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HIGHLIGHTS

� T-tubule cBIN1-microdomains are

disrupted in hearts with concentric

hypertrophy.

� cBIN1 replacement therapy rescues

t-tubule microdomains and reduces

concentric hypertrophy in post-ISO hearts

inducing a hyper-efficient phenotype

similar to athletic hearts.

� cBIN1-microdomains organize t-tubule

Cav1.2 and SERCA2a distribution for

improved contractility and lusitropy.

� Exogenous cBIN1 is also effective in

protecting cardiac contractility and

lusitropy in mouse hearts subjected to

pressure overload.
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ABBR EV I A T I ON S

AND ACRONYMS

AAV9 = adeno-associatedvirus9

ANOVA = analysis of variance

AR = adrenergic receptor

ATPase = adenosine

triphosphatase

BW = body weight

CAMKII = Ca2D/calmodulin-

dependent protein kinase

cBIN1 = cardiac bridging

integrator 1

CMV = cytomegalovirus

Di-8-ANNEPs = 4-[2-[6-

(Dioctylamino)-2-naphthalenyl]

ethenyl]-1-(3-sulfopropyl)-

pyridinium, inner salt

EC = excitation contraction

EDV = end diastolic volume

EF = ejection fraction

GFP = green fluorescent protein

HF = heart failure

HW = heart weight

HR = heart rate

HT = heterozygote

ISO = isoproterenol

jSR = junctional sarcoplasmic

reticulum

LSD = least significantdifference

LTCC = voltage-dependent

L-type calcium channel

LV = left ventricular

LW = lung weight

PBS = phosphate-buffered saline

PKA = protein kinase A

PLN = phospholamban

RyR = ryanodine receptor

RWT = relative wall thickness

SD = standard deviation

SEM = standard error of the

mean

SERCA2a = sarcoplasmic

reticulum calcium ATPase

pump 2a

SR = sarcoplasmic reticulum

STORM = stochastic optical

reconstruction microscopy

TAC = transverse aortic

constriction

TEM = transmission electron

microscopy

t-tubule = transverse-tubule

vg = vector genome

WT = wild type
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Heart failure is an important, and growing, cause of morbidity and mortality. Half of patients with heart failure

have preserved ejection fraction, for whom therapeutic options are limited. Here we report that cardiac bridging

integrator 1 gene therapy to maintain subcellular membrane compartments within cardiomyocytes can stabilize

intracellular distribution of calcium-handling machinery, preserving diastolic function in hearts stressed by

chronic beta agonist stimulation and pressure overload. This study identifies that maintenance of intracellular

architecture and, in particular, membrane microdomains at t-tubules, is important in the setting of sympathetic

stress. Stabilization of membrane microdomains may be a pathway for future therapeutic development.

(J Am Coll Cardiol Basic Trans Science 2020;5:561–78) ©2020The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
H eart failure (HF) is a global health
concern, with an estimated 6.2
million people affected in the

United States (1). Approximately 50% of pa-
tients with HF have preserved ejection frac-
tion (EF) with diastolic failure, for which
there is lack of effective treatment. Diastolic
failure can result from ventricular remodel-
ing and diastolic dysfunction, which can
occur secondary to chronic sympathetic acti-
vation (2). Preventing remodeling within in-
dividual ventricular myocytes may improve
overall cardiac remodeling and have thera-
peutic benefits for failing hearts.

Cardiac transverse tubules (t-tubule) are
critical for the initiation of calcium transients
and maintenance of efficient excitation-
contraction (EC) coupling. Pathological t-tu-
bule remodeling is a consequence of
b-adrenergic stimulation in HF (3–5).
Furthermore, impaired t-tubule micro-
domains have been implicated in HF pro-
gression (6–9). In fact, t-tubule remodeling
can be the tipping point from hypertrophy to
failure (10). Normal calcium transients (11),
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slowing HF progression.

In the present study, we explored whether in vivo
over-expression of exogenous cBIN1 can limit
myocardial remodeling and dysfunction. Continuous
isoproterenol infusion, which causes reduced
myocardial cBIN1 expression and disorganized intra-
cellular distribution of calcium-handling proteins, also
induces pathological concentric hypertrophy with
diastolic dysfunction. We find that normalization of
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serves lusitropy, reducing pathological hypertrophy.
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Within cardiomyocytes, we find that exogenous cBIN1
preserves the intracellular distribution of LTCCs at
t-tubules and the localization of the sarcoplasmic re-
ticulum (SR) calcium-ATPase 2a (SERCA2a). The pro-
tective effects of cBIN1 are both isoform-specific and
confirmed effective in a second model of transverse
aortic constriction (TAC)–induced cardiac hypertrophy
and HF, indicating that exogenous cBIN1-mediated
preservation of t-tubule microdomains is a possible
therapeutic approach to improve myocardial function
in hearts under chronic stress.

METHODS

An expanded Methods section is provided in the
Supplemental Material.

ANIMAL PROCEDURES. All mouse procedures were
reviewed and approved by the Institutional Animal
Care and Use Committee of Cedars-Sinai Medical
Center. Adult male C57Bl/6 mice (Jackson Laboratory,
Sacramento, California) were administered with 3 �
1010 vector genome (vg) of AAV9 transducing green
fluorescent protein (GFP) or BIN1 isoforms (Welgen,
Inc., Worcester, Massachusetts) via retro-orbital in-
jection (17). Three weeks later, mice were implanted
subcutaneously with osmotic mini-pumps releasing
phosphate-buffered saline (PBS) or isoproterenol
(ISO) (30 mg/kg/day). Fifty-six mice were randomized
into GFPþPBS, GFPþISO, cBIN1þPBS, or cBIN1þISO
group (N ¼ 14/group). Another 50 mice were ran-
domized into receiving AAV9-GFP, cBIN1, BIN1,
BIN1þ17, or BIN1þ13 (N ¼ 10/group) before ISO. AAV9
was used because it is a promising gene therapy
vehicle and exhibits the highest cardiac tropism (18).
The cytomegalovirus (CMV) promoter was used given
its efficiency and safety in cardiac gene transfer (19).
AAV9-CMV-GFP was used as the negative control vi-
rus because it does not induce cardiomyocyte toxicity
and has been successfully used as a negative control
virus in numerous gene therapy studies with animal
models of cardiovascular diseases (20). For TAC
study, either adult male cardiac-specific Bin1 hetero-
zygotes (HT) (Bin1flox/þ, Myh6-creþ) with their wild
type (WT) (Bin1flox/þ, Myh6-cre -) littermates (12) or
adult male C57BL/6 mice (Jackson Laboratory, Sacra-
mento, California) were used. All mice were anes-
thetized at the age of 8 to 10 weeks and subjected to
open-chest TAC or mock surgery (Sham). TAC was
performed by tying a 7-0 silk suture against a
27-gauge needle between the first and second branch
off the aortic arch. For gene therapy, same as the ISO
study, mice received retro-orbital injection of 3 � 1010
vg of AAV9 virus transducing cBIN1-V5 or GFP-V5 at
3 weeks prior to the onset of TAC.

