
Received: January 2, 2022. Revised: April 22, 2022. Accepted: May 4, 2022
© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com

Human Molecular Genetics, 2022, Vol. 31, 18, 3144–3160

https://doi.org/10.1093/hmg/ddac108
Advance access publication date 14 May 2022

Original Article

Mice lacking MBNL1 and MBNL2 exhibit sudden cardiac
death and molecular signatures recapitulating myotonic
dystrophy
Kuang-Yung Lee 1,2,*, Carol Seah1, Ching Li1, Yu-Fu Chen1, Chwen-Yu Chen1, Ching-I Wu1, Po-Cheng Liao3, Yu-Chiau Shyu 3,4,

Hailey R. Olafson5, Kendra K. McKee5, Eric T. Wang5, Chi-Hsiao Yeh2,6 and Chao-Hung Wang2,7,*

1Department of Neurology, Chang Gung Memorial Hospital, Keelung Branch, Keelung, Taiwan
2Chang Gung University, College of Medicine, Taoyuan, Taiwan
3Community Medicine Research Center, Chang Gung Memorial Hospital, Keelung Branch, Keelung, Taiwan
4Department of Nursing, Chang Gung University of Science and Technology, Taoyuan City, Taiwan
5Department of Molecular Genetics and Microbiology, Center for NeuroGenetics, College of Medicine, University of Florida, Gainesville, FL 32610, USA
6Department of Thoracic and Cardiovascular Surgery, Chang Gung Memorial Hospital, Linko Branch, Taoyuan, Taiwan
7Division of Cardiology, Department of Internal Medicine, Heart Failure Research Center, Chang Gung Memorial Hospital, Keelung Branch, Keelung, Taiwan

*To whom correspondence should be addressed at: Department of Neurology, Chang Gung Memorial Hospital, Keelung Branch, No. 222, Mai-Chin Rd., Keelung
20401, Taiwan. Tel: 886-2-24313131 ext 2371; Fax: 886-2-24327118; Email: kylee@cgmh.org.tw; kyleemdphd@gmail.com (K.-Y.L.); Division of Cardiology,
Department of Internal Medicine, Heart Failure Research Center, Chang Gung Memorial Hospital, Keelung Branch, No. 222, Mai-Chin Rd, Keelung 20401, Taiwan.
Tel: 886-2-24313131 ext 2245; Fax: 886-2-24327118; Email: bearty@adm.cgmh.org.tw; bearty54@gmail.com (C.-H.W.)

Kuang-Yung Lee and Chao-Hung Wang share the senior authorship.

Abstract

Myotonic dystrophy (DM) is caused by expansions of C(C)TG repeats in the non-coding regions of the DMPK and CNBP genes, and
DM patients often suffer from sudden cardiac death due to lethal conduction block or arrhythmia. Specific molecular changes
that underlie DM cardiac pathology have been linked to repeat-associated depletion of Muscleblind-like (MBNL) 1 and 2 proteins
and upregulation of CUGBP, Elav-like family member 1 (CELF1). Hypothesis solely targeting MBNL1 or CELF1 pathways that could
address all the consequences of repeat expansion in heart remained inconclusive, particularly when the direct cause of mortality
and results of transcriptome analyses remained undetermined in Mbnl compound knockout (KO) mice with cardiac phenotypes.
Here, we develop Myh6-Cre double KO (DKO) (Mbnl1−/−; Mbnl2cond/cond; Myh6-Cre+/−) mice to eliminate Mbnl1/2 in cardiomyocytes and
observe spontaneous lethal cardiac events under no anesthesia. RNA sequencing recapitulates DM heart spliceopathy and shows gene
expression changes that were previously undescribed in DM heart studies. Notably, immunoblotting reveals a nearly 6-fold increase of
Calsequestrin 1 and 50% reduction of epidermal growth factor proteins. Our findings demonstrate that complete ablation of MBNL1/2
in cardiomyocytes is essential for generating sudden death due to lethal cardiac rhythms and reveal potential mechanisms for DM
heart pathogenesis.
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Graphical Abstract

Introduction
Myotonic dystrophy is the most common adult-onset
muscular dystrophy with highly variable clinical and
genetic presentations (1). Both DM type 1 (DM1) and
2 (DM2) share overlapping symptoms and are caused
by abnormal microsatellite expansions in non-coding
regions–DM1 by an expanded CTG repeat (CTGexp) in the
3′ untranslated region (3’ UTR) of DMPK, and DM2 by
an expanded CCTG repeat (CCTGexp) in the first intron
of CNBP (2,3). The transcribed CUG or CCUG repeat
expansions (C(C)UGexp) accumulate in the nuclei as ‘RNA
foci’, sequester Muscleblind-like (MBNL) family proteins,
and also stabilize CUGBP, Elav-like family member 1
(CELF1) protein by PKC-dependent hyperphosphorylation
(4,5). MBNL proteins regulate alternative splicing (AS),
polyadenylation and local transport of downstream
targets and antagonize CELF1 function during postnatal
development (6–8). Importantly, MBNL depletion results
in the preferential production of fetal isoforms in adult
DM and accounts for disease-associated phenotypes,
such as CLCN1 missplicing causing myotonia (9), and
other misspliced genes associated with muscle weak-
ness and insulin resistance (10). In addition to CELF1
upregulation caused by repeat-associated stabilization,
sense and antisense repeat-containing transcripts also
serve as substrates for repeat associated non-ATG (RAN)
translation in DM1 and DM2, with potential implications
for disease pathogenesis (11).

Cardiac symptoms are more prevalent in DM1 than
DM2, and the severity is correlated with CTGexp length in

DM1 (12,13). Gender is a modifier for cardiac presentation
and male DM patients are more often hospitalized and
have a higher mortality rate (14). The most common
symptom is conduction disturbances, followed by
arrhythmia, dilated cardiomyopathy (DCM) and heart
failure. Conduction defects may affect as high as 75% of
DM1 patients and are independent risk factors associated
with major cardiac events. It is estimated that up
to 40 and 25% of patients may present PR interval
prolongation and QRS widening on ECG, respectively
(15,16). Arrhythmia may range from atrial tachycardia
[e.g. atrial flutter (AF), atrial fibrillation (Af)], other
supraventricular tachyarrhythmias, to life-threatening
ventricular tachyarrhythmias [e.g. Brugada syndrome,
ventricular tachycardia (VT), ventricular fibrillation (Vf)]
(17–20). In fact, up to 43% of cardiogenic deaths are
attributed to asystole and ventricular tachyarrhythmia-
related sudden death (21). Therefore, prophylactic pacing
with pacemakers or implantable cardioverter defibril-
lators is highly recommended for DM patients with
atrioventricular block and ventricular tachyarrhythmia,
respectively (22,23). Although overt heart failure is
mainly found in late stage DM1 patients, subclinical
cardiac function impairment is readily detectable by
echocardiography (24). Autopsy studies reveal fibrosis
and fatty infiltration in the myocardium and the cardiac
conduction system (25). Regarding the molecular mech-
anisms, missplicing of Tnnt2 exon 5 and Scn5a (encoding
Nav1.5) exon 6a are reported as potential candidate genes
(26). Misregulation of vesicular trafficking and miRNA
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may also contribute to cardiac phenotypes in DM (27–
29). In addition, straightjacket/α2δ3, a gene that encodes
a regulatory subunit of Ca-α1D/Cav1.2 voltage-gated
calcium channel, is found upregulated in DM heart (30).
Recently, misregulation of a CELF1 downstream target
Rbfox2 is identified to cause cardiac conduction block
and spontaneous arrhythmia (31).

