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Abstract

To dissect the TBX5 regulatory circuit, we focused on microRNAs (miRNAs) that collectively contribute to make TBXS a
pivotal cardiac regulator. We profiled miRNAs in hearts isolated from wild-type, CRE, Thx5'"“* and Thx5%"* mice using a
Next Generation Sequencing (NGS) approach. TBXS5 deficiency in cardiomyocytes increased the expression of the miR-183
cluster family that is controlled by Kruppel-like factor 4, a transcription factor repressed by TBXS. MiR-182-5p, the most
highly expressed miRNA of this family, was functionally analyzed in zebrafish. Transient overexpression of miR-182-5p
affected heart morphology, calcium handling and the onset of arrhythmias as detected by ECG tracings. Accordingly, sev-
eral calcium channel proteins identified as putative miR-182-5p targets were downregulated in miR-182-5p overexpress-
ing hearts. In stable zebrafish transgenic lines, we demonstrated that selective miRNA-182-5p upregulation contributes to
arrhythmias. Moreover, cardiac-specific down-regulation of miR-182-5p rescued cardiac defects in a zebrafish model of
Holt—Oram syndrome. In conclusion, miR-182-5p exerts an evolutionarily conserved role as a TBXS effector in the onset of
cardiac propensity for arrhythmia, and constitutes a relevant target for mediating the relationship between 7BX35, arrhythmia
and heart development.
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Introduction

The T-box transcription factor 5 (TBXS5) is an essential
transcription factor (TF) for heart development [1]. TBX5
mutations cause Holt—Oram syndrome (HOS), an autosomal
dominant disorder characterized by severe upper limb and
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cardiac malformations [2]. Recently, genome-wide associa-
tion studies (GWAS) have linked common TBX5 sequence
variants to increased vulnerability to cardiac arrhythmias
[3]. Indeed, Ma et al. [4] have found a strong relationship
between TBX5 mutations and atrial fibrillation (AF) in Cau-
casian and Chinese populations without cardiac malforma-
tions, supporting an independent role for TBXS in modu-
lating both cardiac development and electrophysiological
properties.

In mice, alteration of Thx5 expression causes abnormal
cardiac morphogenesis and changes in gene expression that
correlate with 7hx5 dosage [5]. The removal of TBXS5 from
the adult mouse caused primary spontaneously sustained AF
in adult mice [6]. In zebrafish, homozygous tbx5a mutant
embryos, or embryos injected with a morpholino against
tbx5a, exhibit lethal defects in cardiac looping morphogen-
esis and the absence of pectoral fins [7], supporting an evo-
lutionarily conserved role for Tbx5 function. Various ani-
mal models have revealed that TBXS directly and indirectly
controls an extremely complex network of genes, although
the study of the molecular mechanisms associated with their
functions is still in its infancy [8, 9]. Previously, we high-
lighted the importance of miRNAs in the Tbx5 regulatory
circuit [10, 11, 12]. We showed that overexpression of miR-
19a, which is downregulated in zebrafish Tbx5a morphants,
was able to partially rescue cardiac and fin defects induced
by Tbx5a depletion and to shift the global gene expression
profile of heartstring embryos towards the wild-type condi-
tion. Since this analysis was performed at the whole embryo
level, the effects of cardiac-specific miRNA replacement are
still unknown. In this study, we detected cardiac upregula-
tion of miRNA-182-5p in E11.5-E12 Tbx5 heterozygous
mutant mice (a HOS model) compared to normal mice.
Both transient and stable upregulation of miRNA-182-5p
affected heart morphology and electrophysiological prop-
erties in zebrafish. Moreover, cardiac-specific downregula-
tion of miRNA-182-5p limited the occurrence of defects
in zebrafish HOS hearts, suggesting an evolutionarily con-
served key role in regulating both heart development and its
vulnerability to arrhythmias.

Methods
Mouse husbandry

Generation and genotyping of Thx5"°”* mice have been
previously described [5]. Mice with Thx5'** alleles were
maintained as inbred C57B1/6. These mice were crossed to
CAG-Cre transgenic mice [13] to generate Thx5%"* mice
on a C57B1/6:129Sv] mixed genetic background. All animal
experimental procedures conformed to the NIH guidelines
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and to the Institutional Animal Care and Use Committee at
Weill Cornell Medical College.

NGS miRNA profiling

High-throughput RNA sequencing was performed on pools
of E11.5-E12.0 WT, CRE, Thx5"** and Thx5%"* mouse
dissected hearts (12 WT hearts, 9 CRE hearts, 13 Thx 5o+
hearts, and 15 Thx59"* hearts, respectively). Three different
total RNA extractions were carried out from WT, Thx5*/*
and Thx5%"* mouse dissected hearts and two for CRE hearts
using the miRNeasy Mini Kit TRIzol (Invitrogen, Grand
Island, NY) and purified using the PureLink RNA Mini
kit (QIAGEN, Milan, Italy) according to manufacturer’s
instructions. RNA quantity and quality were assessed using
the Agilent Technologies 2100 Bioanalyzer (Santa Clara,
CA). NGS sequencing was performed on one pool per con-
dition following the methodology described in [14]. The
analysis of sequencing data was performed as described in
[9]. Differential analysis was conducted using the Biocon-
ductor’s package DESeq [15] with the assumption that, in
the absence of replicates, there is no true differential expres-
sion for most genes, and that a valid mean—variance relation-
ship can be estimated from treating the two samples (7bx-
5% or Thx59"* mouse hearts versus WT and CRE mouse
hearts, respectively) as if they were replicates as suggested
in [15]. To this end, we used the estimate Dispersions func-
tion with method ="blind” and sharing Mode = "fit-only”
parameters setting. The validation of modulated miRNAs
was performed by Q-PCR on all three different pools for
each genetic background.

