
36894 (0,31%)
3511,3 (0,03%)

574568,7 (4,84%)
164742,3 (1,39%)

112350,7 (0,95%)
2,7 (0,000023%)
689,3 (0,0058%)

10469540 (88,19%)
11871544 (100%)
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Highlights

e The MELAS mutation m.3243A>G triggers an important miRNA response
in 143B cells.

e Expression of certain miRNAs declines with high mutation heteroplasmy
in muscle.

e m.3243A>G promotes reactivation of pathological cardiac remodeling
genes via miRNAs

e Low levels of certain miRNAs may be a risk marker of MELAS

cardiomyopathy.
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