DM cardiac pathogenesis has been investigated in a
limited number of mouse models, most of which are
mice with CTGexp expression. The pioneer work of CTG200

mice that overexpress an inducible eGFP-DMPK3’UTR
(CUG)200 mRNA (DM200) reproduces conduction defects,
complete heart block and sudden death (32). Later, heart-
specific inducible expression of interrupted CTG960 in
EpA960 mice yields DCM, arrhythmia, heart failure, RNA
foci, splicing alterations, CELF1 upregulation and early
mortality (33). In addition, DMSXL mice expressing >1000
CTG repeats in the context of human DMPK gene show
conduction defect upon flecainide challenge (34), and the
LC15 transgenic mouse model expressing CTG200 exhibits
slow ventricular depolarization and delayed ventricular
repolarization (35). Recently, a novel bitransgenic mouse
expressing 960 interrupted CTG repeats (CUG960 + dox)
shows inducible and reversible DM1 cardiac phenotypes
that justifies the therapeutic strategies of targeting
C(C)UGexp RNA (36). On the other hand, a ∼4-fold over-
expression of CELF1 specifically in the heart reproduces
conduction delay, DCM, histopathological changes and
splicing misregulation, indicating a critical role of
CELF1 in DM heart pathogenesis (37). To model the
repeat-associated RNA toxicity, genetic depletion of
MBNL1 (Mbnl1�E2/�E2) also recapitulates cardiac features
including fibrosis and conduction anomalies (38).
Although neither constitutive Mbnl1 KO (Mbnl1�E3/�E3)
nor Mbnl2 KO (Mbnl2�E2/�E2) line reveals consistent
cardiac abnormalities (39,40), our compound knockout
(Mbnl1−/−; Mbnl2+/−) (1KO2HET) mice show conduction
delay, and ventricular tachyarrhythmia induced by
programmed pacing (41,42). For the proof of therapeutic
concept, antisense oligonucleotide (ISIS 486178) targeting
a non-CUG sequence within DMPK 3’ UTR has been
tested on the DM200 mice and successfully reverses
cardiac conduction anomalies correlated with connexin
40 restoration (43). However, overexpression of Mbnl1
alone in DM200 mice fails to rescue these transgenic
mice with heart and skeletal phenotypes (44), which is
not similar to the previous beneficial results observed in
mice with expanded repeat in skeletal muscle (45,46).

Our hypothesis is that the full extent of DM cardiac
pathogenesis may result from combined loss of Mbnl1
and Mbnl2. However, the test of this hypothesis is
hampered by the embryonic lethality of Mbnl1−/−;
Mbnl2−/− mice. Here, we report the generation of Myh6-
Cre (Mbnl1−/−; Mbnl2cond/cond; Myh6-Cre+/−) double KOs
(DKOs) with the depletion of MBNL1 and MBNL2 in
cardiomyocytes causing lethal cardiac rhythm and
sudden death. In addition, the missplicing mirroring
DM1 and novel expression changes in this model are

previously undescribed, indicating that MBNL dosage
plays a critical role in DM heart pathogenesis. Therefore,
our findings hold important implications for how overall
MBNL levels, repeat expression levels and somatic
instability modulate DM pathogenesis.

Results
Reduced lifespan and dilated fibrotic hearts in
Myh6-Cre DKO mice
At 12 weeks of age, the sizes of Myh6-Cre DKOs were indis-
tinguishable from control mice (Fig. 1A). However, DKOs
have shorter lifespans compared with those of control
mice (Log-rank test, P < 0.001) (Fig. 1B). The DKO hearts
were significantly enlarged, highlighted by the increase
of heart/body weight ratio (Fig. 1C–F). Immunoblotting
confirmed a significant reduction of MBNL2 protein in
the Myh6-expressed cardiomyocytes, compared with
control (Supplementary Material, Fig. S1A, 3rd lane
versus 1st lane), indicating a successful conditional
knockout specifically in the cardiomyocytes. Consis-
tent with previously reported (41), MBNL2 level was
significantly upregulated when MBNL1 was eliminated
(Supplementary Material, Fig. S1A, 2nd lane). In the DKO
mice, the level of MBNL2 further reduced, compared with
Mbnl1 KO and 1KO2HET mice (Supplementary Material,
Fig. S1A, 5th lane versus 2nd and 4th lanes). Since
some MBNL2 was still detectable in the DKO mice, even
though it may come from other cell types (e.g. fibroblast)
or incomplete Cre recombination, we subsequently
checked the protein expression of Cre recombinase
using quadriceps and hearts from control and DKO
mice. We found that Cre expression was exclusively
in the heart, but not skeletal muscle in the DKO mice
(Supplementary Material, Fig. S1B). We further evaluated
the Cre recombinase efficiency by checking MBNL2
protein expression with immunofluorescence. We found
upregulated MBNL2 in Mbnl1 KO hearts and some
positive signals were prominent in the nuclei. In Mbnl2 KO
and DKO mice, MBNL2 expressions were downregulated
compared with control and Mbnl1 KO mice, respectively,
suggesting an acceptable Mbnl2 conditional knockout
effect in this system (Supplementary Material, Fig. S1C).
We also thought it was necessary to check on the
DM-associated missplicing targets to prove DKO is a
better mouse model compared with 1KO2HET. We then
tested mutually exclusive exon 6A/6B of Scn5a, which is
alternatively spliced, and found the fetal isoforms con-
taining exon 6A significantly increased in the DKO mice
(Supplementary Material, Fig. S1D). The enhanced splic-
ing shifts were also consistently observed in other targets
regulated by MBNL, including Cacna1s, Ryr2, Spag9,
Sorbs1 (Supplementary Material, Fig. S1E and F), Lnp
and Ldb3 (data not shown). As anticipated, histopatho-
logical studies revealed marked dilatation in the DKO
heart (Fig. 2A), with enhanced fibrosis compared with
controls with Masson’s trichrome and Sirius red stains
(Fig. 2B and C). We concluded that Myh6-Cre DKOs