Echocardiograms were recorded using a Vevo-
3100 ultrasound system (Visual Sonics, Toronto,
Ontario, Canada) equipped with a 70-MHz trans-
ducer. Protein interaction was analyzed using
immunofluorescent imaging and biochemical coim-
munoprecipitation. Peak intensity of Cav1.2 at
t-tubules is quantified using Image J as previously
reported (13). Power spectrum analysis was
analyzed in Matlab using fast Fourier transform
conversion (10,13). Intracellular protein distribution
was analyzed using sucrose gradient fractionation
using a previously established method (21). For
calcium transient measurement, Cal-520-AM (AAT
Bioquest, Sunnyvale, California) was used as previ-
ously described (14). Three-dimensional super-res-
olution stochastic optical reconstruction microscopy
(STORM) images were obtained (14) for nearest
neighbor analysis between LTCC–ryanodine receptor
2 (RyR) and SERCA2a-cBIN1 molecules.

STATISTICAL ANALYSIS. Data were analyzed using
GraphPad Prism version 7.0 (GraphPad Software, La
Jolla, California). All data are presented as mean �
SEM or SD as specified. Normality was assessed using
the Shapiro-Wilk test. Continuous variables were
compared using Student’s t-test/Mann-Whitney U
and 1-way analysis of variance (ANOVA)/Kruskal-
Wallis tests. Two-way ANOVA was used to determine
differences between 2 AAV9 groups with different
drug infusion, which was then followed by Fisher
least significant difference (LSD) post-hoc adjustment
for multiple pairwise comparisons. Categorical vari-
ables were analyzed using Fisher exact or chi-square
tests. For survival comparison, log-rank test was
used to compare Kaplan-Meier survival curves be-
tween groups. Two-sided p values were used and
p < 0.05 was considered statistically significant.

RESULTS

EXOGENOUS CBIN1 REDUCES CONCENTRIC HYPERTROPHY

INMOUSEHEARTSAFTER ISO INFUSION. We investigated
the effect of cBIN1 on myocardial function in animals
subjected to 4 weeks of ISO infusion (Figure 1A). AAV9
was used to introduce myocardial expression of
exogenous V5-tagged GFP or cBIN1 (22) 3 weeks prior
to the onset of ISO. Anti-V5 labeling identified a
similar percent of myocardial area with detectable V5
signal at 7 weeks after AAV9 injection (GFP, 62.4 �
10.5%; cBIN1, 57.9 � 8.0%), indicating successful
transduction of exogenous protein in over half of

https://doi.org/10.1016/j.jacbts.2020.03.006


FIGURE 1 Exogenous cBIN1 Reduces Concentric Hypertrophy in Post-ISO Mouse Hearts

(A) Experimental protocol: 56 mice were randomized into 4 experimental groups: AAV9-GFPþPBS, AAV9-GFPþISO, AAV9-cBIN1þPBS, and AAV9-cBIN1þISO (n ¼ 14/

group). (B)Mouse HW/BW in the 4 groups. (C) Representative images of longitudinal axis view of left ventricles at both end diastolic and end systolic phase at 4 weeks

post-PBS or ISO infusion. Echocardiography analysis of end diastolic volume, LV mass, and relative wall thickness (D), ejection fraction (E), E/e’ (F), stroke volume (G),

and cardiac output (H) is also included. Data are presented as mean � SEM. Two-way ANOVA was used followed by Fisher LSD test for multiple comparison. *p < 0.05,

**p < 0.01, and ***p < 0.001, for PBS vs. ISO comparison within each AAV9 treatment group ##p <0.01 and ###p <0.001 for GFP vs. cBIN1 comparison within each

drug infusion group. AAV9 ¼ adeno-associated virus 9; ANOVA ¼ analysis of variance; BW ¼ body weight; cBIN1 ¼ cardiac bridging integrator 1; GFP ¼ green

fluorescent protein; HW ¼ heart weight; ISO ¼ isoproterenol; LSD ¼ least significant difference; LV ¼ left ventricular; PBS ¼ phosphate-buffered saline; SEM ¼ standard

error of the mean.
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FIGURE 2 ISO Reduces cBIN1 and Disrupts cBIN1-Microfolds, Which Is Normalized by AAV9-cBIN1

Continued on the next page
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cardiomyocytes (Supplemental Figure 1). It is possible
that the remaining almost 40% of negatively stained
cardiomyocytes may express exogenous proteins at a
low level below the detection threshold of immuno-
fluorescence. In all mice, ISO significantly increased
heart weight to body weight ratio (HW/BW), indi-
cating cardiac hypertrophy (Figure 1B). Cardiac ge-
ometry and function were assessed using
echocardiography (Figures 1C to 1H). In AAV9-GFP–
pretreated animals, ISO induced a significant increase
in left ventricular (LV) mass and relative wall thick-
ness (RWT), without altering end diastolic volume
(EDV), consistent with echocardiography-based clas-
sification of concentric hypertrophy (23). In AAV9-
cBIN1–pretreated animals, the ISO increase of LV
mass was attenuated with a normal RWT and
increased EDV, similar to echocardiography-classified
“physiological hypertrophy-like LV remodeling” us-
ing a previous reported method (23) (Supplemental
Figure 2A). Furthermore, a-smooth muscle actin is
increased in GFPþISO hearts but not in cBIN1þISO
hearts (Supplemental Figure 2B), indicating AAV9-
cBIN1 limits ISO-induced LV hypertrophy. In
AAV9-GFP–pretreated mice, ISO resulted in a small
increase in EF (p ¼ 0.050 vs. GFPþPBS and p ¼ 0.007
vs. cBIN1þPBS group), yet E/e’ strongly increased,
indicating the onset of diastolic dysfunction. In mice
pretreated with AAV9-cBIN1, ISO still increased sys-
tolic function and importantly maintained a normal
E/e’, indicating positive inotropy with preserved
lusitropy. Furthermore, although without blood
pressure measurement, which remains a limitation of
the current study, ISO significantly increased heart
rate (HR) in all animals, indicating that ISO is effec-
tive in causing hemodynamic stress. Yet, post-ISO HR
was not different between GFPþISO and cBIN1þISO
mice (Supplemental Table 1), confirming that further
improved post-ISO cardiac output in AAV9-cBIN1
mice was due to muscle efficiency and not
increased rate.
ed