Maintenance of Zebrafish lines

The zebrafish facility has held the authorization n
297/2012-A since 12/21/2012. All the experimental proto-
cols were approved by the Italian Ministry of Health (proto-
col ADRP n.0000223 and protocol ADPR n.0000222). All
animal procedures conform to the guidelines from Directive
2010/63/EU of the European Parliament regarding the pro-
tection of animals used for scientific purposes. Wild-type
AB, Tg(myl7:EGFP), Tg(myl7: nuDsRED), Tg(flkl:EGFP),
Tg(myl7:¢CaMP) and Thx5%*%° transgenic zebrafish lines
were used in this study.

Euthanasia

Pregnant mice were killed by CO, delivery followed by
cervical dislocation before isolation of embryonic day (E)
11.5-12.0 embryos. The embryos were killed by cervical
dislocation. To euthanize embryonic fish, bleach solution
(sodium hypochlorite 6.15%) was added to the culture sys-
tem water at 1 part bleach to 5 parts water, and the larvae
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were left in this solution at least 5 min prior to disposal to
ensure death.

Physiological analysis

Once anesthetized, transgenic Tg(myl7:EGFP) zebrafish
embryos (2/3/6dpf) were transferred to a 35-mm Petri
dish and mounted in 1% low-melting agarose. Fluores-
cence analysis was performed with an Eclipse E600FN
Nikon microscope (excitation 480 nm, emission 510 nm,
objective 20x). Images were recorded by a CCTV camera
Panasonic WV-BP514, AD converted by a frame grabber
interface board (Image Lightning 2000), analyzed by the
software Imaging Workbench 2.1 (Axon, USA). Videos were
acquired at 25 frames per second. Frames were analyzed
by LabVIEW software developed for this microscope. The
heart rate was measured over a time course by tracking sig-
nal changes in selected Regions of Interest (ROIs). Alterna-
tively, a photomultiplier (CAIRN, Research, UK) was used
to measure the changes in intensity of fluorescence emission
in a single selected ROL.

For calcium imaging we incubated transgenic
Tg(myl7:gCaMP) embryos in 20 mM of 2,3-butanedione
monoxide for 20 min before the analysis to stop cardiac con-
traction [16, 17].

For time-lapse experiments, frames were acquired using
a Zeiss spinning disk confocal microscope system with
CSU-X1 (Yokogawa) and ORCA-flash 4.0 sCMOS cam-
eras (Hamamatsu). Zebrafish embryos were injected with
the morpholino against the troponin T (see Table S1 for
sequence) to stop contraction. The fluorescence emission
intensity was measured based on a profile positioned along
the atrio-ventricular axis, and the time course of the calcium
wave was measured.

Electrocardiogram recording

ECG recordings were performed on anesthetized (0.04%
tricaine) zebrafish embryos (2/3/6 dpf) immobilized in a
groove of agarose. The tip of a glass micropipette (diameter
2 um) was positioned on the pericardial surface between the
atrium and ventricle. Two silver chloride electrodes were
inserted in the pipette and in the bath and connected to a dif-
ferential amplifier (WPI DAM-6A, filtering 0.1 Hz-3 kHz).
Data were acquired by a PCI-6251 card (National Instru-
ments) and processed on line by software developed in
LabVIEW.

Statistics
Statistical analysis was performed using analysis of vari-

ance or Student’s  test. The y? test was used to asses rescue
experiments in the mutant line and for in situ hybridization

classified with nominal data. For rescue experiments, the
theoretical probability of all phenotypes in relation to
the respective genotype was previously quantified in the
Tg(GAL4/miR-182) transgenic line for a population derived
from a cross between parents heterozygous for two different
genes, assuming a coherent condition with Hardy—Weinberg
equilibrium. The Student’s ¢ test was performed by multi-
plying the values of each inferred class with the theoreti-
cal probability found in the genetic analysis of population.
We adopted *for p <0.05; **for p <0.01; ***for p <0.001;
*E*kfor p<000.1.

Results

miR-182-5p is upregulated in hearts of HOS mouse
model

To identify miRNAs involved in 7hx5 cardiac regulatory cir-
cuits, Next Generation Sequencing (NGS) miRNA profiling
was performed on RNA isolated from whole WT, CRE/+,
Tbx5"* and Thx5%”* E11.5-E12.0 mouse hearts. WT and
CRE/+ mouse hearts shared comparable 7hx5 expression
levels (Fig. 1a) and were used as control groups for Thx5**
and Thx5%"*, respectively. We analyzed hearts from these
mice to identify miRNAs that are differentially modulated
in response to varying gene dosages of 7Thx5 since cardiac
expression is finely modulated by the 7bx5 gene in a dose-
sensitive manner [8]. In Thx5”* mouse hearts harboring
a hypomorphic allele of Tbx5, we identified five miRNAs
significantly upregulated in comparison to WT hearts.
Thx5%"hearts, which are haploinsufficient for Thx5, showed
10 upregulated and 1 downregulated miRNAs compared to
CRE/+mouse hearts (Figs. 1b and S2A). MiR-182-5p, miR-
375-3p, miR-10a-5p, and miR-183-5p were significantly
upregulated in both Thx5“* and Thx5%"*mouse hearts.
These data were validated by Quantitative Real-Time PCR
(Q-RT PCR) (Fig. S2B).

