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C A R D I O L O G Y

Gene therapy targeting protein trafficking regulator 
MOG1 in mouse models of Brugada syndrome, 
arrhythmias, and mild cardiomyopathy
Gang Yu1,2,3†, Susmita Chakrabarti1,3†, Miroslava Tischenko1,3, Ai-Lan Chen1,4,  
Zhijie Wang1,2,3, Hyosuk Cho1,5, Brent A. French6, Sathyamangla V. Naga Prasad1,3, 
Qiuyun Chen1,3, Qing K. Wang1,2,3,5*

Brugada syndrome (BrS) is a fatal arrhythmia that causes an estimated 4% of all sudden death in high-incidence 
areas. SCN5A encodes cardiac sodium channel NaV1.5 and causes 25 to 30% of BrS cases. Here, we report generation 
of a knock-in (KI) mouse model of BrS (Scn5aG1746R/+). Heterozygous KI mice recapitulated some of the clinical 
features of BrS, including an ST segment abnormality (a prominent J wave) on electrocardiograms and development 
of spontaneous ventricular tachyarrhythmias (VTs), seizures, and sudden death. VTs were caused by shortened 
cardiac action potential duration and late phase 3 early afterdepolarizations associated with reduced sodium 
current density (INa) and increased Kcnd3 and Cacna1c expression. We developed a gene therapy using adeno- 
associated virus serotype 9 (AAV9) vector-mediated MOG1 delivery for up-regulation of MOG1, a chaperone that 
binds to NaV1.5 and traffics it to the cell surface. MOG1 was chosen for gene therapy because the large size of the 
SCN5A coding sequence (6048 base pairs) exceeds the packaging capacity of AAV vectors. AAV9-MOG1 gene therapy 
increased cell surface expression of NaV1.5 and ventricular INa, reversed up-regulation of Kcnd3 and Cacna1c 
expression, normalized cardiac action potential abnormalities, abolished J waves, and blocked VT in Scn5aG1746R/+ 
mice. Gene therapy also rescued the phenotypes of cardiac arrhythmias and contractile dysfunction in heterozygous 
humanized KI mice with SCN5A mutation p.D1275N. Using a small chaperone protein may have broad implications 
for targeting disease-causing genes exceeding the size capacity of AAV vectors.

INTRODUCTION
Cardiac arrhythmias cause 400,000 sudden deaths each year in the 
United States alone (1). Paradoxically, most antiarrhythmic agents 
do not prevent arrhythmias but instead can provoke arrhythmias 
(2). Brugada syndrome (BrS) is a deadly ventricular arrhythmic 
syndrome characterized by ST segment elevation in precordial leads 
on electrocardiograms (ECGs), ventricular tachyarrhythmias (VTs) 
or ventricular fibrillation (VF), syncope, seizures, and sudden death 
(3, 4). BrS causes cardiac sudden death in relatively young, other-
wise healthy, individuals between the ages of 30 and 40 years, 
particularly in Southeast Asians (5). However, available therapies 
for the syndrome are limited. Although implantable cardioverter 
defibrillators (ICDs) are often used, they do not prevent arrhythmias. 
Furthermore, ICDs tend to induce side effects including allergic 
reaction, infection, and inappropriate shocks. Therefore, alternative 
treatments for BrS are greatly needed, and establishing an animal 
model of BrS to test potential therapies is crucial.

Mutations in SCN5A, encoding cardiac sodium channel NaV1.5, 
cause 25 to 30% of BrS cases (6). Using yeast two-hybrid screening, 
we identified a small 20-kDa chaperone protein, MOG1 (Multicopy 
suppressor Of ts Gsp1; also called RANGRF), that binds to NaV1.5 
and further showed that MOG1 promotes the trafficking of NaV1.5 
to the cell surface but does not affect the sodium channel kinetics or 
conductance of single sodium channels (7). MOG1 appears to be a 
specific regulatory protein of Nav1.5 and cardiac sodium current 
(INa) density and does not affect other cardiac ion channels and 
ionic currents (8). In this study, we developed a knock-in (KI) 
mouse model of BrS using a SCN5A mutation identified in multiple 
BrS families (Scn5aG1746R/+). We then tested adeno-associated virus 
serotype 9 (AAV9)– MOG1 gene therapy in the mouse model, 
finding that treatment reversed sodium channel/current defects 
and corrected cardiac electrophysiological abnormalities and clini-
cal features associated with BrS. In heterozygous humanized KI 
mice expressing a different SCN5A mutation (p.D1275N), AAV9-
MOG1 increased cell surface NaV1.5 expression, enhanced INa 
density, and rescued the mild dilated cardiomyopathy (DCM) and 
cardiac arrhythmia. Gene therapy using small chaperone proteins 
could help target disease- causing genes exceeding the size capacity 
of AAV vectors.

RESULTS
Heterozygous Scn5aG1746R/+ mice develop key 
phenotypes of BrS
We generated KI mice with the p.G1746R mutation, which corre-
sponds to the p.G1743R mutation identified in multiple families 
with BrS, by homologous recombination (Fig. 1A). No homozygous 
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Scn5aG1746R/G1746R mice were produced by sister-brother breeding 
of heterozygous Scn5aG1746R/+ KI mice, suggesting that homozygous 
KI mice die during embryogenesis. Embryos at different develop-
mental stages of embryonic day 10.5 (E10.5), E12.5, and E14.5 were 
isolated and genotyped. At E10.5, homozygous (Scn5aG1746R/G1746R) 

embryos appeared smaller and abnormal compared to heterozygous 
and wild-type (WT) embryos (fig. S1, A and B). Dead homozygous 
embryos were identified at E12.5. No homozygous embryos were 
detected at E14.5 (fig. S1B). These data suggest that homozygous 
Scn5aG1746R/G1746R mice die before E12.5 during embryogenesis. We, 

Fig. 1. Development and 
characterization of a murine 
model of BrS (Scn5aG1746R/+ 
mice). (A) Diagram depicting 
the genomic structure of Scn5a 
and the strategy for genera-
tion of Scn5aG1746R/+ KI mice. 
(B) Western blot analysis of 
NaV1.5 expression on the plasma 
membrane of cardiomyocytes 
from WT and Scn5aG1746R/+ mice. 
N-cadherin was used as a load-
ing control. Protein band in-
tensity was quantified, and 
relative NaV1.5 expression over 
N-cadherin was plotted on the 
right (n = 6 mice per group). 
(C) Raw traces of cardiac sodium 
current recorded from ventric-
ular myocytes isolated from 
WT and Scn5aG1746R/+ mice. 
(D) Current-voltage (I-V) rela-
tionship of sodium current in 
cardiomyocytes isolated from 
WT and Scn5aG1746R/+ mice. 
(E) Peak sodium current den-
sity in Scn5aG1746R/+ myocytes 
(n = 33) and WT myocytes (n = 26). 
(F) Activation and inactivation 
curves of cardiac sodium cur-
rent in ventricular myocytes 
from WT and Scn5aG1746R/+ mice. 
(G to I) Representative ECG traces 
from WT and Scn5aG1746R/+ mice 
showing the presence of J point 
elevation, followed by coved- 
type ST segment elevation (G), 
sinus arrest (H), and sponta-
neous VT and/or syncope/
seizure (I) in Scn5aG1746R/+ mice 
but not in WT mice. (J) Com-
parison of ECG parameters 
between WT mice (n = 8) and 
Scn5aG1746R/+ mice (n  = 8). 
(K) Representative action poten-
tial traces from ventricular myo-
cytes from WT and Scn5aG1746R/+ 
mice. (L and M) Action potential 
duration (APD100) (L) and APD90 
(M) in Scn5aG1746R/+ (n = 10) and 
WT (n = 9) ventricular myocytes. 
(N) Representative APD traces 
showing late phase 3 EADs in 
ventricular myocytes from 
Scn5aG1746R/+ mice. t tests were 
used for all comparisons. *P < 0.05, 
**P < 0.01, and ****P < 0.0001. 
ns, not significant. Error bars show SEMs.
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therefore, characterized heterozygous Scn5aG1746R/+ KI mice, which 
are viable and fertile.