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac108#supplementary-data
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Figure 1. General features of Myh-Cre DKO mice. (A) No body size differences between control and DKO mice. Scale bar: 10 mm. (B) Kaplan–Meier survival
analysis of control versus DKO mice showing a reduced lifespan in the DKOs (n = 11 per genotype. Log-rank test, P < 0.001). The numbers of mice at risk
at different time points (0 ∼ 50 weeks) were shown below. (C) A representative picture showing a normal control and an enlarged DKO heart. Scale bar:
1 mm. (D) Body weight analysis. (E) Heart weight analysis. (F) Heart-to-body weight ratio showed a significant increase in DKO mice. (From (D) to (F):
Control, n = 7; DKO, n = 3. Data represent the mean ± SD. ∗, P < 0.05; ∗∗∗, P < 0.001; 2-tailed Student’s t-test).

showed some DM-relevant heart molecular signatures
and phenotypes that may have better chance to show
more phenotypes that were not found in the previous
DM mouse models.

DCM in Myh6-Cre DKO mice
Echocardiography was performed for the evaluation of
structural and functional changes in the DKO mice. The
B-mode 2-dimentional left ventricular long-axis view
showed dilation of left ventricle (LV) in the DKO com-
pared with control hearts, both in systolic and diastolic
phases (Fig. 3A) (Control: Supplementary Material, Video S1;
Mutant: Supplementary Material, Video S2). The end-
diastolic volume (EDV) and end-systolic volume (ESV)
both showed significant increase in the DKO hearts,
and the ejection fraction (EF) which indicates LV
contractility was significantly reduced in the mutants
(Fig. 3B). The M-mode imaging showed LV dilatation
in the DKO. The LV chamber was larger and the
muscle layers were also thicker compared with those
of control heart, during both systolic and diastolic
phases (Fig. 3C). In addition, the LV mass in the mutant
heart increased by more than 2-fold compared with
control hearts and the compromised LV contractility

was again confirmed by reduced fractional shortening
(FS) in the mutants (Fig. 3D). On top of that, statistical
analysis of intraventricular septum (IVS), LV posterior
wall (LVPW) thickness and LV internal dimension (LVID)
showed significant increases, indicating an enlarged
heart with some muscular hypertrophy (Fig. 3E). Next,
transmitral inflow Doppler was applied to evaluate the
LV diastolic function. The E and A waves represent peak
velocities at early and atrial contraction phases of LV
filling, respectively (Supplementary Material, Fig. S2A).
Parameters associated with LV diastolic dysfunction,
including the isovolumetric relaxation time, E/A ratio
and mitral valve deceleration, remained unchanged
(Supplementary Material, Fig. S2B–F). During the survey,
one DKO mouse accidentally died in the imaging process.
We found dyssynchrony of cardiac muscle contraction,
accompanied with impaired contractility of LV during
the systolic/diastolic cycles immediately before its death
(Supplementary Material, Video S3).

Conduction block and lethal cardiac events
recorded by ambulatory ECG
Sudden death was found in all 1KO2HET and DKO mice.
To exclude the side effects of anesthesia and to verify
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Figure 2. The evaluation of fibrosis in Myh6-Cre DKO hearts. (A) Hematoxylin and eosin (H&E) staining of control and DKO hearts. (B) Masson’s trichrome
staining and (C) Sirius red staining using sections from left ventricles of control and DKOs. Scale bars represent 1 mm in (A) and 100 μM in (B&C) (n = 3
per genotype). (RA: right atrium; RV: right ventricle; LA: left atrium; LV: left ventricle; BV: blood vessel).

if this sudden death was cardiogenic, we implanted
mini-receivers into the mice and recorded ECG without
confining their daily activities. Representative ECG
during the early stage (24–72 h after implantation and
activation of the mini-receiver) and late stage (24 h
before death) were shown on the left, with the definition
of various intervals illustrated on the right panels
(Fig. 4A and B). During the early stage, the parameters
including RR, PR, QRS and QT/QTc intervals were com-
parable between control and DKO mice (Fig. 4A and C).
However, significant differences were observed during
the late stage, which indicated decreased heart rate, first-
degree AV block, intraventricular (bundle branch) block
and delayed activation/repolarization of ventricular
muscle in the mutants (Fig. 4B and C).

On the other hand, we observed different types of
abnormal cardiac rhythm that eventually lead to deaths
in the compound KO mutants. Since 1KO2HET, but not
Mbnl1 KO mice in our lines showed sudden death or
reduced lifespan, we also investigate 1KO2HET mice
using telemetry technology. For example, a 1KO2HET
mouse experienced a sudden worsening of decreased
heart rate an hour before death (top) and then expired
due to a complete AV block with slow escaped ventricular
rhythm (bottom) (Supplementary Material, Fig. S3A).
Another 1KO2HET mouse, which initially showed PR
prolongation, QRS widening and bradycardia (top),
suddenly exhibited a severe sinus bradycardia a few
seconds later with 2nd degree AV block and a long sinus

pause (bottom) (Supplementary Material, Fig. S3B) and
died shortly. In one DKO mouse, PR prolongation and
wide QRS complex were observed a week before (top) and
it began to show profound sinus arrhythmia/bradycardia
(bottom) (Fig. 5A), which led to its death 2 days later.
Another DKO mouse with sinus bradycardia started to
develop isorhythmic atrial-ventricular dissociation (top)
that lasted for less than a minute (bottom) (Fig. 5B).
Severe sinus bradycardia/arrhythmia followed and the
mouse died half a day later. We also recorded a lethal
ventricular tachyarrhythmia in a different DKO mouse.
Initially, the ECG showed first-degree AV block (prolonged
PR interval) and sinus bradycardia. Twenty minutes
before death, the ECG abruptly showed intermittent
sinus arrest with escaped ventricular rhythm (wide
and tall QRS complexes) (Fig. 5C, 1st panel). Then,
intraventricular conduction delay (presented as very
wide QRS complexes) was noted, a few minutes before
death (Fig. 5C, 2nd panel). Several seconds later, sinus
bradycardia with ventricular premature contractions
(VPCs) (very wide and tall QRS complexes) and VT
followed (Fig. 5C, 3rd panel). The VT persisted (Fig. 5C,
4th and 5th panels) and then turned into complete
AV block with escaped idioventricular rhythm (Fig. 5C,
6th panel). Two minutes later, agonal rhythm, probably
with electromechanical dissociation (Fig. 5C, 7th panel),
appeared and the mouse’s life ended. In summary, all
the mice tested (Control, n = 3; 1KO2HET, n = 5; DKO, n = 5)
showed 1st degree AV block and intraventricular block
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Figure 3. Echocardiography for analyzing Myh6-Cre DKO mice. (A) Representative B-mode 2-dimentional images of control and DKO mouse hearts during
systolic and diastolic phases. The white arrows indicate internal chamber of the left ventricles. (B) The DKO mice showed increased EDV and ESV and
the EF was significantly reduced in the DKOs. (C) The M-mode images of control and DKO mice during systolic and diastolic phases. (D) Increased LV
mass and reduced FS were observed in the DKO mice. (E) Significant differences were detectable in the lengths of IVS, LVID and LVPW during systole
and diastole. (Control, n = 10; DKO n = 11. Data represent the mean ± SD. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; 2-tailed Student’s t-test).