Because of mir-182-5p’s robust cardiac expression and
evolutionary conservation (Fig. S2C), we decided to further
investigate its role in the Tbx5 regulatory circuit. MiR-182
was highly up-regulated by over fourfold in both Thx5%"+
and Thx5'* hearts, suggesting that this miRNA is acutely
sensitive to minor Thx5 perturbations [8]. MiR-182 is a
member of the miR-183-96-182 cluster (miR-183 cluster).
The other paralogs of this cluster (miR-183 and miR-96)
show lower expression levels compared to miR-182 (www.
mirbase.org) and were also upregulated in Thx5-deficient
hearts (Fig. 1b). This finding suggested that TBXS5 nega-
tively controls the expression of the entire miR-183 cluster.
The role of TBXS as a transcriptional repressor was recently
substantiated by the TBXS5 interactome analysis [18].
Because Kruppel-like factor 4 (KLF4) is directly repressed
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Fig.1 Tbx5 downregulation alters miRNA expression in embryonic
mouse hearts. a, ¢ Q-RT PCR analysis of Tbx5-exon 3 and Kif4
expression in E11.5-12.0 mouse hearts. Three heart pools for each
genotype were analyzed. ¢ test *p <0.5, **p<0.01 vs WT; #p<0.5
vs CRE. (B) Heat map of differentially expressed miRNAs in E11.5-
E12 Thx5%* vs WT and Thx5%/*vs CRE/+mouse isolated hearts.
MiRNAs were differentially modulated by varying degrees among
both genotypes (shades of red). Asterisks indicate miRNAs of the

by TBXS and regulates the miR-183 cluster in both physi-
ologic and pathologic conditions [19], we hypothesized that
TBXS5 deficiency might upregulate the miR-183 cluster by
relieving repression of KLF4. We confirmed that KLF4 is
upregulated in the myocardium of TBXS5-depleted mice
(Fig. 1c). In accordance with our hypothesis, we observed
that KLF4 transcriptionally activated a luciferase reporter
vector containing a 3.2-kb region derived from the 3'-flank-
ing region of the predicted start site of the miRNA-183
cluster. Conversely, KLF4 siRNA caused opposite effects
on the reporter construct containing the miRNA-183 cluster
promoter. Consistent with our hypothesis, 7hx5 overexpres-
sion in HL1 cells repressed the transcription of the above
mentioned luciferase reporter and Kif4 expression (Fig. 1d).
Together, our data suggest that TBXS5 contributes to miR-
183 cluster regulation plausibly through KLF4 modulation.

A few data concerning the miR-182 role in cardiac con-
text further stimulate our interest in this microRNA: by
reprocessing published NGS analysis, we identified sig-
nificant miR-182 upregulation in hearts of ischemic or non-
ischemic failing patients compared to healthy subjects [20].
Moreover, microarray profiling indicates that high levels of
circulating miR-182 might have a prognostic value in human
heart failure [21] and, more recently, miR-182 was shown to

@ Springer
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Tbx5 Kif4 si-KIf4
Luciferase activity El Tbx5 @B Klf4

miR-183 cluster. d Transactivation assay of the miR-183 cluster pro-
moter in HL-1 cells co-transfected with CMV empty vector or CMV
vectors expressing Tbx5, KIf4 or a siRNA for KIf4. Green Luciferase
activity, and Q-RT PCR quantification of Tbx5 (blue) and Klif4 (red)
in transfected cells is presented. The values reported represent the
mean of three independent transfection experiments. Statistics: ¢ test
*p<0.05; **p <0.01; ***p <0.001

modulate the myocardial hypertrophic response in a mouse
model of angiogenesis-induced hypertrophy [22]. The only
data concerning a possible role of miR-182 in cardiac devel-
opment concern the downregulation of miR-182 during the
maturation process of human embryonic stem cell-derived
cardiomyocytes [23]. This prompted us to broaden our initial
investigation of miR-182 in the murine heart to determine
its evolutionarily conserved cardiac role in other species.
We chose the zebrafish model because it offers many advan-
tages for investigating vertebrate development and modeling
human disease [24].

miR-182 overexpression impacts zebrafish heart
development

To examine the role of miR-182 in zebrafish heart develop-
ment, we performed gain- and loss-of-function experiments.
We microinjected increasing amounts of miR-182 or miR-
CT mimics into 7g(myl7:EGFP) embryos [25]. At 72 hpf,
miR-182 overexpressing (miR-182-OE) embryos showed
severe cardiac edema and a dose-dependent increase in
heart defects (Figs. 2a, and S3A, B). However, these miR-
182-OFE embryos exhibited normal vascular patterning and
pectoral fins (Fig. S3D, E, F). We documented three main
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Fig.2 MiR-182 overexpression affects cardiac development. a
Tg(myl7:EGFP) embryos were injected with increasing amounts of
miR-182 or miR-CT mimics. Confocal images of representative 72
hpf embryos show varying degrees of severity of heart defects. Top,
quantification of different phenotypes. b Confocal images showing
cell morphology after phalloidin immunostaining and quantification
of cell areas of 11 embryos injected with miR-CT (130 cells counted)
or 11 embryos injected with miR-182 (n=110 cells counted). Scale
bar=40 pm. ¢ BrdU assay in dissected Tg(myl7:nuDsRED) hearts

0
miR-CT miR-182

" miR-CT  miR-182

at 48hpf, after mimic injection. Top, confocal images after immu-
nostaining with anti-BrdU antibody (green). Light blue arrows point
to examples of cardiomyocytes that incorporated the BrdU in the
red nucleus. Scale bars=50 pum. Bottom, double labeled cell quan-
tification. d Whole mount ISH analysis of early markers of car-
diac development in miR-CT and miR-182 injected embryos. Scale
bars=100 um. Bottom, relative ISH area quantification. Statistics:
Fisher’s test p <0.0001; ¢ test *p <0.05; **p <0.01; ***p <0.001
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classifications of heart defects among the miR-182-OE
embryos. MiR-182-OE embryos classified as “mild” prin-
cipally demonstrated failed cardiac looping but normal car-
diac ballooning in the atrium and ventricle. Embryos scored
as “severe” showed looping defects together with abnormal
cardiac ballooning (in one or both cardiac chambers); these
embryos ultimately developed a highly stretched heart.
This heartstring-like phenotype was morphologically simi-
lar to the one observed in Tbx5 depleted zebrafish embryos
(Fig. S3C [7, 11],). Cardia bifida was observed in a few
embryos at higher miRNA doses. Additional examples of
observed cardiac phenotypes are shown in Fig. S4. Next,
we examined myocardial cell morphology using phalloidin
immunostaining to label the actin cytoskeleton. Confocal
microscopy of wild-type (wt) embryos at 48 hpf revealed
that wild-type ventricular cells along the outer curvature
(OC) appeared elongated [26]. MiR-182-OE embryos OC
ventricular cells failed to elongate and showed a significantly
smaller cell size than wt embryos at 48hpf (Fig. 2b). This
analysis suggests an alteration of cardiomyocyte maturation
caused by miR-182 overexpression (Fig. 2b). In contrast
to phenotypes associated with miR-182 gain-of-function,
miR-182 loss-of-function phenotypes obtained by miR-182
morpholino (MO-182) injection did not produce any gross
cardiac morphological defects (Fig. S5A, B) nor did it affect
fin development (Fig. S5C). The efficacy of MO-182 was
demonstrated by its ability to counteract cardiac defects
induced by miR-182 overexpression (Fig. S5D).