Western blot analysis showed that the expression of cardiac 
sodium channel NaV1.5 in the plasma membrane of Scn5aG1746R/+ 
ventricular myocytes was significantly decreased compared to that 
of WT mice (P < 0.05; Fig. 1B). Sodium current densities from 
Scn5aG1746R/+ ventricular myocytes were decreased over a range of 
potentials compared to that from WT myocytes (Fig. 1, C and D). 
The peak sodium current density from Scn5aG1746R/+ ventricular 
myocytes was significantly reduced by about twofold compared to 
that of WT myocytes [−16.02 ± 1.27 pA/pF (n = 26) for WT versus 
−7.68 ± 0.52 pA/pF (n = 33) for Scn5aG1746R/+, P < 0.001; Fig. 1E]. 
However, Scn5a mutation p.G1746R did not affect the steady-state 
activation or inactivation of the sodium channel in Scn5aG1746R/+ 
ventricular myocytes (Fig. 1F and table S1).

The phenotypes of heterozygous Scn5aG1746R/+ KI mice recapitu-
lated some important clinical features of BrS. Continuous recording 
of ECGs for 8 to 12 mice per group of conscious and unrestrained 
Scn5aG1746R/+ KI mice using telemetry monitoring (Fig. 1, G and I) 
revealed that all Scn5aG1746R/+ mice, but not WT mice, showed 
ST segment abnormality as a prominent J wave, a diagnostic ECG 
marker for BrS (Fig. 1G). We also detected spontaneous VT, syncope, 
and seizures in Scn5aG1746R/+ mice but not in their littermate WT 
mice (Fig.  1I, fig. S2, and movie S1). About 75% of VT events 
occurred during daytime (the night time for mice), and 25% of them 
were preceded by bradycardia as in human patients with BrS. More-
over, a higher frequency of sinus arrest occurred in Scn5aG1746R/+ 
mice than that in the WT mice (Fig. 1H), which is consistent with 
reported sinus node dysfunction (SND) in human BrS (9). During a 
12-month study with 29 Scn5aG1746R/+ mice and 29 WT mice, two 
Scn5aG1746R/+ mice died at the age of 8 months and two Scn5aG1746R/+ 
mice died at the age of 11 months, whereas no WT mice died. The 
mortality rate is significantly higher in Scn5aG1746R/+ mice than in 
littermate control mice (P < 0.05; fig. S3). These data suggest that 
the Scn5aG1746R/+ KI mice recapitulate key aspects of human BrS.

However, compared to WT mice, ECG parameters RR (RR interval), 
PR (PR interval), QRS (QRS duration), and QTc (QT interval corrected 
for heart rate) were not significantly different for Scn5aG1746R/+ mice 
(P > 0.05; Fig. 1J). In addition, echocardiography did not detect any 
significant difference in cardiac structure, fractional shortening (FS), 
or ejection fraction (EF) between Scn5aG1746R/+ mice and littermate 
WT mice (P > 0.05; fig. S4 and table S2). These data suggest that Scn5a 
mutation p.G1746R does not cause structural heart abnormalities 
seen in some patients with BrS.

Heterozygous Scn5a+/− knockout (KO) mice with 50% reduction 
of Nav1.5 were characterized extensively for the phenotype of BrS 
(10–12). Prolongation of QRS and induced VT by flecainide were 
reported in Scn5a+/− KO mice; however, the BrS characteristic ST 
segment elevation was not detected in this mouse model. Moreover, 
no spontaneous VT was detected in Scn5a+/− KO mice, whereas 
spontaneous VT was detected in about 25% of Scn5aG1746R/+ KI 
mice. With the induction of flecainide (20 mg/kg of body weight), 
VT was detected in all (six of six) Scn5aG1746R/+ KI mice (fig. S5). 
Therefore, Scn5aG1746R/+ KI mice present with a more severe pheno-
type than Scn5a+/− KO mice.

To identify the mechanism of VT observed in vivo in Scn5aG1746R/+ 
mice, we recorded the cardiac action potentials in isolated ventricu-
lar cardiomyocytes. Representative patterns of the action potential 
duration (APD100) are shown in Fig. 1 (K to N). APD100 and APD90 

(time taken to reach 90% repolarization) of Scn5aG1746R/+ ventricu-
lar myocytes were significantly shorter than that of WT ventricular 
myocytes (P < 0.01 and P < 0.05, respectively; Fig. 1, K to M). In 
addition, 20% of myocytes from Scn5aG1746R/+ KI mice showed late 
phase 3 early afterdepolarizations (EADs), whereas this was not 
detected in the myocytes from WT mice (Fig. 1N). The EADs in 
Scn5aG1746R/+ KI mice developed near the end of APD and right 
before the action potentials reached the baseline. Therefore, we 
classify the EADs from Scn5aG1746R/+ as late phase 3 EADs. These 
data suggest that late phase 3 EADs are the underlying triggering 
mechanism for the initiation of VT associated with BrS.

To identify key factors responsible for late phase 3 EADs, we 
hypothesized that SCN5A mutation p.G1746R induced remodeling 
of expression of other important cardiac ion channels in cardiomyo-
cytes, leading to development of late phase 3 EADs and triggering 
the development of VT. Real-time reverse transcription polymerase 
chain reaction (RT-PCR) analysis using total ventricular RNA 
samples showed that the expression of Kcnd3, encoding the cardiac 
transient outward potassium channel Kv4.3, and Cacna1c, encod-
ing l-type calcium channel CaV1.2, was significantly increased in 
Scn5aG1746R/+ KI mice compared to WT mice (P < 0.05 and P < 0.01, 
respectively; fig. S6). No significant differences were found for genes 
encoding Kir2.1, Kv1.4, Kv1.5, Kv4.2, KChIP2 (potassium channel 
interacting protein 2), or NCX (Na+-Ca2+ exchanger) (P > 0.05; 
fig. S6A). Western blot analysis further showed that the expression 
of Kv4.3 and CaV1.2 protein was also increased (**P < 0.01; fig. 
S6B). The increased expression of Kv4.3 and CaV1.2 may account 
for the development of late phase 3 EADs in Scn5aG1746R/+ KI 
cardiomyocytes.

AAV9-MOG1 gene therapy rescues key phenotypes of BrS 
in Scn5aG1746R/+ mice
The successful development of a mouse model of BrS provides an 
opportunity to test potential therapies. We hypothesized that gene 
therapy could potentially treat BrS, but the large size of the SCN5A 
coding sequence [6048 base pairs (bp)] exceeds the packaging 
capacity of AAV vectors. To overcome this limitation, we developed 
a gene therapy strategy for BrS that would up-regulate a small 
20-kDa protein MOG1, a chaperone protein for NaV1.5 (7). MOG1 
was identified as a Ran-binding protein involved in transport of 
macromolecules into and out of the nucleus (13). MOG1 can bind 
to NaV1.5 and promote the trafficking of cytoplasmic NaV1.5 to the 
cell surface (7, 8), thereby increasing cardiac sodium current density. 
However, overexpression of Ran in human embryonic kidney (HEK) 
293–Nav1.5 cells did not have any significant effect on INa (P > 0.05; 
fig. S7). Similar studies showed that a dominant negative mutant of 
Ran (Ran-T24N) did not have any significant effect on INa either 
(P > 0.05; fig. S7), further supporting that the effect of MOG1 on 
NaV1.5 is due to its role in cell surface trafficking but does not 
involve nucleocytoplasmic transport. To up-regulate MOG1 expres-
sion in the heart, we used AAV9 vectors to target MOG1 to cardio-
myocytes. The MOG1 coding sequence was cloned into a bicistronic 
AAV9 vector that simultaneously expresses MOG1 and EGFP. It 
has been reported that EGFP expression in mice by AAV9 vectors 
peaks between 6 and 8 weeks after injection (14, 15). To determine 
the transduction efficiency of AAV9  in cardiomyocytes, AAV9 
control vectors and AAV9-MOG1 were injected into Scn5aG1746R/+ 
mice through the jugular vein (Fig.  2A). Six to 8 weeks later, 
enhanced green fluorescent protein (EGFP) expression analysis in 
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Fig. 2. AAV9-MOG1 reverses abnormalities of cardiac sodium current density and action potentials in Scn5aG1746R/+ mice. (A) Experimental design of gene therapy. 
(B) Microscopic images of cardiomyocytes isolated from Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors (n = 3 independent biological experiments). 
Green EGFP signal indicates successful transduction of cardiomyocytes by vectors. Scale bars, 50 m. (C) Real-time qRT-PCR analysis of MOG1 mRNA (exogenous 
MOG1 + endogenous Mog1) normalized to Gapdh in the hearts from Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors (n = 3 independent biological 
experiments). (D) Western blot analysis of MOG1 protein in the hearts from Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors. Quantified MOG1 band 
intensity over glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is shown in the bar graph on the right. (E) Western blot analysis of NaV1.5 on the plasma membrane 
of cardiomyocytes isolated from Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors (n = 3 independent biological experiments). Different pairs of 
samples were run on different blots. Quantified NaV1.5 band intensity over N-cadherin is shown in the bar graph on the right. (F) Raw traces of cardiac sodium current 
recorded from the ventricular myocytes isolated from WT mice and Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors. (G) I-V relationship of cardiac 
sodium current in ventricular myocytes isolated from Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 control vectors. (H) Peak sodium current density derived from 
(G) (n = 30 cells for AAV9, n = 26 cells for AAV-MOG1, n = 26 cells for WT, and n = 25 cells for WT + AAV9). (I) Activation and inactivation curves of cardiac sodium current 
from ventricular myocytes. (J) Representative action potential traces from ventricular myocytes from WT mice and Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 
control vectors. (K and L) Action potential duration (APD100) (K) and APD90 (L) of ventricular myocytes from WT mice (n = 9) and Scn5aG1746R/+ mice injected with AAV9-MOG1 
(n = 8) or AAV9 control vectors (n = 11). (M) Late phase 3 EADs occurring in ventricular myocytes from Scn5aG1746R/+ mice injected with AAV9 control vectors. t tests were 
used for (B) to (E); one-way ANOVA with Dunnett’s multiple comparisons tests were used for (H), (K), and (L) to determine statistical significance. *P < 0.05, **P < 0.01, and 
***P < 0.001. Error bars show SEMs.
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isolated cardiomyocytes showed that more than 90% of cells were 
successfully transduced by AAV9-MOG1 or negative control AAV9 
vectors (Fig. 2B). Real-time quantitative RT-PCR (qRT-PCR) analysis 
of mRNAs extracted from the hearts showed a significant increase 
of MOG1 mRNA in Scn5aG1746R/+ mice injected with AAV9-MOG1 
than in mice injected with AAV9 control vectors (P < 0.01; Fig. 2C). 
Western blot analysis showed a significant increase in MOG1 
protein in the hearts of the Scn5aG1746R/+ mice injected with AAV9-
MOG1 than the mice injected with AAV9 control vectors (P < 0.001; 
Fig. 2D). These data show that MOG1 has been up-regulated in 
mouse hearts using the AAV9 viral delivery system.