and many of them showed sinus bradycardia and high
degree AV block. Several end-of-life episodes (1KO2HET,
n = 3; DKO, n = 3) were recorded and the majority of
the cardiac deaths (5 out of 6 mice) were caused by
sinus bradycardia/arrhythmia and/or AV block. Only one
episode of ventricular tachyarrhythmia was successfully
recorded in a DKO mouse.

Splicing alterations in Myh6-Cre DKO hearts
To investigate the underlying molecular events, we did
transcriptome analysis with RNA sequencing (RNA-seq)
between control and DKO hearts. All the sequencing data
are deposited at GEO (Accession code: GSE184574). We
found 171 exons to be mis-spliced (76 increasing, 95
decreasing in inclusion among the DKOs, monotonic-
ity |z-score| > 1.96, Supplementary Material, Table S1).
The 20 most strongly shifted AS events were listed,

accompanied with a heat map of PSI (percent spliced-
in, ψ value) in both control and DKO mice (n = 3) (Fig. 6A
and Supplementary Material, Table S2). The list includes
previously identified targets such as Scn5a (26), as well as
Sorbs1 and Ktn1, which are developmentally regulated
between embryonic day 17 (E17) and adult (47). Some of
these genes are involved in basic physiological functions
including the formation of cardiomyofibrial structures,
binding with ‘motor protein’ kinesin, microtubules inter-
action, vesicular trafficking, lipid metabolism, regulation
of mitochondrial dynamics, apoptosis and signaling
transduction. Considering the DM cardiac phenotypes,
we chose targets that have been linked to DCM (Plekhm2,
Prune2, Nexn, Ttn, Mff, Dnm1l, Tmed2) and long-QT syn-
drome/arrhythmia (Golga2, Aplp2) in the literatures, as
well as targets not present in DM patient studies (Prune2,
Aplp2 and Osbpl8), for RT-PCR validation (Fig. 6B). The
validation revealed strict behavior concordant with
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Figure 4. Basic analysis of ambulatory ECG in Myh6-Cre DKO mice. (A) Representative ECG recordings of control (top) and DKO (bottom), in the early
stage. (B) Representative ECG recordings of control (top) and DKO (bottom) during the late stage. (C) Statistical analysis of RR, PR, QRS, QT and QTc
intervals during early stage and late stage (n = 3 per genotype. Data represent the mean ± SD. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; 2-tailed Student’s
t-test).

RNA-seq (10/10) (Fig. 6C). To test if these targets were
developmentally regulated, we did RT-PCR using control
heart samples acquired from 3 month old (3 M) and
postnatal day 1 (P1) mice. We observed distinct devel-
opmental shifts between adult and newborn mice and
the missplicing we found in the DKO hearts was almost
entirely compatible with fetal pattern (10/11), with only
one exception (Prune2) (Supplementary Material, Fig.
S4A–C). The splicing alterations among these genes
did not cause frameshifts. They are either in-frame or
exhibit an alternative start site, such as the shorter
isoform of Osbpl8 without exon 3 (37 nt) that starts
from exon 4. The scatter plot of ψ values for control
versus DKO across mouse heart samples was shown
and the significant monotonically changing events were
highlighted (Supplementary Material, Fig. S5A). We also
analyzed orthologous exons between humans and mice
and found that the change in splicing (�ψ ; delta psi)
between unaffected and DM1 was positively correlated
to the �ψ between control and DKO mice (R = 0.467), but
the changes are stronger in the DKO mice compared with
DM1 patients. This might be expected because while the
DKO mice are all similarly affected, the DM1 psi values
are obtained from averaging across 3 patients (data from
GSE67812) (26), some of which are more severely affected
than others. These results might suggest that MBNL1/2
deficiency accounts for a portion of missplicing observed
in DM1 hearts (Supplementary Material, Fig. S5B).

Gene expression changes in Myh6-Cre DKO
hearts
RNA-seq also identified gene expression changes (|log2
(FC)| ≥ 1 and q-value ≤ 0.05 by Sleuth) (Supplementary
Table S3). Based on the literatures, we found genes linked
to DCM, arrhythmia or congenital heart diseases among
the top 20 targets (Ccnd2, Kcna4, Myh7 and Casq1,
upregulated; Hadhb, Ckmt2, Corin and Egf, downreg-
ulated) (Fig. 7A and Supplementary Material, Table S4).
For validation, we performed quantitative real-time PCR
(qPCR) for the 8 selected targets. We found that 4 out of 8
targets were significantly different between control and
DKO hearts, including upregulated Ccnd2 and Casq1,
as well as downregulated Ckmt2 and Egf (Fig. 7B). We
then used GO (Gene Ontology) analysis to categorize
gene functions. In the upregulation category, many genes
were associated with actin assembly and muscle tissue
development. Collagen fibril and extracellular matrix
organization were also found. These pathways are appar-
ently closely associated with muscle reorganization after
injury and fibrosis. In the downregulated category, many
of the genes were associated with lipid oxidation/modifi-
cation, fatty acid oxidation/metabolic and regulation of
ion transport (Supplementary Material, Fig. S5C and D).
Additionally, we used Ingenuity Pathway Analysis
(IPA) and generated a list of 463 canonical pathways
(Supplementary Material, Table S5). The top 10 canonical
pathways affected were listed and the numbers of up

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac108#supplementary-data
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Figure 5. Examples of abnormal cardiac rhythm detected by ambulatory ECG in Myh6-Cre DKO mice. (A) The initial ECG recordings from a DKO mouse
showing only PR prolongation and wide QRS complex (top). The pattern changed to sinus arrhythmia with bradycardia (bottom) a week later, 2 days
before death. (B) The ECG recordings from a DKO mouse showing sinus bradycardia with isorhythmic atrial-ventricular dissociation (from top to bottom)
and the mouse succumbed 12 h later. (C) Serial ambulatory ECG recordings from a Myh6-Cre DKO mouse before death. The initial ECG showing first-
degree AV block, sinus bradycardia, intermittent sinus arrest with escaped ventricular beats (1st panel). Thirteen minutes later, an episode of sustained
intraventricular conduction delay appeared (2nd panel). Sinus bradycardia with VPCs and VT occurred within seconds (3rd panel). Life-threatening
persistent VT (4th panel). Continuous run of VT (5th panel). Complete AV block with escaped idioventricular beats (6th panel). The agonal rhythm and
probably with electromechanical dissociation that finally ended the DKO mouse’s life (7th panel).