To investigate whether miR-182 overexpression might
affect the cardiomyocyte differentiation process, we ana-
lyzed the expression of cardiac markers at early and late
developmental stages by in situ hybridization (ISH). Cardiac
lineage in progenitor cells was assessed by the expression of
nkx2.5, a marker of precardiac mesoderm [27]. The bilateral
heart field of nkx2.5 expression at the 14 somite stage (14ss),
both in miR-182- or miR-CT-injected embryos, did not differ
distinctly. Conversely, expression of cardiac myosin light
chain 2 (cmlc2/myl7) was strongly reduced by miR-182 over-
expression, as was ventricular myosin heavy chain (vmhc)
and tbx20 expression at the 18ss (Fig. 2d). These expression
data, along with the myocardial morphology findings, sug-
gest that miR-182 overexpression does not affect the speci-
fication of cardiac precursors. Rather, miR-182 regulates
myocardial differentiation, which is one of the key cardiac
developmental processes that TBXS governs [28, 29]. Next,
we analyzed the levels of several cardiac markers known to
be altered in tbx5-deficient embryos [7, 30] at 48 hpf stage.
We found substantial overlap in the patterns of expression
between tbx5-deficient embryos and miR-182-OE embryos
for the majority of the tested genes (Fig. S6A, B). First,
the tbx18 and wtl proepicardial markers showed reduced
expression relative to wt hearts (Fig. S6). Next, myocardial
versican a and endocardial notch 1 expression significantly
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expanded into the cardiac chambers of miR-182-OE
embryos. In wt embryos, expression of versican and notch
1 is restricted to the atrioventricular junction at this stage.
(Fig. S6, [10, 30]). In addition, the normal restriction of
bmp4 expression to the atrioventricular boundary after 37
hpf does not occur in miR-182-OE embryos, as likewise
observed in Tbx5a mutants or morphants. The myocardial
marker nppa, whose expression is reduced in rbx5-deficient
embryos, did not substantially change its expression pat-
tern, although the expression level appeared higher in the
atrium, whereas wt hearts typically exhibit dominant expres-
sion in the ventricle (Fig. S6). Overall, our analyses show
that overexpression of miR-182 alone is sufficient to induce
cardiac expression patterns which resemble the hst expres-
sion pattern.

To investigate whether cardiac defects caused by miR-182
overexpression reflected an altered cardiomyocyte prolifera-
tion rate, we used bromodeoxyuridine (BrdU) incorpora-
tion to assay for actively proliferating cells [31]. 1-cell stage
embryos of the Tg(Myl7:nuDsRED) transgenic line were
microinjected with 0.5 ng of miR-182 or miR-CT mimics
and allowed to incorporate BrdU from 36 to 48 hpf. Red
fluorescent protein in the nucleus of myocardial cells was
used to count the number of cells present. Results presented
in Fig. 2¢ show that miR-182 overexpression significantly
reduced myocardial cell proliferation.

The cardia bifida phenotype that we observed in miR-
182-OE embryos (Fig. 2a) suggests a possible defect in
myocardial cell migration during the formation of cardiac
ring. To examine dynamic cell movements during heart
tube assembly, we performed nkx2.5 ISH at time-points
before cardiomyocytes approach the embryonic midline (see
Sect. 3.8 in supplementary methods and Fig. S1). We found
reduced migration of myocardial precursors in miR-182-OE
embryos during the early phase of the migration process
(15-18ss) (Fig. S7). On the whole, these results indicate that
zebrafish miR-182 is deeply involved in crucial processes for
cardiac morphogenesis.

Similarly, Q-RT PCR assays using mouse cell lines trans-
fected with miR-CT or mir-182 showed that several markers
of cardiac differentiation are differentially expressed in miR-
182 transfected cells (Fig. S8A). Moreover, a wound closure
assay indicates a reduced ability of miR-182 injected cells
to migrate, relative to miR-CT cells (Fig. S8B). These find-
ings are consistent with the premise that some of miR-182
functions are conserved in mammalian cells.

miR-182 depletion partially rescues cardiac defects
in both Tbx5a mutant and morphant embryos

In accord with miRNA profiling in mouse HOS model,
zebrafish miR-182 and kIf4 appears significantly increased
in hearts isolated from 48 hpf MO-Tbx5a embryos compared
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to those of control morphants as detected by Q-RT PCR
(Fig. 3a). ISH analysis supported the upregulation of kIf4,
in particular showing an alteration of klf4 pattern expres-
sion in hearts of MO-Tbx5a embryos (Fig. 3c). The miR-182
ISH data confirm the cardiac expression of this miRNA,
although miR-182 modulation in the tbx5a morphants was
less evident and the expression pattern does not seem altered
(Fig. 3b). However, it is well known that ISH is not quanti-
tative technology, and ISH can be challenging for miRNA
analysis, given their short length [32]. Interestingly, several
putative klf4 binding sites were identified in the miRINA-183
cluster promoter by Jaspar analysis (Fig. S9A—C). Consistent