We then determined the effects of MOG1 up-regulation by 
AAV9-MOG1 on the expression of NaV1.5. Western blot analysis 
showed a significant increase in expression of NaV1.5 on plasma 
membranes isolated from ventricular myocytes of Scn5aG1746R/+ mice 
injected with AAV9-MOG1 as compared to that from the mice 
injected with AAV9 control vectors (P < 0.05; Fig. 2E). Patch-clamp 
analysis showed a significant increase in the cardiac sodium current 
densities over a range of potentials in ventricular myocytes isolated 
from Scn5aG1746R/+ mice injected with AAV9-MOG1 compared 
with myocytes from mice injected with AAV9 control vectors 
(P < 0.001; Fig. 2, F to H); however, no difference was identified for 
steady-state activation and inactivation of cardiac sodium current 
(P > 0.05; Fig. 2I and table S1). Up-regulation of MOG1 by AAV9-
MOG1 restored the shortened APD in Scn5aG1746R/+ myocytes 
(Fig. 2, J to L). Late phase 3 EADs were detected in ventricular 
myocytes from Scn5aG1746R/+ mice injected with AAV9 control vectors 
(Fig.  2M) but never in mice receiving AAV-MOG1. Moreover, 
AAV9-MOG1 significantly decreased expression of Kcnd3 and 
Cacna1c in Scn5aG1746R/+ KI mice (P < 0.01; fig. S6). The elimination 
of late phase EADs was associated with successful treatment of BrS 
in Scn5aG1746R/+ mice: Telemetry ECG recordings showed that 
Scn5aG1746R/+ mice injected with AAV9 control vectors continued 
to show periodic J waves (Fig. 3A), sinus arrest (Fig. 3B), and spon-
taneous VT (Fig. 3C, fig. S2B, and movie S2), which were abolished 
in Scn5aG1746R/+ mice injected with AAV9-MOG1. No difference 
was detected for RR, PR, QRS, and QTc between Scn5aG1746R/+ mice 
injected with AAV9-MOG1 versus those injected with control 
vector (Fig.  3D). These data demonstrate that gene therapy with 
AAV9-MOG1 successfully reverses electrocardiographic abnormali-
ties associated with BrS in a murine model.

AAV9-MOG1 gene therapy rescues SND, CCD, and cardiac 
contractile dysfunction in SCN5A-D1275N KI mice
Previously, we have demonstrated in tsA201 cells that MOG1 can 
rescue altered Nav1.5 trafficking associated with Nav1.5 mutations, 
including p.D1275N (8). The p.D1275N mutation (Fig. 4A) is asso-
ciated with cardiac phenotypes including DCM, cardiac conduction 
disease (CCD), sick sinus syndrome (SSS), SND, and others (16–20). 
To test the applicability AAV9-MOG1 to other sodium channelop-
athies, we evaluated its potency in a humanized murine line with 
heterozygous KI of the p.D1275N mutation in SCN5A (H/DN), 
which mimics the heterozygous mutation state in human patients. 
Although we have demonstrated that increased MOG1 expression 
reversed the reduced INa density abnormality associated with the 
p.D1275N mutation in HEK293/SCN5A cells (8), the disease-related 
clinical phenotypes such as DCM and cardiac arrhythmias could 
not be evaluated in cells. Here, we administered AAV9-MOG1 
(at an empirically determined dose of 4.13 × 1012 viral particles 

per  animal) or control vectors to age-matched heterozygous 
SCN5A-D1275N KI (H/DN) male and female mice via jugular vein 
injection (Fig. 4B). The transduction efficiency (the ratio of EGFP- 
positive to total ventricular myocytes) was >70% for 6 to 12 weeks 
after injection (fig. S8A). Real time qRT-PCR analysis showed that, 
compared with a negative control AAV9 vector, AAV9-MOG1 sig-
nificantly up-regulated the expression of exogenous human MOG1 
mRNA (P < 0.05; Fig. 4C) without affecting endogenous mouse 
Mog1 mRNA (fig. S8B) or human SCN5A mRNA (fig. S8C) in 
mouse hearts. This finding was further validated by Western blot 
analysis of MOG1 (fig. S8D).

To determine the effects of AAV9-MOG1 on the sodium current, 
a whole-cell voltage-patch-clamping study was performed on 
ventricular cardiomyocytes isolated from mice that received AAV9 
injection. AAV9-MOG1 led to a significant increase in cardiac sodium 
current density, to that of WT (H/H) mice, as compared with AAV9 
negative control vector (P < 0.05; Fig. 4, D to F). The peak sodium 
current density from AAV9-MOG1–injected mice was increased by 
40% (−15.81 ± 1.42 pA/pF, n = 32) compared to that from AAV9 
vector control injected mice (−11.33 ± 1.18 pA/pF, n = 26, P = 0.022; 
table S3). Overexpression of MOG1 by AAV9-MOG1 did not 
significantly change the steady-state activation or inactivation of 
cardiac sodium current compared with the AAV9 vector control 
(P > 0.05; Fig. 4G and table S3). Western blot, immunostaining, and 
qRT-PCR analyses showed that AAV9-MOG1 gene therapy did not 
affect the mRNA or total protein expression of NaV1.5 (fig. S8, C 
and E); however, it significantly increased the cell surface expression 
of NaV1.5  in cardiomyocytes (P < 0.05; Fig. 4H). Thus, AAV9-
MOG1 gene therapy increased the cardiac INa density by enhancing 
the NaV1.5 expression on the plasma membranes. Among the two 
different pools of NaV1.5 reported in cardiomyocytes (21), AAV-
MOG1 gene therapy increased sodium channels preferably at the 
intercalated discs (fig. S8F), which correlates with the finding that 
MOG1 was localized in the same region (Fig. 4C).