cBIN1 and GAPDH from heart lysates and immunoprecipitated heart lysates

bar graph to the right (N ¼ 6–7 hearts per group). (B) Representative cardio

ectrum (bottom panel) of the corresponding boxed region of interest above.

1 cells from 3 to 4 hearts per group). Data are presented as mean � SEM. T

5 and **p < 0.01 for PBS vs. ISO comparison within each AAV9 treatment gro

roup. (C) Transmission electron microscopy imaging of t-tubule (TT) microfo

egree of contour of TTs from each group is included in the bar graphs to the l

earts from each group). Chi-square test was used to compare TT contour bet

ISO, and cBIN1þPBS vs. other groups. Di-8-ANNEPs ¼ 4-[2-[6-(Dioctylamino)

hyde 3-phosphate dehydrogenase; TTs ¼ t-tubules; other abbreviations as in
CHRONIC ISO-DISRUPTED CBIN1-MICRODOMAINS

CAN BE NORMALIZED BY AAV9-CBIN1. It is well
known that bothmyocardial inotropy and lusitropy are
related to cardiomyocyte calcium cycling (24). cBIN1,
the structural organizer for dyad microdomains (14),
creates t-tubule microfolds to limit extracellular Ca2þ

diffusion (12), facilitates microtubule-dependent for-
ward trafficking of LTCCs (13), and clusters LTCCs that
are already delivered to t-tubule membranes. We,
therefore, explored how cBIN1-microdomains may
remodel in hypertrophic hearts after chronic ISO
infusion. Western blots of heart lysates indicate that
ISO induces a significant reduction in cBIN1 protein,
which is normalized by AAV9-cBIN1 (Figure 2A). Note
that immunoprecipitation with anti-BIN1-exon 17
antibody followed byWestern blot detectionwith anti-
BIN1-exon 13 antibody confirms that the examined
protein band is the cBIN1 (BIN1þ13þ17) isoform.
Gross t-tubule network architecture was also exam-
ined in isolated cardiomyocytes labeled with a mem-
brane dye, 4-[2-[6-(Dioctylamino)-2-naphthalenyl]
ethenyl]-1-(3-sulfopropyl)-pyridinium, inner salt
(Di-8-ANNEPs) (Figure 2B). Live-cell imaging followed
by power spectrum analysis indicates that overall
t-tubule organization (normalized peak power
density) remains similar in GFPþISO mice, and is
increased by AAV9-cBIN1. Even though the gross
t-tubule network remains organized, using trans-
mission electron microscopy imaging, we noted in
GFPþISO hearts that there was a reduction in t-tubule
microfolds, which were preserved in cBIN1þISO
hearts (Figure 2C). Quantitation of the degree of con-
toured t-tubules using a modified scoring system
established previously (12) (1, round or dilated
t-tubule lumen without folds; 2, non-circular con-
toured t-tubule lumen without folds; 3, t-tubules with
2 to 3 layer of folds; or 4, t-tubules with >3 layer of
folds) identifies a significant reduction in t-tubule
contour in GFPþISO hearts, which is normalized in
cBIN1þISO hearts (p< 0.001, chi-square test). Note the
from GFPþPBS, GFPþISO, cBIN1þPBS, and cBIN1þISO hearts.

myocyte images with Di-8-ANNEPs labeling (top panel) (Scale bar,
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FIGURE 3 cBIN1 Increases Cav1.2 Localization to t-Tubules

(A) Western blot of Cav1.2 in heart lysates from GFPþPBS, GFPþISO, cBIN1þPBS, and cBIN1þISO hearts. Quantification (Cav1.2/GAPDH and Cav1.2/Troponin) is

included in the bar graphs to the right (n¼ 5 to 7 hearts per group). (B) Representative confocal images (100�) of anti-Cav1.2 labeling in mouse myocardium from each

group (top 2 panels) (scale bar, 10 mm). The third panel includes power spectrum and the fourth panel includes fluorescence intensity profiles within the boxed areas

along the cardiomyocyte longitudinal axis. Quantification of Cav1.2 peak power density and immunofluorescent intensities at t-tubules in each group is summarized in

the bar graph in C (n ¼ 15 to 32 cell images from 3 to 4 hearts per group). Scale bar: 10 m. (D) Representative calcium transient tracing from each group and

quantification of peak amplitudes (DF/F0) (n ¼ 61 to 88 cells from 6 hearts per group). Data are presented as mean � SEM. Two-way ANOVA was used followed by

Fisher LSD test for multiple comparison. ***p < 0.001 for PBS vs. ISO comparison within each AAV9 treatment group; ###p < 0.001 for GFP vs. cBIN1 comparison within

each drug infusion group. Abbreviations as in Figure 1 and Figure 2.
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exaggerated microfolds (more than 3 layers of folds,
score of 4) are found in cBIN1þPBS hearts, a result
of greater than physiological levels of cBIN1. These
data indicate that cBIN1 is critical for the formation of
t-tubule microfolds, the folds are down-regulated
under chronic sympathetic overdrive, and the
folds can be restored using cBIN1 exogenous therapy.