>
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-

relative gene expression
in MO-Tbx5 hearts
N

0 N——__.
pre-miR-182 KIf4

Fig.3 miR-182 depletion is able to partially rescue cardiac defects in
Tbx5a mutant embryos. a Q-RT PCR quantification of pre-miR-182
and klf4 in hearts isolated from MO-Tbx5a 48hpf embryos com-
pared to MO-CT hearts. About 150 isolated hearts for each treat-
ment were analyzed. Student’s ¢ test *¥p <0.01; ***p <0.001. b ISH
of miR-182 in control and MO-Tbx5a embryos. Letters and arrows
point to body regions where miR-182 is expressed: e=ear, y=eye,
h=heart, red arrows point to ganglia, green arrow points to a fron-
tal region of nervous system. On the right heart magnification. Scale
bars=100 um. ¢ ISH of kif4 in control and MO-Tbx5a embryos.

with this observation, cardiac levels of miR-182 increased
after klf4 overexpression (Fig. S9D) and cardiac but not fin
defects were observed (Fig. S9E). Overall these data sug-
gest a positive regulation by Klf4 on miR-182 expression
in zebrafish embryos. Starting from these observations, we
reasoned that if Tbx5 negatively regulates miR-182, some
of the cardiac defects caused by Tbx5 depletion in zebrafish
might be ameliorated by restoring the negative control upon
this miRNA. To verify this hypothesis, we performed res-
cue experiments, exploiting tbx5a***® mutant line in which
homozygous embryos develop the heartstring phenotype
and lack pectoral fins, while heterozygous embryos are

miR-182-5p
KK

o

relative percentage
of embryos with hst

Left=Ilateral view, right=frontal view of heart magnification. Scale
bars=100 um. d Analysis of 72 hpf Thx5a*** mutant embryos
injected with MO-CT or MO-182 at the reported doses. Only “no
fin” embryos were included in the analysis. y test *p <0.05. e Images
representative of Thx54*°® mutant embryos after injection of 4 ng of
MO-CT or MO-182. On the right, the higher magnifications highlight
fin presence (yellow arrow), fin absence (yellow asterisks), as well as
the heartstring cardiac phenotype (red arrow) which has been rescued
in MO-182 morphant hearts (blue arrow). Red scale bar=100 pm
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phenotypically normal. Since homozygous tbx5a*?%% fish do
not reach sexual maturity, we performed all the experiments
by crossing heterozygous thx5a*? fish. Because heterozy-
gous rhx5a**?% embryos always generate normal pectoral fins
and because MO-182 injection does not affect fin develop-
ment in wt (Fig. S5C), we were able to use the absence
of pectoral fins as a clear indicator of that embryos were
homozygous mutant for tbx5. Rescue analysis was restricted
only to embryos lacking pectoral fins. The percentage of
embryos with heartstring phenotypes was significantly
reduced, whereas the percentage with wt-like or mild phe-
notypes increased in MO-182 injected, relative to MO-CT
injected tbx5a mutant embryos (Figs. 3d, e and S10A).
These results were confirmed by rescue experiments per-
formed in tbx5 morphants and by the ISH analysis of some
cardiac markers (Fig. S10B-D). Altogether, our data dem-
onstrate that miR-182 is part of the tbx5 regulatory circuit.

Identification of miR-182 putative targets

To search for miR-182 targets in cardiac development, we
performed an in silico analysis in mouse and zebrafish using
predictive algorithms and combined the results as sum-
marized in Fig. S11A. This study produced a list of 4351
putative miR-182 targets, 548 of which are shared between
mouse and zebrafish. The complete list of the putative miR-
182 targets were used as queries to search the KEGG (Kyoto
Encyclopedia of Genes and Genomes) database. We found
at least one associated KEGG pathway for 1730 putative
targets (Table S1). Apart from very general categories such
as metabolic pathways or pathways in cancer, the enrichment
analysis (reported in Fig. S11B) identified several pathways
known to play important roles also in cardiac development
and function, including the Wnt signaling pathway [33, 34],
the PI3K-Akt and mTOR signaling pathways [35, 36], regu-
lation of actin cytoskeleton [37], calcium signaling [38] and
others. However, since we mostly observed cardiac defects
caused by miR-182 overexpression during the zebrafish
developmental stage under investigation, we focused on
four highly represented KEGG pathways related to cardiac
pathologies: hypertrophic cardiomyopathy, dilated cardio-
myopathy, arrhythmogenic right centricular cardiomyopathy,
and adrenergic signaling in cardiomyocytes. Out of 1730
putative targets, 76 genes matched at least one cardiac-
associated KEGG pathway and 12 genes matched all four
KEGG pathways (Fig. S12B). Remarkably, 10 out of the
12 genes are calcium channel subunits or genes involved in
calcium homeostasis. It is noteworthy that calcium signal-
ing is also one of the enriched KEGG pathways highlighted
in Fig. S11B. To support this analysis, the expression of a
subgroup of putative targets that showed the highest target
site predictive values (Fig. S12B) and that were identified
as targets in both mouse and zebrafish, was quantified in
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hearts isolated from 48 hpf embryos by digital droplet PCR.
A significant decrease in mRNA levels for cacnb2.2, cac-
nb4b and cacna2dl was observed in miR-182-OE hearts
compared to control hearts (Fig. 4a). ISH analysis supported
the cacnb4b and cacna2dl downregulation in miR-182 OE
hearts (Fig. S14). By luciferase reporter assay, we showed
that cacna2dl is a direct target of miR-182 (Fig. S13A).

miR-182 overexpression affects heart physiology

Since alteration in L-type calcium channels (LTCC) can
impact cardiac development [31, 39], we hypothesized
that dysregulation of these genes might be at the root of
the cardiac morphology defects observed in miR-182-OE
embryos. Moreover, alterations of LTCC subunits may
increase cardiac vulnerability to arrhythmias, as already
observed in diabetic mice [40]. To test this hypothesis, we
assessed cardiac performance in 7g(myl7:EGFP) embryos
injected with 0.5 ng of miR-182 or miR-CT. MiR-182-OE
embryos showed a decrease in average heart rate at 72 hpf
(Fig. S13B), although embryos with tachycardia and heart
block were also identified. Overall, about 50% of embryos
showed altered heart rate (Fig. 4b).