The p.D1275N mutation of SCN5A is associated with DCM in 
humans (22). A DCM phenotype was also reported in D1275N KI 
mice: These mice developed end-diastolic and end-systolic left 
ventricular (LV) dilation and showed reduction in FS and EF (20). 
Using two-dimensional guided M-mode echocardiography, we as-
sessed the effect of AAV9-MOG1 on DCM-related phenotype in 
age-matched H/DN mice after AAV9 injection. H/DN KI mice 
showed significantly lower FS and EF compared to that for H/H 
(WT) mice (P < 0.0001; table S4). AAV9-MOG1 gene therapy fully 
restored cardiac contractile function to that in the WT mice (P < 0.05; 
Fig.  4,  I  to K; fig. S9; and table S4). These data suggest that 
AAV9-MOG1 gene therapy is effective in treating mild DCM in a 
murine model.

Watanabe et al. (20) did not detect any difference in LV end- 
diastolic diameter (LVEDD) between H/DN mice and H/H mice, al-
though a small increase in LV end-systolic diameter (LVESD) was 
detected between the two groups of mice. Similarly, we did not de-
tect any difference in LVEDD between H/DN mice and H/H mice 
(3.61 versus 3.64 mm, P > 0.05; table S4). There was no difference 
in LVESD among H/DN mice, H/H mice, and H/DN mice treated 
with AAV9-MOG1 (2.84 mm versus 2.59 mm versus 2.56 mm, re-
spectively; table S4). A small but significant dilation of the anterior 
wall detected at systole (AW, s) in H/DN mice treated with AAV9 
control vectors compared with H/H mice (0.62 mm versus 0.85 mm) 
was rescued by AAV9-MOG1 (0.78 mm; P < 0.001 compared to 
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Fig. 3. AAV9-MOG1 gene therapy normalizes abnormal ECGs and inhibits VT in Scn5aG1746R/+ mice. (A to C) Representative ECG traces from Scn5aG1746R/+ mice injected 
with AAV9-MOG1 or AAV9 control vectors. Scn5aG1746R/+ mice injected with AAV9-MOG1 were free from J waves (A), sinus arrest (B) (quantified on right), and spontaneous 
VT (C), which continued to occur in Scn5aG1746R/+ mice injected with AAV9 control vectors. (D) ECG parameters of Scn5aG1746R/+ mice injected with AAV9-MOG1 or AAV9 
control vectors (n = 8 mice per group). t tests were used for all comparisons. *P < 0.05. Error bars show SEMs.
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Fig. 4. AAV9-MOG1 in H/DN KI mice 
increases membrane expression of 
NaV1.5 and peak sodium current 
density and attenuates cardiac ar-
rhythmia and cardiomyopathy phe-
notype. (A) Schematic diagram of the 
membrane topology of NaV1.5 and the 
location of the p.D1275N mutation. 
(B) Schematic diagram of the experi-
mental design. (C) MOG1 expression 
after transduction with AAV9-MOG1 
(MOG1) vectors in comparison with 
control AAV9-GFP vectors. Left: Real- 
time RT-PCR analysis showing the rela-
tive mRNA expression of exogenous 
human MOG1 (MOG1) in the heart 
(n = 3 independent biological experi-
ments). Right: Immunostaining of MOG1 
protein (red) in adult ventricular myo-
cytes from H/DN KI mice injected with 
AAV9 control vectors (control) or AAV9-
MOG1 (MOG1). Scale bars, 10 m. (D to 
G) Electrophysiological analysis of 
ventricular myocytes isolated from H/
DN mice injected with AAV9 control 
vectors (control) or AAV9-MOG1 (MOG1) 
or cells from H/H (WT) mice. (D) Raw 
traces of sodium current (INa). (E) I-V 
relationship. (F) Peak sodium current 
density with current amplitudes nor-
malized to cell capacitance (pA/pF; 
n = 26 cells for control, n = 32 cells for 
MOG1, and n = 30 cells for WT). (G) 
Steady-state activation and inactiva-
tion of sodium channels. The current 
protocols are depicted in the inset. 
(H) Western blot analysis of NaV1.5 in 
membrane fractions normalized to 
Na-K-ATPase (adenosine triphosphatase; 
loading control; n = 3 independent 
biological experiments). Quantifica-
tion is below. (I) Representative two- 
dimensional guided M-mode recordings 
from three different groups of mice: H/
DN mice transduced with AAV9 control 
vectors (control) or AAV9-MOG1 (MOG1) 
and H/H mice (WT). Larger images 
appear in fig. S10. (J and K) Echo-
cardiographic parameters of the mice. 
Fractional shortening (FS %) (J) and 
ejection fraction (EF %) (K) from the 
respective groups of mice (n = 13 for 
control, n = 22 for MOG1, and n = 18 
for WT). (L) Representative telemetry 
ECG traces from three groups of mice: 
H/DN mice injected with AAV9 control 
vectors (control) or AAV-MOG1 vectors 
(MOG1) and H/H mice (WT). (M) Typical examples of cardiac arrhythmias recorded in H/DN mice. (N to P) Incidences of sinus pause (N), second-degree heart block (O), and 
combined arrhythmic events (P) occurring over 3 hours in H/DN mice injected with AAV9 control vectors (control) or AAV-MOG1 vectors (MOG1). t tests were used for (C) 
and (N) to (P), and one-way ANOVA with Dunnett’s multiple comparisons tests were used for (F), (H), (J), and (K) to determine statistical significance. *P < 0.05, **P < 0.01, 
and ****P < 0.0001. Error bars show SEMs.
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H/H; table S4). Moreover, AAV9-MOG1 gene therapy increased 
cardiac output of the H/DN animals to that in the H/H mice 
(9.33 ml/min versus 12.21 ml/min, P = 0.0436; H/DN versus H/DN 
AAV9-MOG1; H/H 12.90 ml/min, P > 0.05 versus H/DN AAV9-
MOG1; table S4). Compared with H/DN mice treated with control 
AAV9-GFP vectors (24.55 l), AAV9-MOG1 vectors significantly 
increased the SV of H/DN animals to 31.42 l (P = 0.0133), which 
was comparable to the SV of WT H/H mice (31.45 l; P > 0.99; 
table S4). These data indicate that MOG1 gene therapy successfully 
rescued the mild cardiomyopathy phenotype of H/DN mice.

The SCN5A mutation p.D1275N is associated with CCD and 
SND (20). ECGs were recorded in unrestrained age-matched H/DN 
mice after vector injection using a telemetry ECG-monitoring 
system (Fig. 4L). Telemetry ECG recordings detected frequent sinus 
pauses and second-degree heart blocks in heterozygous H/DN KI 
mice (Fig. 4M). We measured the number of events of sinus pauses, 
second-degree heart blocks, and combined arrhythmic events for 
3 hours for each animal to calculate the frequency events and found 
that they were significantly reduced in H/DN KI mice injected with 
AAV-MOG1 compared with mice injected with the AAV9 vector 
control (P < 0.05; Fig. 4, N to P). Telemetry ECG recordings did not 
detect VT or VF in heterozygous H/DN KI mice. Therefore, the 
effect of AAV9-MOG1 gene therapy on the frequencies of VT and 
VF could not be analyzed for H/DN mice. However, telemetry ECG 
recordings detected differences in HR (heart rate), P-wave duration, 
PR interval, and QTc between WT H/H mice and heterozygous H/
DN mice injected with AAV9 (fig. S10, A to E).

We also evaluated the effects of AAV9-MOG1 in homozygous 
DN/DN mice, which show a more severe phenotype than heterozygous 
H/DN mice (although homozygous p.D1275N mutation carriers 
have not been reported in human patients to date). The cardiomyocytes 
isolated from homozygous DN/DN mice treated with AAV9-
MOG1 showed significant overexpression of the MOG1 protein 
(P < 0.05; fig. S11A), which was associated with clearly increased 
cell surface expression of NaV1.5 (fig. S11B). AAV9-MOG1 gene 
therapy also increased EF and FS in DN/DN KI mice (P < 0.005; fig. 
S11, C to E, and table S5). Representative ECGs are shown in fig. 
S11F. Spontaneous VTs were observed only in homozygous DN/
DN KI mice (20), but no therapeutic effect was observed for AAV9-
MOG1 on VT phenotype (fig. S11, G to I). AAV9-MOG1 gene therapy 
significantly shortened the P-wave duration (P < 0.001) but did not 
affect other ECG parameters (fig. S11, J to N).