or downregulation genes in each pathway were counted
and shown in the bar graph (Supplementary Material, Fig.
S6A and B). Interestingly, we found that some of the most
affected genes associated with DCM were categorized
into the same canonical pathways. For example, Egf
and Myh7 are both involved in fibrosis and signaling

associated with actin cytoskeleton and epithelial
adherens junction (Supplementary Material, Fig. S7A).
We also investigated the gene network with IPA and
highlighted affected genes with color codes. For example,
upregulation of stress response/cell cycle arrest gene
Cdkn1a and apoptosis gene Caspase may activate Casq1

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac108#supplementary-data
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Figure 6. RNA-seq results of splicing alterations in Myh6-Cre DKO mice. (A) The 20 most affected genes in AS identified by RNA-seq. The results of three
replicates of control and DKO hearts were colored based on the percent spliced-in (ψ , psi) values from 0 to 1. The ranking was from left to right including
two AS events in Ktn1 gene (No. 2, exon 38 and No. 20, exon 31). (B) Validation of selected 10 targets among top 20 most affected genes that linked to
DM cardiac phenotypes by RT-PCR. The numbers on the left side of each gel image indicate isoforms with or without a certain exon. (C) The ψ values
for AS in the control and DKO hearts (n = 3 per genotype. Data represent the mean ± SD. ∗∗, P < 0.01; ∗∗∗, P < 0.001; 2-tialed Student’s t-test).

(Fig. 7C), and the downregulated Egf may activate stress
response gene Gadd45 (Supplementary Material, Fig. S7B).

Next, we checked if changes in mRNA levels may
impact protein levels. We chose two targets (Casq1 and
Egf) with the most significant changes demonstrated by
qPCR, and compared these to two players in signaling
(Myh7 and Hadhb) that showed no differences in qPCR
validation. We found a nearly 6-fold upregulation of
CASQ1 but not MYH7, a 50% reduction of EGF and a
25% downregulation of HADHB proteins in the DKOs,
compared with controls. We also chose targets lower
ranked in the altered mRNA expression list associated
with DCM (Tpm1 and Scn5a, encoding Nav1.5) as controls
for immunoblotting and found no differences (Fig. 7D).
For CASQ1, we also checked the effects of single or
double knockout on its protein expression. We found
that the upregulation of CASQ1 is only observed in the
DKO heart, but not in the control, Mbnl1 KO or Mbnl2
KO heart. On the other hand, its paralogous CASQ2

protein was unchanged across control, single KOs and
DKO hearts (Supplementary Material, Fig. S8A and B). To
quantify the relative mRNA expression level of Casq1 and
Casq2, we did the second round of qPCR experiments
and found that the CT values of Casq1 were lower in
both control and DKO hearts, compared with Casq2.
Also, a mild (non-significant) decrease of CT value
in Casq2 was found between control and DKO hearts
(29.95–28.79), compared with the significant decline in
Casq1 (27.30–23.04) (Supplementary Material, Fig. S8C).
These results suggest that Casq1 mRNA expression
is higher than Casq2 in either control or DKO hearts.
On the other hand, the subtle upregulation of Casq2
mRNA is not as distinct as that observed in Casq1
in the DKO hearts. Taking all the results together,
some genes were dysregulated at both RNA and pro-
tein level; other targets may perhaps be further reg-
ulated by post-transcriptional or post-translational
mechanisms.
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Figure 7. The validation of RNA-seq expression results. (A) The selected upregulated and downregulated genes identified by RNA-seq were listed with
values of log2 fold change (FC). (B) The qPCR for RNA-seq validation was shown by the CT (cycle of threshold) values (n = 3 per genotype, ∗, P < 0.05; ∗∗,
P < 0.01; ∗∗∗, P < 0.001; 2-tailed Student’s t-test). (C) The IPA using mRNA expression results in RNA-seq. The blue arrowhead indicated the location of
CASQ1. The color codes represented upregulation (red) and downregulation (green) and the FCs were reflected by different saturations. (D) Immunoblots
of selected targets showing expression changes in RNA-seq. The GAPDH and TUBULIN served as the loading controls. The signal intensities of the tested
target proteins have been normalized with loading controls. Then control and DKO mouse groups were compared and the ratios of DKO/control were
shown in the bar graph. (n = 3 per genotype, ∗, P < 0.05; ∗∗∗, P < 0.001; 2-tailed Student’s t-test).

Discussion
Genome-wide approaches using DM mouse models and
patients have led to major advances in DM research.
For example, analysis using CELF1 overexpression and
Mbnl1 KO mice reveals antagonistic regulatory effects
of these two RNA binding proteins, both in splicing and
levels of gene expression (6). On the other hand, RNA-
seq on cardiac tissue of DM patients provides a broader
picture of the DM heart transcriptome (26,48). RNA-seq

is also applied on DM Drosophila model and uncov-
ers a novel regulatory gene for a voltage-gated calcium
channel (30), and RNA-seq using DM1 and DM2 iPSC-
derived cardiomyocytes demonstrates distinct molecular
pathways between these two types of DM (49). Recently,
RNA-seq on CUG960 + dox mice reveals AS and RNA
expression changes in genes involving calcium handling
(36). Despite these progresses, it has still been challenging
to acquire transcriptome data from a DM mouse model
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that recapitulates sudden cardiac death. The severe phe-
notype could not easily be recapitulated because none
of the CTG-repeat models completely sequesters MBNL
proteins. We know nearly all the splicing misregulation
in the HSALR mice, a mouse model carrying (CTG)250 in
the 3’ UTR of HSA transgene in the skeletal muscle, can
be explained by Mbnl loss of function (50). We also know
that Mbnl compound KO mouse models demonstrate
end-stage phenotypes in skeletal muscle (41) and brain
(51,52). Therefore, we hypothesized that complete loss of
Mbnl1/2 in the cardiomyocyte would recapitulate sudden
cardiac death and be suitable for the detection of cor-
responding missplicing events and regulatory pathways
with high throughput sequencing approach.