We then explored Cav1.2 expression and intracel-
lular distribution in cardiomyocytes. In post-ISO
hearts, the net myocardial protein expression of
Cav1.2 is similar (Figure 3A). However, myocardial
tissue immunofluorescent labeling of Cav1.2 reveals
that channel density along t-tubules was significantly
reduced in GFPþISO cardiomyocytes, which was
normalized by AAV9-cBIN1 (Figures 3B and 3C, power
spectrum and fluorescent profile analysis). These data
are consistent with previous observations of altered
Cav1.2 protein distribution despite similar total pro-
tein levels (15). With reduced Cav1.2 localization to
t-tubules, the peak amplitude of calcium transient
(DF/F0) was significantly reduced in GFPþISO car-
diomyocytes when compared with that from control
GFPþPBS myocytes (Figure 3D), which was normalized
by exogenous cBIN1. Ryanodine receptor 2 (RyR) total
protein expression and intracellular distribution were
not different across all groups (Supplemental
Figure 3). However, RyRs became hyper-
phosphorylated at both protein kinase A (PKA)-
dependent S2808 and Ca2þ/calmodulin-dependent
protein kinase II (CAMKII)-dependent S2814, consis-
tent with a previous report (25). Together with
increased phosphorylation at T287 in CAMKIId, these
data indicate that PKA and CAMKII activation-induced
RyR hyperphosphorylation occurs after chronic ISO
infusion. Importantly, AAV9-cBIN1 pretreatment suc-
cessfully blunts these pathways and reduces RyR
hyperphosphorylation (Supplemental Figure 4).
EXOGENOUS CBIN1 IMPROVES SERCA2A DISTRIBUTION

ALONG SR. Cardiac lusitropy is most directly related
to calcium reuptake via SERCA2a. To our surprise,
despite impaired diastolic dysfunction in GFPþISO
hearts, total protein expression of SERCA2a was
significantly increased after ISO infusion (Figures 4A
and 4B). Total protein levels of phospholamban
(PLN) and its phosphorylated forms (pS16 and pT17)
are not altered (Supplemental Figure 4). Previous
studies indicate that acute ISO-induced PLN phos-
phorylation can be normalized after chronic ISO
infusion and even PLN dephosphorylation can occur
due to activation of serine/threonine phosphatases
PP1 and PP2A (26,27). Consistent with these reports,
our results indicate that unchanged PLN phosphory-
lation after 4 weeks of ISO infusion is a possible net
result of balanced local activation of both kinases and
phosphatases. These data indicate that both SERCA2a
protein and activity are not decreased in post-ISO
hearts. Given the effect of cBIN1 on Cav1.2 localiza-
tion, we then examined SERCA2a localization.
Myocardial tissue sections with SERCA2a labeling
were imaged with spinning-disc confocal microscopy
and compared across groups (Figure 4C). In GFPþPBS
hearts, a subpopulation of SERCA2a was concentrated
to the t-tubule/ junctional sarcoplasmic reticulum
(jSR) regions, giving rise to an organized distribution
with a major power spectrum peak at 1.8 to 2 mm,
corresponding to the full length of a sarcomere. Over-
expression of cBIN1 in the cBIN1þPBS hearts further
increased SERCA2a signals near t-tubule/jSR. In
GFPþISO hearts, intracellular distribution of SERCA2a
was disorganized with a significant reduction in peak
power density, which was normalized in cBIN1þISO
hearts (quantification in Figure 4D).

Intracellular distribution of Cav1.2 and SERCA2a
was further explored using biochemical sucrose
gradient-based fractionation of cardiac microsomes
(21). As indicated in Supplemental Figure 5A, frac-
tion 4 (F4) has the lowest recovery yield when
compared with other fractions. However, even with
a low yield, Cav1.2 and cBIN1 are detectable in F4
with limited Naþ/Kþ-ATPase and depleted SERCA2a,
indicating that F4 is enriched with t-tubule origin
microsomes (Supplemental Figure 5B). When
normalizing t-tubule protein concentration for F4
across all samples (2.5 mg protein loaded per lane),
GFPþISO hearts have a significant reduction in both
cBIN1 and Cav1.2 protein per unit t-tubule when
compared with control GFPþPBS hearts, which was
normalized using AAV9-cBIN1 pretreatment
(Figure 5A). These data are consistent with immu-
nofluorescent imaging, which identified less t-tu-
bule localization of Cav1.2 channels following ISO
infusion and restoration with AAV9-cBIN1. On the
other hand, SR proteins are detected only in frac-
tions F2 and F3. When normalizing SR protein
concentration for F2 and F3 (25 mg protein loaded
per lane), F3 has relatively more RyR and less PLN
than F2 (Figure 5B), indicating more enrichment of
jSR toward the heavier F3 fraction. Quantification of
SERCA2a expression in F2 and F3 identifies that
when compared with AAV9-GFP, AAV9-cBIN1 causes
a significant increase in SERCA2a distribution into
the heavier and more jSR-enriched F3, but not the
longitudinal SR-enriched F2 fraction (Figure 5B).
Note that ISO alone does increase SERCA2a
expression in F3 in AAV9-GFP mouse hearts, likely
due to an overall increase in total protein expres-
sion of SERCA2a in post-ISO hearts (Figure 4A).
These data indicate that, in ISO-infused hearts,
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FIGURE 4 cBIN1 Organizes Intracellular Distribution of SERCA2a in Post-ISO Hearts

(A)Western blot of SERCA2a in heart lysates fromGFPþPBS, GFPþISO, cBIN1þPBS, and cBIN1þISO hearts. (B)Quantification (SERCA2a/Actin) is included in the bar graph

(n ¼ 6 to 8 hearts per group). (C) Representative confocal images of anti-SERCA2a labeling in mouse myocardium from each group (top 2 panels). Scale bar: 10 mm. The

third panel includes the power spectrumof SERCA2a of theboxed area above. (D) Quantification of peak power density of SERCA2a (n¼ 11 to 15 cell images from 3–4hearts

per group). Data are expressed asmean� SEM. Two-wayANOVAwas used followed by Fisher LSD test formultiple comparison. **p<0.01 and ***p, 0.001 for PBS vs. ISO

comparison within each AAV9 treatment group; ### p < 0.001 for GFP vs. cBIN1 comparison within each drug infusion group. Abbreviations as in Figure 1.
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exogenous cBIN1 can maintain t-tubule micro-
domains to localize Cav1.2 and SERCA2a to their
functional sites.