MOG1 restores cardiac sodium current densities in human 
induced pluripotent stem cell–derived cardiomyocytes
To determine whether MOG1 overexpression can reverse the 
abnormal effect of SCN5A mutations p.G1743R and p.D1275N on 
sodium current in human cardiomyocytes, induced pluripotent 
stem cell (iPSC)–derived cardiomyocytes (hiCMs) were cotransfected 
with an expression plasmid of WT or mutant SCN5A of either 
p.G1743R or p.D1275N together with the MOG1 expression plasmid 
and used for recordings of INa (Fig.  5). The density of INa in our 
hiCMs is within the range of reported data from human ventricular 
myocytes and hiCMs. The density of INa is −49.0 pA/pF for human 
ventricular myocytes (23) and −12.2 to −272.2 pA/pF for hiCMs 
(24, 25). In our study, the sodium current density was −92.50 pA/pF 
in hiCMs. The half-activation voltage (V1/2) of sodium channel 
was −51.0 mV for human ventricular myocytes (23), −34.1 mV for 
hiCMs (25), and −47.57 mV in our study. Patch-clamp analysis 

showed that functional sodium channels were expressed in hiCMs, 
and overexpression of MOG1 significantly increased the density of 
cardiac sodium current in human myocytes with p.G1743R mutant 
NaV1.5 to that of hiCMs with WT NaV1.5 [P < 0.001; compare 
G1743R  +  MOG1 and WT-NaV1.5  +  vector in Fig.  5  (A  to  C)]. 
However, no significant difference was identified for steady-state 
activation and inactivation of sodium current (P > 0.05; Fig. 5D 
and table S6). These data indicate that MOG1 overexpression re-
stores the abnormalities of the cardiac sodium current densities 
in hiCMs transfected with a mutant SCN5A-G1743R plasmid. 
Similarly, overexpression of MOG1 significantly increased the 
INa density in hiCMs with p.D1275N mutant NaV1.5 channels to 
the similar INa density in the hiCMs with WT NaV1.5 channels 
(P < 0.05; Fig. 5, E to G) but did not affect the steady-state activa-
tion or inactivation of the sodium channels (P > 0.05; Fig. 5H and 
table S6). Thus, MOG1 overexpression is effective in reversing the 
cellular abnormalities associated with NaV1.5 mutation p.D1275N 
in human cardiomyocytes. These data from hiCMs suggest that 
AAV9-MOG1 gene therapy may have therapeutic potential for 
human patients.

DISCUSSION
In this study, we developed a mouse model of BrS and showed that 
Scn5aG1746R/+ mice recapitulate some of the major clinical features 
of BrS, including an ECG pattern of periodic and spontaneous ST 
segment elevation (J waves) and spontaneous VT/syncope. The BrS 
model was used to demonstrate the successful reversal of cellular 
and cardiac functional abnormalities associated with BrS by gene 
therapy using AAV9-MOG1, which promotes the trafficking of 
cytoplasmic WT NaV1.5 to the plasma membrane. Treatment rescued 
sodium current densities in ventricular myocytes and reversed the 
shortened APD and late phase 3 EADs and increased expression 
of Kcnd3 and Cacna1c that Scn5a mutation p.G1746R induced in 
mice. Our study revealed a link between a BrS mutation and late 
phase 3 EADs in mice, which may act as a trigger for initiation of 
VT in the BrS model. Moreover, using a heterozygous, humanized 
SCN5A D1275N KI mouse model, we demonstrated that AAV9-
MOG1 gene therapy is effective in attenuating disease phenotypes 
of cardiac contractile dysfunction by increasing the FS and EF, CCD 
by reducing the incidence of heart block, and SND by reducing the 
incidence of sinus pause and sinus arrhythmias. Last, we showed 
that the AAV-MOG1 gene therapy reversed the sodium current 
density abnormalities in hiCMs with either p.G1743R or p.D1275N 
mutation of SCN5A. Similar gene therapy strategies were reported 
for other cardiovascular diseases (26–30). However, what distinguishes 
AAV-MOG1 gene therapy for BrS is that the disease-causing gene 
SCN5A for BrS cannot be used as the direct target gene because of 
its large size, and instead, a small 20-kDa regulator for protein 
trafficking to cell surface was used and shown to be highly effective 
in treatment of VT and BrS. Overall, our strategy of targeting a 
small chaperone protein regulating protein trafficking may be used 
to treat sodium channelopathies with defective protein trafficking. 
The strategy could be applied to gene therapies targeting human 
diseases with disease-causing genes that exceed the capacity to be 
loaded into AAV vectors.

Triggered activity is considered to be responsible for the initia-
tion of VT in multiple settings. The triggered activity for VT and VF 
in BrS may arise from EADs or DADs (delayed afterdepolarizations). 
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EADs can be divided into phase 2 EADs that occur early during 
repolarization and phase 3 EADs that occurr late during repolariza-
tion (31, 32). EADs are often associated with APD prolongation (32). 
For example, we and others found prolonged action potential dura-
tion, which was associated with phase 2 EADs in mouse models for 
type 3 long QT syndrome (LQTS) with SCN5A mutations N1325S, 
1798insD, and KPQ (deletion of lysine, proline and glutamine at amino 
acid positions 1505–1507) (33–35). DADs develop after full repolar-
ization and at phase 4 of action potential duration and are often 
associated with intracellular calcium overload (32) as observed in 

RyR2R4496C+/− myocytes (36). Detection of late phase 3 EADs in 
Scn5aG1746R/+ mice is, therefore, particularly interesting in several 
aspects. First, Qu et al. (31) noted that late phase EADs were only 
recorded from intact tissue, not from isolated ventricular myocytes. 
In this study, we were able to successfully detect late phase 3 EADs 
from isolated ventricular myocytes from Scn5aG1746R/+ mice with 
shortened APD. Consistent with our data, Tang et al. (37) and 
Maruyama et al. (38) observed the association of late phase 3 EADs 
with shortened APD in Langendorff-perfused normal rabbit hearts. 
Second, we found that the late phase 3 EADs were associated with 

Fig. 5. Effect of MOG1 overexpression on cardiac sodium current density in hiCMs. (A to D) Effect of MOG1 overexpression on cardiac sodium current density in 
human hiCMs transfected with Nav1.5 p.G1743R mutation. (A) Raw traces of cardiac sodium current recorded from hiCMs without transfection (NC), hiCMs cotransfected 
with a mutant NaV1.5 p.G1743R and either a pcDNA3.1 empty vector (G1743R +vector) or a MOG1 expression plasmid (G1743R + MOG1), and WT NaV1.5 together with a 
pcDNA3.1 empty vector (WT-Nav1.5). (B) I-V relationship of sodium channels for hiCMs as described in (A). (C) Peak sodium current density from hiCMs with current 
amplitudes normalized to cell capacitance (pA/pF) (n = 21 cells for NC, n = 24 cells for G1743R + vector, n = 22 cells for G1743R + MOG1, and n = 21 cells for WT-NaV1.5). 
(D) Effects of MOG1 overexpression on the steady-state activation and inactivation. (E to H) Effect of MOG1 overexpression on cardiac sodium current density in hiCMs trans-
fected with Nav1.5 p.D1275N mutation. (E) Raw traces of cardiac sodium current recorded from hiCMs without transfection (NC), hiCMs cotransfected with a mutant 
NaV1.5 p.D1275N and either a pcDNA3.1 empty vector (D1275N + vector) or a MOG1 expression plasmid (D1275N + MOG1), and WT NaV1.5 together with a pcDNA3.1 
empty vector (WT-Nav1.5). (F) I-V relationship of sodium channels for hiCMs as described in (E). (G) Peak sodium current density from hiCMs with current amplitudes 
normalized to cell capacitance (pA/pF) (n = 21 cells for NC, n = 23 cells for D1275N + vector, n = 19 cells for D1275N + MOG1, and n = 21 cells for WT-NaV1.5). (H) Effects of 
MOG1 overexpression on the steady-state activation and inactivation. The current protocols are depicted in the inset. One-way ANOVA with Dunnett’s multiple comparisons 
tests were used for (C) and (G). *P < 0.05 and ***P < 0.001. Error bars show SEMs.
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shortened APD in ventricular myocytes, which are distinctly differ-
ent from phase 2 EADs associated with prolonged action potential 
duration. Third, the late phase 3 EADs were associated with BrS.