To investigate the effects of miR-182 in heart physiol-
ogy in greater detail, we recorded a time course of atrial
and ventricular contractions using fluorescence micros-
copy. We analyzed hearts at 72 hpf, selecting only the
wt-like/mild hearts among the miR-182-OE embryos to
limit the secondary impacts of cardiac defects on organ
function. miR-CT injected hearts produced a regular heart
rate (Fig. 4C1). Among the miR-182-OE embryos, we
observed several cases of arrhythmias in almost all repli-
cates, although affected embryos displayed high variability
regarding the duration and the severity of the arrhythmic
phenomena. In some cases, we observed a burst of mechani-
cal activity followed by sinus pauses lasting for several sec-
onds, combined with beats occurring at an irregular rate
(Fig. 4C2). We repeated this analysis at 6dpf and again
observed intermittent rhythms in a high percentage of miR-
182-OFE embryos (Fig. S13C). To investigate whether the
heart arrhythmias we observed might be related to calcium
handling alterations, we conducted a similar analysis in
the Tg(myl7:gCaMP) line [16] on embryos treated with
2,3-butanedione monoxide to block myocardial contraction
[16]. As predicted, we observed alterations in the rate of
cardiac calcium waves in miR-182-OE embryos (Fig. 4C4),
confirming that calcium handling is affected in miR-182-OE
hearts. We repeated the analysis blocking contraction by
microinjecting a morpholino against the Troponin T (MO-
Tnnt2a) [41]. Using confocal microscopy, we acquired
stacks of time-lapse imaging in 48 hpf embryos previously
microinjected with 0.5 ng of miRNA mimic, together with
2 ng of MO-Tnnt2a to prevent contraction. We observed
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Fig.4 MiR-182 overexpression affects heart physiology. a DdPCR
analysis in RNA extracted from hearts dissected from 48 hpf embryos
microinjected with 0.5 ng of miR-182, or miR-CT. Data show the
number of copies in 1 pg of extract and are relative to efla copy
number. About 30 isolated hearts for each treatment were analyzed. b
Analysis of heart rate (beats per min, bpm) in 72hpf embryos micro-
injected with 0.5 ng of miR-182, or miR-CT. A quantification of the
different classes of heart rate frequency is presented. ¢ C1,C2 show
heart rate recorded by a photomultiplier in a miR-CT or in a miR-182
injected Tg(myl7:EGFP)embryo, respectively. The activity is regu-
lar in 1 whereas is bursting in 2. Note irregular periods inside bursts.

that the falling phase of the calcium wave in miR-182-OE
embryos (Fig. S13D4-6) spanned a longer period of time
than in controls (Fig. S13D1-3). In support of this obser-
vation, injection of a mixture of cacnb4b and cacna2dl
mRNAs ameliorated heart morphology defects and regu-
larized heart rhythm in miR-182-OE embryos. Importantly,
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Systole is indicated as upward deflection. C3,C4 show intracellular
calcium oscillations recorded by a photomultiplier during the heart
cycle in a miR-CT and a miR-182 injected Tg(myl7:gCaMP) embryo,
respectively. In C4 an episode of arrhythmia is marked with a bracket.
C5,C6 represent ECG recording from 72hpf zebrafish microinjected
with miR-CT or miR-182, respectively. The arrows indicate abnormal
shapes of ECG waves. d—f Analysis of heart rate (d), relative percent-
age of blocked heart number (e) and heart morphology (f) in 5dpf
embryos microinjected with 0.5 ng of miR-182 in the presence or not
of 5 pg of in vitro transcribed cacnad2al together with 5 pg of cac-
nb4b. Statistics: Student’s ¢ test *p <0.05; **p <0.01; ***p <0.001

the onset of heart block was significantly reduced in treated
animals (Fig. 4d—f). Since the alterations of the mechanical
activity in miR-182-OE embryos might be due to defective
sarcomeric molecular machinery and/or to malfunction of
myocyte electrogenesis, ECG was used to assess the heart
electrophysiology. ECG recordings from larval zebrafish
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(72 hpf) microinjected with miR-182 showed an irregular
shape of ECG waves (Fig. 4C6). Overall, these data dem-
onstrate that miR-182 overexpression affects not only heart
development but also cardiac function.

Cardiac-specific overexpression of miR-182 alters
cardiac phenotype

To further investigate the consequences of cardiac miR-
182 dysregulation, we generated two transgenic lines that
stably overexpress or downregulate miR-182 in cardiomyo-
cytes (Fig. SI5A). The expression of miR-182 or its spe-
cific sponge (8 repeats of miR-182 binding sites) in both
Tg(GAL4/miR-182) and Tg(GAL4/sponge-miR-182) lines,
was activated by GAL4 under the control of the strong myl7
cardiac promoter. MiR-182 modulation in the transgenic
hearts was verified by Q-RT PCR quantification (Fig. S15B)
and by functional tests (Fig. S15C).

We first analyzed the cardiac morphology of the trans-
genic lines we generated and did not initially detect cardiac
defects in 72hpf Tg(GAL4/miR-182) and Tg(GAL4/sponge-
miR-182) embryos. After back-crossing Tg(GAL4/miR-182)
adults, however, mild cardiac defects were detectable in
30% of 72hpf F1 embryos with green eyes and heart, i.e.,
those that overexpressed miR-182 (Fig. 5a). In addition, the
Tg(GAL4/miR-182) line showed a significant reduction in
viability (Fig. S15D). By comparison, the Tg(GAL4/sponge-
miR-182) fish appeared normal after back-crosses; embryos
showed normal heart development, but a similar reduction in
viability. Embryos of Tg(myl7:GAL4) and Tg(UAS:sponge-
miR-182) control lines showed normal viability (Fig. S15D).
Next, we tested the physiological activity of the transgenic
hearts. At 72 hpf the hearts of heterozygous Tg(GAL4/miR-
182) embryos beat regularly. Likewise, in the F2 popula-
tion, arrhythmic events were detectable in less than 1% of
embryos, suggesting that only double homozygous embryos
demonstrate higher susceptibility to arrhythmias. However,
6 dpf Tg(GAL4/miR-182) embryos revealed alterations of
rhythm: these ranged from desultory (Fig. 5B2) to wide-
spread (Fig. 5B3). Such variant rhythms were absent in
Tg(myl7:GALA4) control embryos (Fig. 5SB1). 60% of het-
erozygous fish and 80% of fish derived from an F2 backcross
presented arrhythmias with high variability in the severity
of the phenotype. ECG recordings from 6 dpf Tg(GAL4/
miR-182) embryos revealed in several cases exhibiting a 2:1
activity pattern, alternating cycles with normal and attenu-
ated P and R waveforms (Fig. 5BS5). These data confirm the
malfunction of myocyte electrogenesis.