In this study, we applied conditional knockout strategy
to eliminate Mbnl2 in cardiomyocyte on the constitu-
tive Mbnl1 KO background to achieve double knockout.
Cardiomyocytes are functionally critical but they only
constitute less than half of the whole human heart cell
population, from 30.1% in atrium to 49.2% in ventricle
(53). However, through the enhanced splicing shifts in the
RT-PCR, we found the DKO strategy effective and antici-
pated higher potential of DKO mice in reproducing end-
stage cardiac phenotypes compared with Mbnl1 KO or
1KO2HET mice. As expected, we found enlarged, fibrotic
and functionally compromised hearts in DKOs. The LV
contractility in the mutants was mildly affected, which is
indeed very similar to DM, since the prevalence rate of LV
systolic dysfunction is around 7.2 ∼ 11.3% and terminal
heart failure accounts for only 17% of DM cardiovas-
cular mortality (19,21). Although LV diastolic dysfunc-
tion may be found in DM1/Congenital DM and perhaps
in a relatively higher rate among DM2 patients (54,55),
abnormal findings suggesting diastolic dysfunction were
not observed in the DKO mice. Using ECG telemetry,
we recorded various conduction defects and lethal car-
diac events without the interferences of arrhythmogenic
anesthesia. Due to the limited number of mice we stud-
ied, spontaneous supraventricular (e.g. Af) or certain ven-
tricular arrhythmia (e.g. Vf) were not observed. How-
ever, the broad spectrum of ECG manifestation is com-
patible with what we have seen in DM patients and
inducible arrhythmia in 1KO2HET mice (18,42). Addition-
ally, the observation of sudden death, which was caused
mostly by sinus bradycardia/arrhythmia and AV block
rather than ventricular tachyarrhythmia, is also com-
patible with their prevalence in DM large cohort studies
(19,21). Interestingly, the specific knockout of Mbnl2 in
the cardiomyocyte on the background of Mbnl1 KO effec-
tively abrogated the compensatory effect by upregulated
Mbnl2. These results suggest the contribution of Mbnl2
in DM heart pathogenesis.

The fact that 17 out of the 20 most strongly affected
AS events were identical to those targets found in
previous DM patient studies exceeded our expectation
(26,48). These targets include Scn5a, which may cause
Brugada syndrome and sudden cardiac death in DM
patients. Importantly, the arrhythmogenic potential

from mouse redirecting splicing to exon 6A-containing
by CRISPR/Cas9 supports the notion that Scn5a is a
promising target for therapy (56). Some of the DCM-
associated genes found in RNA-seq are those for
encoding mechano-sensing/structural proteins (e.g.
Nexn and Ttn) (57,58) or maintaining mitochondrial
homeostasis (e.g. Mff and Dnm1l (Drp1)) (59,60). A
substantial fraction of DCM-associated genes is linked
to vesicular/post-endocytic trafficking (e.g. Plekhm2
(61), Prune2 (Bmcc1) (62), Dnm1l and Tmed2 (29,63))
or mitophagy/endocytic pathway (e.g. Mff and Dnm1l
(59,60)). Targets associated with long QT syndrome
(Golga2) and Af/fibrosis (Aplp2) are also implicated in
vesicular trafficking (Supplementary Material, Table S2)
(64,65). If Osbpl8 (only linked to diabetic cardiomyopathy)
is also included, over one-third (8 out of 20) of genes are
involved in vesicular trafficking, suggesting its important
role in DM heart pathogenesis. Different from the AS
changes revealed by Mbnl1ΔE2/ΔE2 KO mice that are tested
based on a target list from a skeletal muscle perspective
(38), our RNA-seq was performed directly using DKO
mouse hearts. We also identified 4 out of 5 (Scn5a,
Kcnip2, Ryr2 and Camk2d but not Kcnd3) top AS events
from RNA-seq of CUG960 + dox mice (36) in our complete
AS list (Supplementary Material, Table S1), suggesting
the potential involvement of multiple ion channels
in DM cardiac pathogenesis. Overall, we observed a
comprehensive AS picture in the DKO mice that reflected
the loss of function effects of MBNLs on vesicular
trafficking, a basic biological process that is closely
regulated in developing cardiomyocytes (29).

In the former DM heart RNA-seq study, the major
finding is missplicing, but no drastic change of gene
expression levels is reported (26). However, in addition
to spliceopathy, our RNA-seq also revealed previously
undescribed qPCR validated gene expression changes.
We anticipate that there will be reports on expression
changes of DM heart transcriptome once the number
of autopsy samples outweighs the heterogeneity among
each patient. Some affected gene categories in the DM
skeletal muscle RNA-seq were also found in our dataset.
For example, genes of mitochondrial respiratory chain
biogenesis were downregulated and associated with DM
muscle weakness (48). Similarly, we found that Hadhb,
a gene encoding the β-subunit of the mitochondrial tri-
functional protein (MTPβ ), was downregulated in DKO
hearts. Interestingly, the top 4 most affected genes in
the expression found in CUG960 + dox mice (Hcn4, Gja5,
Scn10, Junctin (Asph)) (36) were all identified in our com-
plete list (Supplementary Material, Table S3), indicating
the compatibility of these two mouse models.

Next, we observed consequential alterations on
protein expression following mRNA changes in selected
targets. The most remarkable one that upregulated was
CASQ1. There is a report showing discrepancy of Casq1
expression in mRNA and protein levels in DM skeletal
muscle (66); however, its expression in DM heart has
not been described. Functionally, CASQ1 buffers calcium
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(Ca2+) and regulates its release in the terminal cisternae
of sarcoplasmic reticulum (SR) in skeletal muscle. In the
heart, the paralogous CASQ2 protein is predominantly
expressed, and the presence of CASQ1 in myocardium
is confirmed only recently (67). Normally, polymeric
CASQ2 forms a quaternary complex with RYR2 and other
proteins and keeps high SR Ca2+ capacity by inhibiting
the opening of RYR2. Upon stimulation, depolymerized
CASQ2 no longer inhibits RYR2 and allows the release
Ca2+ from SR to cytosol (Fig. 8A). Despite the high
homology of CASQ1 and CASQ2, some differences on
C-termini may affect their Ca2+ binding (68). Although
the polymeric structure and inhibitory effects on RYR2
are similarly observed in CASQ1, there is still difference
in electrophysiological properties between CASQ1/RYR2
and CASQ2/RYR2 (67). Therefore, we hypothesized that
the CASQ1 upregulation caused by MBNL1/2 elimination
would increase SR Ca2+ capacity, impair the normal
Ca2+ release through inhibiting RYR2 and consequently
affect excitation-contraction (E-C) coupling and cardiac
contractility (Fig. 8B). Our qPCR analysis on mRNA
expression suggested the surprisingly higher level of
Casq1 than Casq2 in both control and DKO hearts.
However, unlike CASQ2, CASQ1 protein is only detectable
in the DKO hearts. Whether post-transcriptional or post-
translational regulation affects its protein formation
or stability remains to be investigated. Substantial
amount of CASQ1 existing in polymeric form that
may not be correctly detectable in routine western
blotting could be another explanation (67). On the other
hand, the most significantly downregulated protein
was EGF, which is critical for neonatal development.
However, mice lacking EGF are viable, suggesting the
redundancy among EGFR ligands. Nevertheless, EGF not
only promotes cardiomyocyte proliferation (69) but also
stimulates cardiac adenylyl cyclase and increases cAMP
for enhancing myocardial contraction (70). In the IPA
analysis, EGF is at the hub for regulating a variety of
signal transductions, including fibrogenesis with Timps
(Supplementary Material, Fig. S7B). Taken together, mis-
regulation of these proteins may substantially affect E-C
coupling, and signaling pathways that are essential for
maintaining normal cardiac function.