The molecular mechanism for late phase 3 EADs detected in 
Scn5aG1746R/+ KI cardiomyocytes is not clear. Our data suggest that 
reduced INa current is one important cause of late phase 3 EADs 
because overexpressing MOG1 not only rescued the defect of reduced 
INa but also abolished late phase 3 EADs from Scn5aG1746R/+ KI 
cardiomyocytes. Moreover, we showed that the expression of Kcnd3 
(Kv4.3) and Cacna1c (CaV1.2) was increased in Scn5aG1746R/+ KI 
mice compared to WT mice; however, the effects were reversed by 
AAV9-MOG1 gene therapy. The increased expression of Kv4.3 is 
predicted to shorten the APD in Scn5aG1746R/+ ventricular myocytes, 
whereas the increased expression of CaV1.2 is predicted to alter cal-
cium homeostasis in cardiomyocytes. The combination of reduced 
INa current, APD shortening, and altered calcium homeostasis 
may trigger the development of late phase 3 EADs and VT/VF, as 
suggested by Tang et al. (37) and Maruyama et al. (38). It is likely 
that expression remodeling of other ion channels, ion channel reg-
ulators, and non-ion channels is also involved in generating late 
phase 3 EADs in Scn5aG1746R/+ KI cardiomyocytes, and future global 
expression studies such as RNA sequencing and other omics tech-
niques may be used to identify these factors.

The molecular mechanism by which SCN5A mutation p.G1746R 
causes up-regulation of Kv4.3 and CaV1.2 is not clear. However, 
mutation p.G1743R reduces the number of Nav1.5 molecules on cell 
surface and decreases the density of cardiac sodium current, which 
may increase or decrease other components of the cardiac action 
potential and alter the expression of genes to compensate. It is well 
known that in the heart or cardiomyocytes, SCN5A mutations alter 
the expression of many genes. For example, in transgenic mice with 
overexpression of SCN5A mutation p.N1325S, global gene expres-
sion profiling revealed that many genes, including transcription 
factor STAT1 (39), showed differential expression, and a candidate 
approach showed that expression of Cav1.2, RYR2, and NCX was 
increased (40). In Scn5a+/− mice, some ion channel genes showed 
altered expression patterns, including up-regulation of Cav3.2 and 
KCNE1 (11). Future studies are needed to identify the underlying 
molecular mechanisms.

To date, the only effective therapies available for patients with 
BrS, CCD, SND, VT, and DCM with loss-of-function (LOF) muta-
tions in SCN5A are implantation of pacemakers and ICDs (41, 42). 
However, cardiac devices cannot eliminate the underlying causes of 
arrhythmias and often pose risks of inappropriate shocks, secondary 
rhythm disturbances, and device malfunction (43–45). Considering 
these limitations, gene therapy offers an attractive alternative with 
potential to revert and cure cardiac abnormalities. AAV vectors 
appear to be nonpathogenic vehicles for gene therapy, driving the 
targeted and sustained expression of therapeutic transgenes. How-
ever, the coding region of SCN5A is 6048 bp (>4.7 kb) (46), making 
it a challenging transgene for AAV9-based gene therapy. Therefore, 
our AAV9 gene therapy with the small MOG1 transgene appears to 
be an innovative and attractive strategy to enhance the cell mem-
brane expression of NaV1.5. MOG1 affects cell surface trafficking of 
NaV1.5 only and does not modify sodium channel kinetics (7, 8). 
This is a distinct advantage from a therapeutic perspective because 
MOG1 would be functionally inert in the context of channel kinetics 
and function. Moreover, the trafficking or subcellular localization 
of proteins after translation is essential for the normal function of 

eukaryotic cells. Mutations leading to protein trafficking defects 
have severe functional consequences and are the underlying causes 
of numerous inherited human diseases (47). Similarly, plasma 
membrane trafficking of NaV1.5 is a key dynamic step regulating 
its function. Many disease-causing mutations in NaV1.5 cause 
trafficking defects and result in loss of sodium channel function 
(48). Besides, MOG1 showed some specificity as a regulator of 
NaV1.5 and INa and does not affect other cardiac ionic currents such 
as calcium current ICa.L and potassium current ITo (8). Therefore, 
the protein trafficking–based gene therapy demonstrated in this 
study offers an attractive and broad therapeutic strategy to treat 
human diseases using critical protein trafficking regulators.

Recently, we found that in zebrafish, Mog1 KO caused cardiac 
hypertrophy and heart failure through tbx5-cryab/hspb2, and the 
cardiac hypertrophy phenotype was rescued by overexpression of 
cryab, hspb2, and tbx5 (49). Therefore, it is possible that effective 
restoration of cardiac contractile function in H/DN KI mice may be 
related to the role of Mog1 in cardiac hypertrophy and heart failure, 
although this was not tested in this study. Future studies can test 
whether AAV9-MOG1 gene therapy may be beneficial to cardiac 
hypertrophy and heart failure. Moreover, we found that injection of 
AAV9-MOG1 vectors did not induce any cardiac arrhythmias or 
affect ECG parameters in WT mice (fig. S12). However, much more 
detailed studies are needed to assess whether AAV9-MOG1 vectors 
may have some adverse effects before AAV9-MOG1 gene therapy is 
tested in human patients.

The p.G1743R mutation of SCN5A was identified in seven fami-
lies (50–53). In 2013, we received a call from a woman who witnessed 
that her husband sat down in his chair in the living room and died 
suddenly at the age of 46. Her 41-year-old sister-in-law had a VT 
attack over the next Christmas, went to the emergency room, was 
diagnosed with BrS, and had an ICD implanted. Familion DNA 
tests identified the p.G1743R mutation in SCN5A, the gene that 
encodes the cardiac sodium channel NaV1.5. Unfortunately, the 
caller’s 20-year-old son was also found to carry the mutation. In 
addition to this family, the p.G1743R mutation of SCN5A was also 
identified in a 14-year-old Caucasian male with BrS and VT and 
two mutation carriers in the same family (50), one large three- 
generation family with two diagnosed patients with BrS, seven 
carriers, and one patient with recurrent syncope and sudden death 
in Spain (51); one Spanish family with one patient with BrS and one 
carrier (51); one patient with sporadic BrS in Spain (51); one patient 
with sporadic BrS with VT and VF in Japan (52); and one more 
Spanish patient with BrS (53). The p.D1275N mutation is also a 
recurrent mutation identified in many patients in seven families 
affected with a variety of cardiac phenotypes, including DCM, CCD, 
SSS, atrial standstill, atrial fibrillation (AF), and other abnormalities 
(16–20, 54), and 2 of 30 Korean patients with sporadic SSS (55). The 
p.D1275N mutation was initially identified in a 44-member Dutch 
family with nine mutation carriers (three patients with pacemakers 
implanted) and, subsequently, in one large four-generation European 
family with 10 carriers (7 patients with pacemakers implanted), one 
U.S. family with 26 carriers (10 patients with pacemakers implanted), 
a large 44-member Finnish family with eight mutation carriers 
(6 patients with pacemakers implanted), another U.S. family with 
three carriers (1 patient with an ICD implanted), a Japanese family 
with four carriers (3 patients with pacemakers implanted), and one 
French family with four carriers (16–20, 54). Therefore, both p.G1743R 
and p.D1275N are recurrent mutations in SCN5A, and many patients 
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and families may benefit from the MOG1 gene therapy strategy if 
proven effective in clinical trials.