According to the hypothesis that alteration in calcium
handling might be primarily responsible for the Tg(GAL4/
miR-182) cardiac defects, injection of a mixture of cacnb4b
(5 pg) and cacna2dl (5 pg) mRNAs was able to reduce the
cardiac defects in Tg(GAL4/miR-182) embryos by more than
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70%, which aligns with our observations on transient miR-
182-OE embryos. In contrast, this treatment worsened the
Tg(myl7:GAL4) embryo phenotype (Fig. 5¢).

Cardiac expression of miR-182-sponge significantly
reduce the cardiac defects caused by thx5a
depletion

To further test whether cardiac-restricted expression of
sponge-miR-182 was able to rescue cardiac defects caused
by tbx5a depletion, we injected MO-Tbx5a in Tg(GAL4/
sponge-miR-182) embryos and in Tg(myl7:GAL4) embryos
as control. Although Tg(myl7:GAL4) embryos exhibited sen-
sitivity to thx5a depletion similar to wt embryos, MO-Tbx5
injected into Tg(GAL4/sponge-miR-182) embryos doubled
the number of embryos with normal hearts and decreased
the onset of mild or severe cardiac defects compared to wt
AB embryos (Fig. 5d). These results accord with our previ-
ous data showing that MO-182 injection can rescue tbx5
mutant and morphant cardiac defects (Fig. 3 and S10). Taken
together, our data demonstrate that the cardiac modulation of
miR-182 is able to impact the HOS phenotype, strengthening
the hypothesis that miR-182 plays an active role in the tbx5a
regulatory circuit.

Discussion

In this study, we show that miR-182 is upregulated in embry-
onic cardiac tissue of both mouse and zebrafish HOS mod-
els. Our functional analysis revealed that overexpression of
miR-182 in zebrafish affects both cardiac morphology and
electrical activity, whereas cardiac-specific downregula-
tion of miR-182 in zebrafish HOS hearts attenuates cardiac
defects. Our findings reveal a hitherto unsuspected evolu-
tionarily conserved role of miRNA-182 in preserving the
structural and electrical integrity of the myocardium.

To analyze the impact of increased miR-182 expression
in zebrafish cardiac development, miR-182 was overex-
pressed in zebrafish embryos. The results highlighted a sig-
nificant overlap of miRNA-induced cardiac alterations with
defects caused by Tbx5 depletion. MiR-182-OE embryos
show a dose-dependent onset of the heartstring phenotype
and alterations in myocardial cell morphology. In assays
of late cardiac genes known to be affected by Tbx5, 5 out
of 6 genes showed the same altered pattern as observed in
miR-182 OE embryos. In line with Ast mutant phenotypes,
miR-182-OFE embryos developed correct specification of
cardiac progenitors but presented reduction in differentia-
tion markers, in particular myl7, which is not reported to
be affected in /st mutants. However, it is interesting to note
that myl 7 is one of the genes identified as downregulated in
mouse HOS hearts [8]. Moreover miR-182 overexpression
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Fig.5 Stable cardiac-specific
overexpression of miR-182
affects heart morphology

and activity. a Top, 72hpf F2
transgenic embryos. White
arrows point to GFP expression
in the lens of the eyes. Scale
bar =100 pm. Bottom, quan-
tification of embryos showing
heart defects. b Left, mechani-
cal activity recorded from a 6
dpf Tg(myl7:GAL4) embryo, as
control (1), and from Tg(GAL4/
miR-182) embryos (2, 3).
Systole is indicated as upward
deflection. Right, ECG recorded
from a control embryo (4) and
from a transgenic embryo (5).
In 5, the non-equal P and R
peaks are indicated by upward
and downward arrows, respec-
tively. ¢ Relative reduction in
heart defects in F2 Tg(GAL4/
miR-182) embryos after micro-
injection of cacnb4b/cacna2dl
mRNAs, compared to RFP as
control. d Analysis of 72hpf
Tbx5a or CT morphants in the
Tg(GALA/sponge-miR-182)
background. For comparison
wt AB and Tg(myl7:GAL4)
transgenic lines were also
analyzed. Statistics: Student’s
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downregulates myocardial proliferation as reported for Tbx5
[42]. Particularly interesting is the impact of miR-182 on
cardiac function. HOS mice revealed conduction system
defects with sporadic electrophysiological anomalies [8].
Potential miR-182 cardiac functions were further elucidated