Given the reduced Cav1.2 and SERCA2a at the
t-tubule/jSR region, we next used STORM imaging to
analyze nanoscale protein-protein co-localization for
Cav1.2-RyR and SERCA2a-cBIN1 (Figure 6, Videos 1A,
1B, 1C, 1D, 2A, and 2B). Using nearest neighbor anal-
ysis, we quantified the distance between the indi-
vidual Cav1.2 molecule and its closest RyR molecule.
Histogram distribution of distances between Cav1.2-
RyR molecules from whole cell images identifies a
first peak near 40 nm in GFPþPBS, GFPþISO, and
cBIN1þISO cardiomyocytes, corresponding to dyad
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FIGURE 5 Sucrose Gradient Fractionation of Cardiac Microsomes

(A) Representative Western blots of Cav1.2 and cBIN1 in the F4 (TT) fraction of cardiac microsome from GFPþPBS, GFPþISO, cBIN1þPBS, and cBIN1þISO hearts (2.5 mg

proteins loaded per lane). Quantification is included in the bar graphs (n ¼ 3 hearts per group). (B) Representative Western blots of RyR, PLN, and SERCA2a in the F2

(longitudinal SR enriched) and F3 (jSR enriched) fractions of cardiac microsome from GFPþPBS, GFPþISO, cBIN1þPBS, and cBIN1þISO hearts (25 mg protein loaded per

lane). Quantification of SERCA2a in F2 and F3 is included in the bar graphs to the right (n ¼ 3 hearts per group). Data are expressed as mean � SD. Two-way ANOVA

was used followed by Fisher LSD test for multiple comparison. *p < 0.05, **p <0.01, and ***p < 0.001 for PBS vs. ISO comparison within each AAV9 treatment

group; #p < 0.05 and ##p < 0.01 for GFP vs. cBIN1 comparison within each drug infusion group. jSR ¼ junctional sarcoplasmic reticulum; PLN ¼ phospholamban;

RyR ¼ ryanodine receptor; SD ¼ standard deviation; SERCA2a ¼ sarcoplasmic reticulum calcium ATPase pump 2a; other abbreviations as in Figure 1.
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couplons. In GFPþISO hearts with preserved systolic
function, the distribution histogram tends to shift to
the right, yet with a still preserved first peak position
(Figure 6B). Interestingly, cBIN1þPBS myocytes have
a left-shifted histogram distribution and a signifi-
cantly reduced Cav1.2-RyR peak distance, indicating
tightened couplons likely brought closer by exagger-
ated cBIN1-microfolds as observed in transmission
electron microscopy imaging. On the other hand, the
distance between SERCA2a and its nearest neighbor
cBIN1 at t-tubules has a trend of increase after ISO in
AAV9-GFP–pretreated animals (p ¼ 0.063; GFPþPBS
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vs. GFPþISO), which is significantly decreased in
AAV9-cBIN1–pretreated animals (p < 0.001; GFPþISO
vs. cBIN1þISO) (Figures 6C to 6D). These data indicate
that cBIN1-microfolds can regulate co-localization
and interaction between EC coupling and calcium-
handling proteins.

THE PHENOTYPE OF CBIN1DISO HEARTS IS ISOFORM

SPECIFIC AND UNIQUE TO CBIN1. To further explore
whether the observed phenotype of cBIN1þISO hearts
is an isoform-specific effect, we repeated the ISO
protocol in 50 more mice, which were randomized to
receive AAV9 transducing GFP and cBIN1, as well as
the other 3 mouse cardiomyocyte expressing BIN1
isoforms including the small BIN1, BIN1þ17, and
BIN1þ13. Similarly, 3 weeks after viral administration,
mice were subjected to continuous subcutaneous ISO
infusion at 30 mg/kg/day for 4 weeks. The protein
expression of Cav1.2 and SERCA2a in post-ISO hearts
was not significantly different when compared across
5 groups of mice transduced with GFP or BIN1 iso-
forms (Supplemental Figure 6A). Myocardial tissue
immunofluorescent labeling of Cav1.2 channels re-
veals that channel density along t-tubules is signifi-
cantly increased only in cBIN1-expressing hearts, but
not the other BIN1 isoforms (Supplemental Figure 6B,
quantification in 6D). Immunofluorescent imaging
reveals that exogenous cBIN1 introduced by AAV9
organizes SERCA2a distribution (Supplemental
Figure 6C, quantification in Supplemental Figure
6E), consistent with the data from Figure 4.

We next explored the functional consequence of
different AAV9-BIN1 isoform pretreatment using
echocardiography. cBIN1-expressing mice, when
compared with the GFP group, lessened the ISO-
induced increase in LV wall thickness, LV mass, and
RWT (Figures 7A to 7D, Supplemental Table 2). In all
animals, post-ISO cardiac output is significantly
increased from its level at baseline, a result from the
ISO-induced increase in HR (Supplemental Table 2).
However, only cBIN1 hearts also have an improved
systolic function, normalized E/e’, increased stroke
volume, and further increased cardiac output when
compared with post-ISO GFP hearts (Figures 7E to 7H).
Of note, a partial cBIN1-like effect occurs in mice
pretreated with BIN1þ17, which significantly reduces
LV mass, reduces E/e’, and attenuates ISO-increased
RWT. The observed partial diastolic functional
rescue from BIN1þ17 is consistent with the partial
rescue of intracellular distribution of SERCA2a
using immunofluorescent imaging (Supplemental
Figure 6C). However, due to the inability of BIN1þ17
to increase Cav1.2 distribution at t-tubules, there is
not a positive inotropic effect in AAV9-BIN1þ17–pre-
treated hearts following ISO infusion.