In conclusion, we created a novel Myh6-Cre DKO
mouse model and characterized its phenotypes and
molecular events. To our knowledge, this is the first
report presenting various life-ending cardiac rhythms
without anesthesia in any of the DM heart mouse
models. We could therefore confirm that the sudden
death in our mouse model is not only cardiogenic
but indeed caused by lethal cardiac rhythm. In addi-
tion, our RNA-seq exhibited compatibility of splicing
alterations between DKO mouse and DM patients and
strengthened the link between MBNL1/2 deficiency
and compromised DM hearts. On the other hand, the
abundant gene expression changes revealed in our DKO
mice suggest a potential gene expression signature
also in DM heart, similar to what we have seen in the

DM skeletal muscle (48). Of these changes, the most
significant was CASQ1 upregulation in the DKO mice.
Based on the literature search, we hypothesized that
phospholamban inhibition, which has been shown to
be effective in rescuing cardiac contractility in mice
overexpressing CASQ2, may be potentially helpful
in this situation (Fig. 8C) (71). However, whether the
CASQ1 upregulation would cause a huge impact on
DKO hearts with preexisting CASQ2 remains to be
further evaluated. Finally, while it will be worthwhile
to investigate the functional significance of individual
genes, it is undeniable that a group of misregulated
genes may collectively contribute to DM phenotypes.
Therefore, therapies aiming to increase the level of MBNL
proteins through different mechanisms (72,73) may be
encouraged for their potential effects on DM hearts.
Although RNA-seq results of gene expression may not
be the direct effects of MBNL1/2 knockout and may
partly reflect end-stage cardiac manifestations, our DKO
mouse model has provided a very useful tool for DM
heart translational research.

Materials and Methods
KO mouse lines. Mbnl1 constitutive KO (Mbnl1�E3/�E3 or
Mbnl1−/−) and Mbnl2 conditional (Mbnl2cond/cond) lines
have been published previously (39–41). Heart-specific
Mbnl1 and Mbnl2 double knockout mice (Mbnl1−/−;
Mbnl2cond/cond; Myh6-Cre+/−; Myh6-Cre DKO) were gen-
erated initially by crossing male Myh6-Cre transgenic
mice (Tg(Myh6-Cre)2182Mds) driven by Myh6 (car-
diac–specific alpha myosin heavy chain) promoter
(The Jackson Laboratory, Jax mice: 011038) (74) with
(Mbnl1+/−; Mbnl2cond/cond; Cre−/−) females (C57BL/129
background). Other mice used in these experiments
including Mbnl1−/−; Mbnl2cond/cond; Myh6-Cre−/− (labeled
as ‘Mbnl1 KO’) and Mbnl1+/+; Mbnl2cond/cond; Myh6-
Cre+/− (labeled as ‘Mbnl2 KO’) mice were also produced
using the same mating scheme. The 1KO2HET mice
(Mbnl1−/−; Mbnl2+/−) were generated through mating
from Mbnl1+/−; Mbnl2 +/− (male) x Mbnl1+/−; Mbnl2 +/+

(female) from the same background, a modified method
from previously reported het × het mating on both loci
(41). Age-matched mice of Mbnl1+/+; Mbnl2cond/cond; Myh6-
Cre−/− were used as controls. The age of mice used in
heart/body weight experiments were 6–10 weeks. All
the mice used in the other experiments were around
3–6 months of age. Mice were housed at the Chang
Gung Memorial Hospital, Keelung Branch, an AAALAC
accredited research institute. At the end of experiments,
mice were euthanized by carbon dioxide overdose.

Immunoblotting
Hearts were removed from euthanized mice and homog-
enized in cold lysis buffer followed by centrifugation
at 16 100 g for 15 min at 4◦C, and proteins were
resolved by 10% SDS-PAGE and transferred to a PVDF
membrane. After blocking, the proteins were incubated
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Figure 8. Hypothesis of the effect of CASQ1 upregulation in the DKO mice and the potential therapeutic strategy. (A) In the normal heart, Calsequestrin
2 (CASQ2) is the primary CASQ protein that keeps large SR calcium (Ca2+) capacity through inhibiting Ryanodine receptor 2 (RYR2). Upon stimulation,
polymeric CASQ2 undergoes depolymerization, relieves the inhibition on RYR2 and releases Ca2+ from SR. This allows an increase in cytoplasmic [Ca2+]
and induces transient amplitude for cardiac contraction. (B) While Calsequestrin 1 (CASQ1) is upregulated in the DKOs, it is hypothesized that the SR
Ca2+ capacity increases but RYR2 is further inhibited. The decreased cytosolic [Ca2+] causes reduced excitation-contraction (E-C) coupling and cardiac
contractility. (C) To rescue, phospholamban inhibitor (PLBi) may counteract the inhibitory effect of phospholamban (PLB) on SERCA2, which accounts
for SR Ca2+ restoration. Consequently, it is hypothesized that the amount of SR Ca2+ capacity rises, inhibition on RYR2 is lifted, low cytoplasmic [Ca2+]
is corrected and the cardiac contractility reverses.

with the following primary antibodies: mouse mono-
clonal (mAb) anti-Actin C4 (Merck Millipore MAB1501),
rabbit polyclonal antibody (rpAb) anti-Mbnl1 (Genetex
GTX33335), mAb anti-Mbnl2 3B4 (Santa Cruz SC-136167),
rpAb anti-Casq1 (Thermo Fisher Scientific PA5-85406),
rpAb anti-Myh7 (Thermo Fisher Scientific PA5-110000),
rpAb Egf (Thermo Fisher Scientific PA5-96195), rpAb
anti-Hadhb (Abcam ab230667), mAb anti-Gapdh 6C5
(Millipore MAB374), mAb anti-Tpm1 (DSHB CH1), rpAb
anti-Nav1.5 (Proteintech 23 016-1), mAb anti-α-Tubulin
B5-1-2 (Sigma-Aldrich T5168), rpAb anti-Cre (GeneTex
GTX127270) and rpAb anti-Casq2 (GeneTex GTX105914),
followed by incubation with these secondary antibodies:
horseradish peroxidase (HRP)-conjugated goat anti-
mouse (Santa Cruz SC-2005) and donkey anti-rabbit
secondary antibodies (Bethyl laboratory A120-208P). The
membranes were visualized using Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore
WBKLS0500) and analyzed with ImageJ software.