10pg 10pg (5+5)pg

by an in silico analysis, which identified several calcium
channel subunit genes involved in calcium homeostasis;
these include the LTCC Cacna2dl, Cacnb2, Cacnb4, and
Cacng5 genes. Besides the four KEGG cardiac pathways
which were investigated further (Fig. S12A), it is interesting
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to note that other KEGG pathways which resulted enriched
in putative miR-182 targets (Fig. S11), are known to affect
calcium homeostasis and cardiac contractility. In particular,
the Wnt signaling pathway [33] and PI3K-Akt, both con-
sidered master regulators of LTCC activity [35, 43], were
enriched, as well as the calcium signaling KEGG itself.
Modulation of other in silico identified targets cannot be
excluded, and remain to be further studied. The decrease
of cacnb2.2, cacnb4b and cacna2dl expression in isolated
miR-182-OE hearts was confirmed by ddPCR quantification.
In further studies of cacna2dl, data from in vitro luciferase
assays support its regulation by miR-182 (Fig. S13A). We
further note that a decrease of cacna2dl expression was
detected in our cardiac Thx5%"* mouse samples relative
to wt samples (not shown). Others have reported a strong
downregulation of cacna2d2 in the HOS transcriptome
analysis by Mori et al., [8]. We predict that the increase of
miR-182 levels and consequent decrease of LTCC a2, & and
f subunits expression will produce changes in the amplitude
and kinetics of calcium currents underlying myocyte action
potential generation. Indeed, we have observed a bursting
electrical activity combined with arrhythmias in some miR-
182 microinjected hearts, while ECG recordings revealed
alterations of ECG waves, indicating a fickle orientation of
the atrial and ventricular mean electrical vectors (Fig. 4c¢).
Parallel recordings of atrial and ventricular mechanical
events indicated that blockage could occur in either cham-
ber (Fig. S13 C4). Since the atrium is the first chamber
to be blocked, it is conceivable that defective membrane
depolarization may affect both atrial and ventricular myo-
cytes. Moreover, during each pause in the electrical activ-
ity an impaired relaxation occurs, suggesting that Ca>*
reticular uptake is poor. In fact, a slow falling phase of
the calcium wave was found in experiments exploiting the
Tg(myl7:CaGFP) line (Fig. S13D5, 6). These data were
further supported by analysis of our zebrafish transgenic
lines stably overexpressing or downregulating miR-182 in
cardiomyocytes. The Tg(GAL4/miR-182) embryos show
milder morphological defects compared with miR-182-OE
embryos, in accord with the later and lower burst of this
miRNA in transgenic embryos compared to miRNA mimic
injected embryos. This observation indicates that the dysreg-
ulation of other Tbx5 effectors might contribute to create the
stretched cardiac phenotype that resembles Ast mutants [7].
It is important to appreciate that alteration of a single effec-
tor is not expected to recapitulate the complex phenotype
caused by depletion of Tbx$5, a transcription factor known
to modulate hundreds of cardiac genes. Despite the mild
morphological defects, 6 dpf Tg(GAL4/miR-182) embryos
exhibited widespread alterations of rhythm (Fig. 5B2-3),
and ECG analysis highlighted a 2:1 activity pattern, alter-
nating between normal and attenuated P and R waveforms
(Fig. 5BS5). However, several reports demonstrate that the
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LTCC p subunits are also involved in many other processes
such as cardiac cell proliferation and heart integrity [31,
44]. The observed alterations of physiological properties
in both miR-182 microinjected and overexpressing trans-
genic embryos might be explained by abnormal calcium
handling, due to reduced expression of both LTCC subunits
and sarco/endoplasmic reticulum Ca’*-ATPase (SERCA)
pumps. Analysis of miR-182 targets confirmed the reduced
expression of LTCC subunits but failed to detect changes in
the expression of SERCA calcium pumps. However, altered
Ca’* entry caused by reduced conductance in myocytes
might affect modulation of Ca** pumps, thereby modifying
Ca’*cycling. Therefore, we cannot exclude that the morpho-
logical alterations affecting hearts overexpressing miR-182
are partially due to altered channel subunits. The observation
that injections of cacnb4b and cacna2dl transcripts are able
to improve both cardiac rhythm and morphology in transient
(Fig. 4d—f) or stable (Fig. 5¢c) miR-182-OE embryos pro-
vides strong support for the role of LTCC genes as miR-182
targets and their involvement in the prevalence of cardiac
anomalies.

MiR-183 cluster members are up-regulated both in Thx-
517+ and Thx59/*hearts suggesting that a hypomorphic
allele may contribute to the altered expression of these miR-
NA:s, as previously observed by others [8]. Moreover, our
transactivation studies (Fig. 1d) suggest that Tbx5 action
might be mediated by KIf4. This observation is in line with
RNA-seq [18] and ChIP-seq [45] data. Our data suggest that
Klf4-mediated modulation of miR-182 might affect cardiac
Ca**cycling.

The identification of miR-182 as a mediator of TBX5
activity prompted us to compare the functional conse-
quences of miR-182 overexpression with the HOS phe-
notype. Some of the genes identified in silico as miR-182
targets are de-regulated in HOS patients and potentially
related to other arrhythmic human syndromes as well [8,
46]. In mouse, Thx5 haploinsufficiency results in defects of
ventricular relaxation. In fact, ventricular myocytes have
impaired Ca®* uptake dynamics and prolonged calcium
transients with sporadic events of AV block, SA pauses and
tachycardia [47, 48].

There are parallels between the functional consequences
of miR-182 overexpression and HOS pathology, although
the complexity of the entire system and the reciprocal inter-
actions between morphology and physiology cannot allow
a more precise alignment of the symptoms. In our study,
the relationship between miR-182 and Tbx5 is strongly
supported by the rescue experiments: downregulation of
miR-182 halved the number of embryos with heartstring
phenotypes, doubled the occurrence of wt phenotype in tbx5
morphants, and rescued heartstring tbx5 mutant embryos.
Conversely, defects caused by Tbx5 depletion were sig-
nificantly reduced in Tg(GAL4/sponge-miR-182) line stably
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expressing a miR-182 antagonist in cardiomyocytes. It is
noteworthy that miR-182 modulation failed to cause altera-
tions in fin morphology, supporting the hypothesis that it is a
cardiac-specific regulator of Tbx5 patterns. To further verify
whether this microRNA might be a Tbx5 effector involved in
other arrhythmic syndromes would be of clinical relevance
and warrants further study. In support of this view, induced
atrial fibrillation in pigs caused a marked downregulation
of Tbx5 and upregulation of miR-182 [49]. Further investi-
gations will help to assess whether miR-182 might act as a
Tbx5 effector in large animal models of heart failure which
arise from lethal arrhythmic events [50]. Our data will be
helpful to design effective therapeutic approaches for clini-
cal management of sudden death related to congenital heart
disease.
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