Scn5aG1746R/+ mice recapitulate major clinical features of BrS, 
including an ECG pattern of periodic and spontaneous ST segment 
elevation (J waves) and spontaneous VT and syncope. However, the 
limitations of Scn5aG1746R/+ KI mice as a model for BrS in humans 
should be noted. First, careful comparison between ECGs from 
Scn5aG1746R/+ KI mice versus WT mice consistently detected an 
interesting abnormality between the S wave and the T wave, including 
the “spike” and the elevation of the ST region (J wave). Because the 
J wave or spike and the elevated region occur between the S wave 
and the T wave and the abnormal ECG pattern is caused by a 
human SCN5A mutation detected in many BrS patients, we called it 
“ST segment elevation.” However, the differences of shape and 
patterns of ECGs between mice and humans are well known. The 
ST segment in humans can be easily recognized, whereas for mouse 
ECGs, there is no obvious ST segment between the S wave and the 
T wave because the T wave follows the S wave without a gap. There-
fore, further studies are needed to determine the relationship 
between the ST segment abnormality from Scn5aG1746R/+ KI mice and 
the ST segment elevation or other conduction defects such as right 
bundle branch block from human BrS patients. Although widening 
of QRS complex has been described in Scn5a+/− KO mice, the spike 
and the elevated region was not identified in Scn5a+/− KO ECG 
(10–12). Because the majority of Scn5a+/-KO mice presented mild 
widening of QRS complex, further study with a larger number of 
Scn5aG1746R/+ KI mice will be needed to determine whether QRS 
complex widening also occurs in Scn5aG1746R/+ KI mice. Second, 
the interesting ECG pattern of ST segment elevation (J wave) in 
Scn5aG1746R/+ KI mice was detected using telemetry ECG recording 
(lead II configuration), whereas ST segment elevation in human 
patients with BrS is usually detected in the V1-V2 leads of ECGs. 
The underlying cause of the difference, i.e., lead II versus V1-V3, is 
unknown; however, it may be due to the differences of the sizes of 
the hearts, APD, and ECGs between mice and humans. On the other 
hand, the J-wave type of ST segment elevation as detected in our 
Scn5aG1746R/+ KI mice can be observed in inferior leads II, III, and 
avF or lateral leads (V4, V5, and V6) from human patients with 
J-wave syndrome, which shares features and causative genes such as 
SCN5A with BrS. It may be interesting to further characterize the 
ECGs from patients with the G1743R mutation to determine whether 
they show an ECG pattern of J-wave syndrome. Third, because the 
mouse heart is much smaller than a human heart, the spontaneous 
VT detected in Scn5aG1746R/+ KI mice may be different from VT 
developed in patients with BrS. Similar to human patients with BrS, 
75% of VT events from Scn5aG1746R/+ KI mice occurred during the 
night time for mice, and 25% of them were preceded by bradycardia. 
Patients with BrS show arrhythmias that originate mainly from the 
epicardial surface of the right ventricular outflow tract (RVOT) (56), 
although Coronel et al. (57) reported that arrhythmias appeared to 
originate from the endocardium of RVOT in a patient with BrS with 
SCN5A mutation p.G1935S. The specific characteristics of VT from 
patients with p.G1743R are unknown; however, it is technically 
challenging to define whether the origin of the VT in Scn5aG1746R/+ 
KI mice is the epicardium or endocardium of RVOT. Future studies 
with KI of the p.G1746R mutation in much larger animals may 
provide a better tool to define the details of VT/VF associated with 
the mutation. Fourth, the unique ECG phenotype of ST segment 
elevation (i.e., a prominent J wave) occurred in all Scn5aG1746R/+ KI 

mice, whereas only occasionally in DN/DN mice, and was absent in 
other animals with reduced INa current, such as the Scn5a+/−KO 
mice (10–12) and KI pigs with SCN5A mutation p.E558X (58). 
However, because rescuing the defect of reduced INa, by overexpressing 
MOG1, abolished the ECG phenotype of J waves in Scn5aG1746R/+ KI 
mice, the reduced INa current is one but not the only cause of ST 
segment elevation.

Our studies showed that the expression of Kcnd3 was signifi-
cantly increased in Scn5aG1746R/+ KI ventricles compared with WT 
ventricles (P < 0.01), and the effect was abolished by MOG1 over-
expression. However, Kcnd3 expression was down-regulated in 
Scn5a+/− KO mice (59). Kcnd3 is responsible for generating ITo 
potassium current, which was shown to be a key ionic current involved 
in the development of ST segment elevation in BrS (60). Therefore, 
the combination of reduced INa current and increased Kcnd3 ex-
pression may be the key for the ECG phenotype of ST segment 
elevation (i.e., a prominent J wave) detected in Scn5aG1746R/+ KI mice. 
The reduced expression of Kcnd3 may antagonize the effect of 
reduced INa current, which may explain the lack of ST segment 
elevation in Scn5a+/− KO mice. Furthermore, SCN5A variant p.G1746R 
is a missense mutation and may act by a dominant negative mecha-
nism as reported by Clatot et al. (61) for mutation p.L325R or 
cause other unidentified functional effects, which may explain why 
Scn5aG1746R/+ KI mice showed ST segment elevation and sponta-
neous VT, but no such phenotypes were detected in Scn5a+/− KO 
mice (10–12). Last, different from Scn5a+/− mice with conduction 
defects such as increased PR intervals (but indistinguishable QRS 
and QT intervals), no difference was detected for PR and QRS be-
tween Scn5aG1746R/+ KI mice and WT mice. It remains an open 
question as to why different LOF mutations in SCN5A cause differ-
ent arrhythmic disorders, including BrS, SSS, CCD, DCM, AF, and 
other cardiac abnormalities. The findings of lack of ST segment and 
spontaneous VT/VF, but the presence of conduction defects 
in heterozygous Scn5a+/− mice (10–12), suggest that these mice 
may serve as a better model of CCD than BrS. On the other hand, 
Scn5aG1746R/+ KI mice carrying a specific missense mutation identi-
fied in human patients with BrS showed ST segment elevation 
(J wave) and spontaneous VT/VF and therefore may be considered 
to be a better model for BrS.

Although APD was shortened in Scn5aG1746R/+ KI myocytes, 
QTc was not shortened in Scn5aG1746R/+ KI mice. Consistent with 
this, QTc shortening is not a typical clinical feature for human pa-
tients with BrS; however, APD in patients with BrS was reported to 
be shortened (62). Moreover, there is no difference in QTc between 
WT and Scn5a+/− KO mice, but APD is shortened in these KO mice 
(12, 63). Therefore, there is an association between prolonged QTc 
and prolonged APD as shown in human patients with LQTS and 
related mouse models (35), but no apparent link is found with QTc 
shortening and APD shortening in BrS. The underlying cause for 
the discrepancy is still unknown.

Several hundreds of SCN5A disease-causing variants have been 
identified, and 18 of them are considered pathogenic variants for 
DCM, such as p.D1275N under this study (64). However, little is 
known about how SCN5A variants and associated cardiac sodium 
channel abnormalities cause DCM. There has been a controversy 
about whether DCM is directly caused by cardiac sodium channel 
abnormalities or a consequence of VT and cardiac conduction 
disturbances (65). Moreover, 11 of 18 DCM-associated variants of 
SCN5A act by a gain-of-function (GOF) mechanism via generation 
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of increased sodium currents (e.g., p.R222Q), whereas the rest 
are associated with loss or reduced sodium currents (LOF; e.g., 
p.D1275N) (64). DCM was always associated with the presence of 
arrhythmias (referred to as arrhythmogenic DCM), and DCM did 
not develop in the absence of arrhythmias for any variant (64, 66). 
However, GOF variants were associated with a high risk of ventricular 
premature beats, ventricular and atrial arrhythmic events, and more 
frequent DCM, whereas LOF variants were associated more with 
mild phenotypes such as SND, conduction defects, and less frequent 
DCM (64). In 25 patients with p.D1275N, only 6 had DCM (64). 
Consistent with these findings, heterozygous humanized SCN5A 
D1275N KI mice showed a mild DCM or cardiac contractile dys-
function phenotype. Therefore, it remains to be determined whether 
the reversal of cardiac contractile dysfunction in these mice by our 
AAV9-MOG1 gene therapy can be extended to more severe forms 
of DCM and heart failure.

Two factors may explain why AAV9-MOG1 gene therapy fails to 
inhibit VT in homozygous DN/DN mice. First, because homozy-
gous DN/DN mice, unlike H/DN mice, do not have a WT copy of 
the SCN5A gene, no WT cardiac sodium channels can be trafficked 
to the cell surface by AAV9-MOG1. Second, mutant sodium channels 
with mutation p.D1275N show some abnormalities in channel 
kinetics. The p.D1275N mutant NaV1.5 channel has been charac-
terized in various heterologous expression systems such as HEK293 
cells, tsA201 cells, Chinese hamster ovary cells, Xenopus oocytes, 
hiCMs, transgenic zebra fish, and KI mice expressing the human 
p.D1275N mutant channel (20,  48,  67). All studies consistently 
show that the D1275N mutation causes a defect in NaV1.5 trafficking 
to the cell surface, resulting in fewer NaV1.5 channels on the plasma 
membrane and reduced sodium current (INa). On the other hand, 
SCN5A mutation D1275N caused changes in sodium channel kinetics. 
In hiCMs, the D1275N mutation showed a depolarizing shift of 
4 mV on the steady-state activation curve (68). In isolated ventricular 
myocytes from heterozygous D1275N KI mice, the p.D1275N 
mutation did not affect the steady-state activation but had a slight 
but not significant depolarizing shift of <3 mV on the steady-state 
inactivation curve (P  >  0.05) (20). Because MOG1 up-regulation 
does not affect channel kinetics (Fig. 4G and table S3), the effect of 
the p.D1275N mutation on sodium channel gating kinetics will not 
be corrected, which explains why AAV9-MOG1 gene therapy was 
not effective in reducing abnormal conduction phenotypes and VT 
in homozygous DN/DN mice (fig. S9, H to N). The data also suggest 
that the effectiveness of AAV9-MOG1 gene therapy in heterozygous 
H/DN mice is related to the possibility that MOG1 up-regulation 
drives cell surface trafficking of WT NaV1.5 from the cytoplasm. 
Nevertheless, because human patients are all heterozygous for the 
p.D1275N mutation, it is expected that the effectiveness of AAV9-
MOG1 gene therapy in the heterozygous H/DN KI mice can be 
extended to human patients in future studies.