THE CARDIAC PROTECTIVE EFFECT OF AAV9-CBIN1

IS CONFIRMED IN TAC-INDUCED HF. Next, we
further explored the myocardial protective effect of
cBIN1 in a separate mouse model of pressure overload
induced using TAC. Mice with either genetic defi-
ciency of cBIN1 or AAV9-transuced cBIN1 over-
expression were tested in this study (Figure 8A). The
deficiency study involved cardiac specific Bin1 HT
mice and WT littermate controls (12), both subjected
to TAC for 8 weeks. The over-expression study
involved mice subjected to 8 weeks of TAC with prior
injection of AAV9 transducing cBIN1-V5 or AAV9-
GFP-V5, and mice subjected to an open-chest mock
surgery (Sham). Mice were monitored and humanely
killed at 8 weeks post-surgery. The viruses (AAV9-
GFP/cBIN1-V5), dosage (3 x 1010 vg), administration
time (3 weeks prior to surgery), and route (retro-
orbital injection) are the same as those used in the ISO
study. Aortic constriction in all TAC mice was
confirmed by elevated trans-aortic pressure gradient
(Figure 8B), establishing a similar increase in hemo-
dynamic afterload in all mice receiving TAC. Kaplan-
Meier curves summarizing severe HF-free (EF $35%)
survival rates were included in Figure 8C. The rate of
survival in Bin1 HT mice is 20.0% (nonsurvival 8 of 10,
2 deaths and 6 EF <35%), which is decreased from
71.4% (non-survival 4 of 14, 1 death and 3 EF <35%) in
WT mice (p ¼ 0.038 using log-rank test). As expected,
all Sham mice survived through the entire experi-
mental protocol (10 of 10, dotted black line). The rate
of survival is decreased to 64.3% in the AAV9-GFP
mice (non-survival 5 of 14, 5 EF <35%), which is
significantly improved to 93.7% in the AAV9-cBIN1
group (non-survival 1 of 16, 1 EF <35%) (p ¼ 0.020
using log-rank test). These data indicate that higher
cBIN1 protein content in the heart is associated with
better survival without development of systolic HF
following pressure overload.

At 8 weeks after TAC, surviving mice were hu-
manely killed and evaluated for ratios of HW/BW and
lung weight (LW)/BW (Supplemental Table 3,
Figures 8D and 8E). Both HW/BW and LW/BW are
significantly higher in Bin1 HT mice verses WT mice,
indicating worsening of LV hypertrophy and lung
edema with BIN1 deficiency. Regarding gene therapy,
AAV9-cBIN1 significantly reduces LW/BW from that of
the control GFP-TAC group to the level of Sham
hearts, representing a striking reduction in TAC-
induced pulmonary edema. Hypertrophy still occurs
in the AAV9-cBIN1 hearts, although to a lesser extent.
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FIGURE 6 Exogenous cBIN1 Brings Together Cav1.2-RyR and SERCA2a-cBIN1 Molecules in Cardiomyocytes

Super-resolution STORM imaging and nearest neighbor analysis of Cav1.2-RyR (A and B, Videos 1A, 1B, 1C, and 1D) and SERCA2a-cBIN1 (C and D, Videos 2A, and 2B)

molecules in cardiomyocytes isolated from GFPþPBS, cBIN1þPBS, GFPþISO, and cBIN1þISO hearts. (A, C) Top-to-bottom, representative 2-D STORM cell images,

representative 3-D STORM images of couplons, and histogram of nearest neighbor distance distribution obtained from full-cell 3-D STORM images. (B, D) Quantification

of the first peak of nearest neighbor distance distribution histogram using full-cell image analysis (N ¼ 7 to 17 cells from 2–3 animals per group). Data are expressed as

mean � SEM. Two-way ANOVA was used followed by Fisher LSD test for multiple comparison. *p < 0.05 for PBS vs. ISO comparison within each AAV9 treatment

group; #p < 0.05 and ##p < 0.001 for GFP vs. cBIN1 comparison within each drug infusion group. STORM ¼ stochastic optical reconstruction microscopy; other

abbreviations as in Figures 1 and 5.
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These data indicate that exogenous cBIN1 reduces
TAC-induced hypertrophy and prevents deterioration
into HF. Echocardiography analysis (Figures 8F to 8J,
Supplemental Table 4) further indicates that when
compared with WT-TAC mice, there is a significant
decrease in EF and an increase in EDV in Bin1 HT-TAC
hearts, indicating worsening of dilated cardiomyop-
athy with BIN1 deficiency. On the other hand, AAV9-
cBIN1 significantly reduces TAC-induced LV dilation
(EDV) and contractile dysfunction (EF), limiting the
development of dilated cardiomyopathy. As a result,
AAV9-cBIN1 pretreatment maintains stroke volume
and cardiac output in post-TAC hearts without hearts
being dilated. Furthermore, tissue doppler identified
that the diastolic parameter E/e’ values of both lateral
and septal walls are significantly improved in AAV9-
cBIN1–pretreated hearts, indicating better diastolic
function in mice with exogenous cBIN1. These data
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FIGURE 7 Echocardiography of Post-ISO Hearts Receiving AAV9-GFP, cBIN1, BIN1, BIN1þ17, and BIN1þ13

(A) Representative LV short axis M-mode images from each group at baseline (top) and 4 weeks after ISO treatment (bottom). In all of the 4-week post-ISO images,

papillary muscles are marked by arrows (B to D). Quantitative analysis of LV mass (B), relative wall thickness (C), and ejection fraction (D) from each group (N ¼ 10

mice per group). (E) Representative mitral valve inflow pulsed wave Doppler images (top) and tissue Doppler images of septal mitral valve annulus 4 weeks after ISO

treatment (bottom). (F to H) Quantitative analysis of E/e’ (F), stroke volume (G), and cardiac output (H) from each group (N ¼ 10 mice per group). Data are expressed

as mean � SEM. Two-way ANOVA was used followed by Fisher LSD test for multiple comparison. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. baseline; #p < 0.05,

##p < 0.01, and ###p < 0.001 vs. the GFP group at 4 weeks post-ISO. Abbreviations as in Figure 1.
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FIGURE 8 cBIN1 Gene Transfer Improves Heart Failure–Free Survival in Post-TAC Mice

Continued on the next page
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indicate that cBin1 gene therapy preserves myocardial
systolic and diastolic function in stressed hearts and
effectively prevents the development of dilated car-
diomyopathy in mouse hearts subjected to pressure
overload.

DISCUSSION

This study indicates a beneficial effect of exogenous
cBIN1 in preventing LV hypertrophy and cardiac
dysfunction in stressed hearts. In mice subjected to
continuous ISO infusion, exogenous cBIN1 offers an
isoform-specific improvement in cardiac inotropy and
lusitropy, limiting the development of LV hypertro-
phy. The cardiac protective effect of exogenous cBIN1
is further confirmed in mouse hearts subjected to
pressure overload–induced HF.