Immunofluorescence
Surgically removed hearts were transferred into the
7 mm cryomolds containing OCT medium. Then, hearts
were snap-frozen with liguid nitrogen-precooled 2-
methylbutane and stored at −80◦C. Cryosections were
acquired by using cryostat (Leica CM3050 S). These
sections were then incubated with diluted mAb anti-
Mbnl2 3B4 antibody (Santa Cruz SC-136167)), overnight
at 4◦C. After that, the sections were incubated with
diluted donkey polyclonal anti-mouse (Bethyl A90-
337D3) secondary antibody for 2 h. The cryosections were
then treated with Vector TrueView autofluorescence
quenching kit (Vector Laboratories SP-8400-15) and
followed by nuclear counterstaining with DAPI (Thermo

Fisher Scientific 62 248) at the concentration of 5 μg/ml.
Finally, sections were mounted with Fluoromount
aqueous mounting medium (Sigma-Aldrich F4680) and
images were acquired by laser confocal microscope
(Leica TCS SP8 X).

Myocardium histology and fibrosis detection
Hematoxylin and eosin (H&E) staining and fibrosis stain-
ing with Masson’s trichrome has been reported previ-
ously (41). For Sirius red, paraffin embedded heart sec-
tions of 3–4 μm thickness were processed with reagents
acquired from Muto Pure Chemicals using previously
reported methods (75).

RT-PCR
Heart tissues were homogenized in Tri-reagent and
RNA was precipitated using isopropanol. RNA pel-
lets were washed with 75% ethanol and then dis-
solved in RNA storage solution. Reverse transcrip-
tion was performed using the Superscript reagent
kit (Invitrogen, 18 080-044) to obtain cDNA. PCR was
performed using Dream Taq DNA polymerase (Thermo
Fisher Scientific EP0701) and customized PCR primers
(Supplementary Material, Table S6), and PCR products
were separated on 5% agarose gels. Images were acquired
using Gel Doc EZ imager (BIO-RAD) and quantified with
ImageJ image processing software.

Two-dimensional echocardiography
Mice were placed on a warm pad to maintain body
temperature and anesthetized with continuous inhala-
tion of 2% isoflurane. Hearts were imaged with Vevo
LAZR-X (Fujifilm, Canada) in the Taiwan Mouse Clinic,
Academia Sinica and Taiwan Animal Consortium. For
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the evaluation of systolic function, B-mode and M-
mode imaging were performed. In B-mode, the volume
of LV at end-diastolic (EDV) and end-systolic (ESV)
and stroke volume (SV, SV = EDV-ESV) were measured
by tracing LV endocardium. EF was calculated using
the following formula: EF (%) = 100 × [SV/EDV]. Data
from M-mode images, including thickness of LV IVS,
LV internal dimension (LVID) and LV posterior wall
(LVPW), were acquired during systole and diastole.
The LV mass in diastole were measured by the cubed
formula: 1.05 × [(IVSd + LVIDd + LVPWd)3 − LVIDd

3]. FS
was calculated based on the following formulas: FS
(%) = 100 × [(LVIDd − LVIDs)/LVIDd]. For the evaluation
of diastolic function, pulse wave Doppler was used for
measuring transvalvular flow-velocity profiles, including
ratio of peak velocity of early to late ventricular filling
(E/A ratio), deceleration time (DT) of early filling E wave
and isovolumic relaxation time (76).

Ambulatory electrocardiography
Under anesthesia using 2% isoflurane inhalation,
the sterile ETA-F10 telemetric transmitter (Data Sci-
ence International, St. Paul, MN, USA) was implanted
intraperitoneally. The ECG leads were immobilized by
6–0 Prolene suture to the pectoral muscle at right
upper chest (negative lead) and peritoneal tissue at left
abdomen (positive lead) in the lead II configuration
subcutaneously for each mouse. After recovery from
surgery, the mice were allowed to move freely in their
cages and the ECG during their daily activities was
recorded by a receiver matrix and analyzed with data
acquisition software.

RNA-seq
Strand-specific paired-end RNA sequencing of Poly-
(A) RNA was performed using the NEBNext Ultra II
Directional Library Prep Kit. Libraries were pooled and
sequenced on an Illumina NextSeq 500 v2 instrument
using 2 × 75 paired end reads. Following sequencing,
BCL files were converted to FASTQ files using base-
mount/0.12.8.1516 and bcl2fastq/2.17.1.14. HISAT2 (77)
was used to map the reads to the reference mouse
genome (mm10) and the output SAM files were converted
to BAM files. Kallisto (78) was used to quantitate gene
expression (transcripts per million, TPM) using NCBI
reference sequences (RefSeq). Differentially expressed
genes were identified by Sleuth (multiple test corrected
P-value < 0.05). Splicing event PSI values were quanti-
tated using MISO (79) and mis-spliced exons determined
by monotonicity |z-score| > 1.96 (6).

Quantitative real-time PC
Hearts were surgically removed and homogenized
in Tri-reagent and 2 μg of total RNA were reverse-
transcribed into cDNA using SuperScript III (Invitrogen,
USA). SYBR Green-based RT-PCR analysis was performed
on the Rotor-Gene Q System (Qiagen, Germany) using
the QuantiTect Primer Assay specific for candidate

genes, while Actb was amplified as an internal con-
trol (Supplementary Material, Table S7). The threshold-
crossing value was determined for each transcript and
normalized to internal control.

Statistics
At least 3 independent heart samples or mice in each
group were enrolled during quantitative tests. Statistical
analyses were using Excel (2019) and R software (version
4.0.0). The results of statistical analysis were shown as
mean ± SD. Statistical tests included 2-tailed Student’s
t-test for comparison between two groups and one-way
ANOVA followed by Tukey’s test for comparison among
multiple groups. A P-value of less than 0.05 was consid-
ered statistically significant.

Study approval
The experimental plans were reviewed and approved
by the Institutional Animal Care and Use Committee
of Chang Gung Memorial Hospital, Keelung Branch (No.
2014020501). All the mouse experiments conformed to
the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scien-
tific purposes and Guide for the Care and Use of Laboratory
Animals (National Academies Press, 2011).

Supplementary Material
Supplementary Material is available at HMG online.
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