Several limitations of our study should be noted. First, the 
limitations of Scn5aG1746R/+ KI as a model for BrS were discussed 
above. Second, before AAV9-MOG1 gene therapy is tried in human 
patients, more extensive preclinical studies are needed to determine 
how to mass produce the AAV9-MOG1 viruses on a large scale and 
to rigorously assess safety. Third, during coimmunostaining studies 
of MOG1 and actinin with heart sections, the anti-MOG1 antibody 
showed a much stronger signal and partially masked the signal of 
the anti–-actinin antibody. This affected the overall quality of 
immunostaining with the anti–-actinin that stains the Z lines 

of myofibrils in cardiomyocytes. Because of this, we were unable to 
see the typical regular striations of cardiomyocytes. Last, the H/DN 
mouse model displayed a mild cardiomyopathy phenotype, and we 
did not directly investigate the effects of AAV9-MOG1 on cardiac 
hypertrophy and heart failure.

In conclusion, we created a mouse model of BrS by KI of an 
SCN5A mutation identified in patients (Scn5aG1746R/+). Scn5aG1746R/+ 
mice showed characteristic features of BrS, including a ST segment 
abnormality (a prominent J wave) on ECGs, and development of 
spontaneous VT and syncope. We developed a gene therapy based 
on AAV9-MOG1 vectors and showed that it reversed the features of 
BrS in Scn5aG1746R/+ mice. AAV9-MOG1 vectors promotes cell 
surface trafficking of the cardiac sodium channel, increases the 
density of cardiac sodium current, and rescues abnormalities of 
Scn5aG1746R/+ ventricular myocytes, including reduced cardiac INa 
density, shortening of APD, induction of late phase 3 EADs, and 
increased expression of Kcnd3 and Cacna1c. We further showed 
that AAV9-MOG1 gene therapy also increased cell surface NaV1.5 
expression, enhanced INa density, and rescued the phenotypes of 
DCM and cardiac arrhythmias in heterozygous humanized KI mice 
with another SCN5A mutation p.D1275N. Our gene therapy strate-
gy targeting MOG1, a chaperone protein involved in trafficking of 
the cardiac sodium channel to the cell surface, offers an alternative 
to targeting SCN5A, which is too large to be subcloned into AAV 
vectors or may not be suitable for gene therapy. A similar approach 
could be applied to other diseases for which the disease-causing 
genes exceed the capacity for delivery by AAV.

MATERIALS AND METHODS
Study design
Our study goal was to develop a gene therapy for BrS because 
the available therapies for the syndrome were limited. Because the 
BrS-causing gene SCN5A was too large to be cloned into the AAV9 
vector, a traditional design to target SCN5A was not practical. Many 
SCN5A mutations were reported to cause BrS by inhibiting cell 
surface trafficking of cardiac sodium channels. We, therefore, 
harnessed our finding that the small MOG1 protein can bind to 
NaV1.5 to promote the trafficking of NaV1.5 to the cell surface and 
increase INa density without affecting the sodium channel kinetics 
or conductance of single sodium channels. We developed a gene 
therapy strategy to treat BrS by targeting MOG1. We first developed 
a preclinical model of BrS with relevant pathological and molecular 
phenotypes to facilitate studies of pathophysiology and testing of 
potential therapies. Our preclinical model was created by generating 
KI mice with Scn5a mutation p.G1746R, which corresponds to 
p.G1743R in humans and causes BrS. After the initial success of 
AAV9-MOG1 gene therapy in Scn5aG1746R/+KI mice, we extended 
the therapeutics to heterozygous humanized KI mice with another 
SCN5A mutation, p.D1275N, that causes DCM, CCD, SSS, atrial 
standstill, and AF in humans. Animal numbers were determined 
on the basis of our previous experience using nQuery (GraphPad 
Software DBA Statistical Solutions). Both sexes were used in our 
study. Mice in each genotype were randomly divided into the treat-
ment group and the control group. For comparison among mice 
with different genotypes, mice in the same litter were used (i.e., 
litter-matched, age-matched, and gender-matched). The dosage 
of AAV9 vectors was determined for mice on the basis of pub-
lished reports.
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Reverse transcription and qPCR analysis
Total RNA was extracted from the heart tissue homogenized in 
TRIzol (Invitrogen, USA) and digested with deoxyribonuclease I 
(Applied Biosystems Inc., USA). RNA was reverse-transcribed using 
a reverse transcription kit (Applied Biosystems Inc., USA) as per 
the manufacturer’s protocol. Gene expression was assayed by qPCR 
using the SYBR Green PCR Master Mix (Applied Biosystems Inc., 
USA) with ABI Prism 7900HT Real-Time Instrument (Applied 
Biosystems Inc., USA) and calculated using the Ct method as 
described previously. Primers for qPCR are listed in table S7.

Immunohistochemistry
Immunostaining was performed on cytospun cardiomyocytes on 
slides at 500  rpm for 5  min with Shandon Cytospin 2 (Thermo 
Shandon Limited, USA) with anti-MOG1 (1:50; Proteintech, USA) 
or anti-NaV1.5 antibodies (1:50; Alomone Labs, Israel), and control 
cells were double-stained with -actinin (1:1000; Sigma, USA) 
following standard protocols as reported previously (7, 20). Images 
were captured with a Leica TCS-SP confocal microscope and 
analyzed using LASX software (Leica Microsystems Inc., USA). The 
antibodies for immunostaining are listed in table S8.

Western blot analysis
Western blot analysis was performed as described previously (69, 70). 
Proteins were resolved by SDS–polyacrylamide gel electrophoresis 
(8 and 12% resolving gels for detection of NaV1.5 and MOG1 
proteins, respectively) and transferred to 0.45-m Immobilon-FL 
polyvinylidene difluoride membranes (MilliporeSigma, USA). Western 
blotting images were acquired and analyzed using Odyssey CLx 
Imaging System and Image Studio software (LI-COR Biosciences, 
USA). The antibodies for Western blot are listed in table S8.

Statistical analysis
The data are presented as means ± SEM from at least three independent 
experiments or mice. Student’s t test was used to compare differences 
between two groups. One-way analysis of variance (ANOVA) with 
Dunnett’s correction for multiple comparisons was used to compare 
differences among multiple treatment groups. P value of <0.05 was 
considered statistically significant.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abf3136
Materials and Methods
Figs. S1 to S12
Tables S1 to S8
Movies S1 and S2
Data file S1
MDAR Reproducibility Checklist
References (71–81)
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Gene therapy targeting protein trafficking regulator MOG1 in mouse models of
Brugada syndrome, arrhythmias, and mild cardiomyopathy
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Abrogating arrhythmia
Mutations in SCN5A are associated with Brugada syndrome, an arrhythmic disorder that can cause sudden cardiac
death. Yu et al. generated a mouse model by knocking in an SCN5A mutation found in individuals with the syndrome.
The authors overexpressed MOG1, a chaperone protein of Nav1.5 (encoded by SCN5A), for gene therapy because

SCN5A is too large to package into adeno-associated virus vectors. Treatment corrected arrhythmias in the mice
and improved cardiac function in a second knock-in mouse model. Human induced pluripotent stem cell–derived
cardiomyocytes with mutations in SCN5A showed improved sodium current densities after MOG1 gene therapy,
suggesting that this approach could have translational potential.
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