Chronically elevated catecholamine levels and
activation of cardiac b-ARs have a critical role in the
pathogenesis of HF. Impaired myocardial structure
and function have been observed in animals sub-
jected to sustained sympathetic activation (28,29).
ISO, which is a synthetic catecholamine and non-
selective b-AR agonist, has been used in research to
induce the model of LV hypertrophy and dysfunction
(30). A high dose of ISO was used here to induce LV
concentric hypertrophy with preserved systolic
function. Chronic excessive cardiac workload–
induced LV hypertrophy is associated with elevated
risk of cardiovascular events (31), and preventing or
reversing ventricular hypertrophy with preserved
cardiac diastolic function is crucial to preventing the
progression of stressed hearts to failing hearts. Here
we found that cBIN1 attenuates chronic ISO-induced
hypertrophy and at the same time conveys an
isoform-specific improvement in stroke volume and
cardiac output in hypertrophic hearts with preserved
systolic function. The increase of LV volume in the
cBIN1 hearts is not secondary to pump failure and
dilated cardiomyopathy, but rather it reflects
improvement in myocardial lusitropy (E/e’) with a
parallel increase of intrinsic myocardial contractility
(inotropy). This phenotype of cBIN1 hearts (Figure 1)
FIGURE 8 Continued

(A) Schematic protocol for the TAC study. (B) Trans-aortic pressure grad

failure–free survival (non-survival is death or EF <35%) in WT vs. Bin1 H

survival comparison. HW/BW (D) and LW/BW (E) in all mice at 8 weeks

surgery. Echocardiography-measured left ventricular ejection fraction (G

are expressed as mean � SEM. Representative E and e’ images in the AA

nonparametric Mann-Whitney test used for comparison between WT an

comparison was used for comparison among Sham, AAV9-GFP, and AAV9

and ##p < 0.01 for comparison of AAV9-GFP vs. AAV9-cBIN1. EF ¼ ejec

WT ¼ wild type; other abbreviations as in Figure 1.
is typical of athletic hearts in adaptation endurance
training as characterized by chamber enlargement
and increases of LV volume, stroke volume, and car-
diac output (32–34). Aerobic exercise training has
been reported to improve myocardial function and
inotropic and lusitropic responses in both animal
models (35,36) and patients with hypertension (37)
and diastolic failure (38). Thus, exogenous cBIN1 may
provide additional exercise-like benefit to patients
with HF, improving exercise capacity and quality of
life.

These post-ISO hearts are at a stage of hypertrophy
with preserved systolic function, in which exogenous
cBIN1 can effectively translate the increased demands
on the heart into a functional effect. As a result, these
functional and efficient cBIN1 hearts have limited
hypertrophy development, which will likely prevent
the next step of disease progression and HF devel-
opment as occurs in the clinical setting. Next, the
functional protective effect of exogenous cBIN1 in
already decompensated hearts is also observed in a
mouse model of TAC-induced hypertrophy and HF.
Under pressure overload, compensated hypertrophy
is an adaptive response. Over time, the adaptive
response concedes to cardiac dilatation and the
ensuing remodeling process becomes maladaptive,
leading to worsening HF. We found that the fate of
dilated cardiomyopathy development in pressure
overload–stressed hearts is causally determined by
myocardial content of cBIN1 protein. Following
pressure overload, less cardiac BIN1 in genetically
deleted Bin1 HT-TAC hearts is associated with more
severe dilated cardiomyopathy, whereas greater
cBIN1 with gene transfer improves cardiac systolic
and diastolic function, limits HF, and improves HF-
free survival (Figure 8). It remains unclear whether
exogenous cBIN1 reduces myocyte death, which also
contributes to LV dilation in post-TAC hearts. Future
studies will be necessary to explore the effect of
cBIN1 on myocyte survival in stressed hearts. Never-
theless, our data indicate that exogenous cBIN1 not
only limits hypertrophy development in stressed
hearts but also prevents myocardial transition from
ient measurement in all mice 5 days post-surgery. (C) Kaplan-Meier survival curves for heart

T mice (left), and AAV9-GFP or cBIN1 pretreated mice (right). Log-rank test was used for

post-TAC. (F) Representative M-mode echocardiography images of all mice 8 weeks after

), end diastolic volume (H), LV mass (I), and E/e’ (J) for all mice at 8 weeks post-TAC. Data

V9 treatment groups are included (right panel of J). Unpaired Student’s t-test (or

d Bin1 HT. One-way ANOVA or Kruskal-Wallis test followed by Fisher LSD test for multiple

-cBIN1. *p < 0.05, **p < 0.01, and ***p < 0.001 for comparison vs. WT or Sham; #p < 0.05

tion fraction; HT ¼ heterozygote; LW ¼ lung weight; TAC ¼ transverse aortic constriction;
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hypertrophy to dilated cardiomyopathy and HF in
TAC mice.

The mechanism of improvement in cardiac
inotropic function by cBIN1 is linked to its known ef-
fect in organizing t-tubule microdomains required for
dyad organization and efficient EC coupling. cBIN1
creates t-tubule microfolds to organize a slow diffu-
sion zone trapping extracellular t-tubule lumen ions,
attracts LTCCs forward trafficking to t-tubules (13),
clusters LTCCs that are already delivered to cell sur-
face (39), and recruits RyRs to couple with LTCCs at
dyads (14). Here we confirm in vivo that exogenous
cBIN1, rather than any other BIN1 isoform, increases
Cav1.2 localization to t-tubules (Figure 3,
Supplemental Figure 6). These results support that
preserved cBIN1-microdomain with organized LTCC
distribution is responsible for the observed positive
inotropic effect in sympathetically overdriven cBIN1
hearts. Whether cBIN1-microdomain regulates LTCC
phosphorylation and its functional response to sym-
pathetic stress including a well-established b-subunit-
modulated Cav1.2 channel response (40,41) awaits
future experimental explorations. Furthermore, RyR
is critical to inotropy and hyper-phosphorylated leaky
RyR plays a role in HF progression (42). Consistent
with previous reports in an ISO model and human HF
(25,42), we found that chronic ISO activates PKA and
CAMKII-induced RyR hyperphosphorylation. AAV9-
cBIN1 blunts these pathways, normalizing RyR phos-
phorylation following chronic sympathetic activation
and preventing SR leak.

An additional novel finding from the current study
is that exogenous cBIN1 increases SERCA2a function
through organizing its intracellular distribution
(Figures 4 to 6). Chronic ISO-induced concentric hy-
pertrophy with preserved systolic function is associ-
ated with disorganized intracellular distribution of
SERCA2a yet increased overall protein expression. It
is well accepted that SERCA2a activity is decreased in
end-stage HF. Our data indicate that, in addition to
reduced expression and impaired regulation by PLN,
intracellular distribution of SERCA2a may also
contribute to abnormal SR calcium reuptake activity
in HF. Furthermore, as reported in adult rat ventric-
ular cardiomyocytes with a-receptor agonist
phenylephrine-induced hypertrophy, an adaptive in-
crease in SERCA2a protein expression can occur due
to elevated diastolic calcium-induced calcineurin/
nuclear factor of activated T-cells activation (43).
Thus, increased SERCA2a protein expression here is a
possible adaptive response induced by elevated dia-
stolic calcium concentration as indicated in elevated
calcium-dependent phosphorylation at T287 of
CAMKII. Thus, a transient increase in SERCA2a may
occur at an early stage of all LV hypertrophy with
preserved function. During disease progression, this
adaptive increase in total SERCA2a protein expres-
sion will level off and even decrease as occurs in end-
stage HF, resulting in severe diastolic and systolic
failure. In cBIN1 hearts, organized SERCA2a along the
SR indicates better calcium reuptake, therefore, less
diastolic calcium overload for hearts still at a
compensated stage. These results are consistent with
a previous study in a rat model of HF that identified
that increased BIN1 expression is associated with
SERCA2a expression (44). Future studies exploring
cBIN1 regulation of diastolic calcium concentration
and calcineurin/nuclear factor of activated T-cells
pathways will be needed to further understand its
role in regulating SERCA2a expression and activity
during disease progression. Note the effect on SER-
CA2a organization is not cBIN1-specific and can be
partially induced by other BIN1 isoforms, particularly
BIN1þ17 (Supplemental Figure 6). This is consistent
with the partial in vivo protective effects from
BIN1þ17 on cardiac hypertrophy and diastolic func-
tion (Figure 7). Whether and how BIN1 isoforms
cooperate to organize SERCA2a distribution in normal
and diseased cardiomyocytes require further explo-
ration in future studies. Furthermore, through regu-
lation of calcium-handling machineries at the SR,
including SERCA2a distribution and RyR phosphory-
lation, cBIN1 may help maintain normal SR calcium
load. As a limitation of the current study, future ex-
periments are needed to quantify the effect of cBIN1
on SR calcium load, calcium release and reuptake
kinetics, and arrhythmogenic spontaneous calcium
release in chronically stressed hearts.

Nevertheless, the most robust protection of both
inotropy and lusitropy in sympathetic overdriven
hearts is only observed in the cBIN1 group (Figure 7),
indicating possible further beneficial effect on lusi-
tropy from cBIN1-dependent improvement in LTCC
localization and dyad organization. With isoform-
specific improvement in dyad organization, less
orphaned leaky RyRs accumulate outside of dyads
(14), limiting calcium leak from the SR and decreasing
cytosolic calcium concentration during the diastolic
phase. Together with the newly identified role on
SERCA2a organization, our data indicate that a cBIN1-
microdomain–related regulation offers a unique
benefit in protecting cardiac lusitropy in addition to
its inotropy effect. On the other hand, cBIN1 over-
expression may also suppress the pathological
effects of ISO stimulation by enhancing the control of
b-AR signaling and the compartmentalization of
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The implications

describe the effects of exogenous cBIN1 expression on cardiac

remodeling and function in mouse hearts subjected to chronic

sympathetic overdrive.

TRANSLATIONAL OUTLOOK: cBIN1 replacement therapy

with a positive inotropy and lusitropy effect can be used as a

potential new treatment option for HF.
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secondary messengers and calcium-handling chan-
nels and pumps. Thus, by stabilizing t-tubule micro-
domains to regulate all aspects of calcium handling,
cBIN1 produces a positive feedforward mechanism for
efficient intracellular beat-to-beat calcium cycling. In
future studies it will be interesting to identify
whether exogenous cBIN1 alters b-AR expression,
intracellular distribution, and functional regulation
following chronic sympathetic activation.

CONCLUSIONS

We found that over-expression of exogenous cBIN1 is
protective in mouse hearts subjected to chronic b-AR
activation–induced concentric hypertrophy as well as
pressure overload–induced hypertrophy and HF. As
the first proof-of-concept study, there are a few lim-
itations to our studies that need to be taken into
consideration. First, the models used are limited to
mouse models subjected to exaggerated stresses
including a high dose of ISO infusion and severe
pressure overload induced by aortic constriction.
Future experiments in large mammals with common
natural HF comorbidities, such as hypertension and
diabetes, will be needed. Second, we used an AAV9
vector driven by the CMV promoter for gene delivery
due to its consistent transduction efficiency and
established cardiac tropism. Note the protective ef-
fect of exogenous cBIN1 in the current study occurred
when only 60% of cardiomyocytes were transduced
by AAV9 with detectable expression of exogenous
protein. Improving the viral infectivity in car-
diomyocytes can additionally help limit or prevent
ISO-induced membrane disruption in all car-
diomyocytes, increasing the protective effect on the
entire heart. Further experiments using cBin1 pack-
aged in AAV9 with an efficient and cardiac-specific
promoter to induce sufficient exogenous protein
expression in all cardiomyocytes will be needed
before clinical trials testing the efficacy and efficiency
of cBin1 gene therapy. Third, the current study lacks a
full evaluation of hemodynamic parameters such as
blood pressure. Although a similar HR increase in all
post-ISO mice indicates effective and similar hemo-
dynamic stress in animals with or without cBIN1,
future studies are needed to establish whether cBIN1
will impact systemic hemodynamics and blood pres-
sure. Finally, future studies are needed to explore
how the cBIN1-microdomain regulates the organiza-
tion of intracellular calcium-handling machineries,
EC coupling, SR calcium load and release, diastolic
calcium concentration and its downstream calcium-
signaling pathways, interplay between signaling
pathways of pathological and physiological hyper-
trophic remodeling, and molecular transition from
compensated hypertrophy to decompensated
cardiomyopathy.
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