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ORIGINAL RESEARCH

Cardiomyocyte Reduction of Hybrid/
Complex N-Glycosylation in the Adult
Causes Heart Failure With Reduced
Ejection Fraction in the Absence of Cellular
Remodeling

Anthony M. Young @, MSc; John A. Miller ©©, PhD; Andrew R. Ednie 2, PhD; Eric S. Bennett 2, PhD

BACKGROUND: Heart failure (HF) presents a massive burden to health care with a complex pathophysiology that results in HF
with reduced left ventricle ejection fraction (EF) or HF with preserved EF. It has been shown that relatively modest changes
in protein glycosylation, an essential posttranslational modification, are associated with clinical presentations of HF. We and
others previously showed that such aberrant protein glycosylation in animal models can lead to HF.

METHODS AND RESULTS: We develop and characterize a novel, tamoxifen-inducible, cardiomyocyte Mgat? knockout mouse
strain, achieved through deletion of Mgat1, alpha-1,3-mannosyl-glycoproten 2-beta-N-acetlyglucosaminyltransferase, which
encodes N-acetylglucosaminyltransferase |. We investigate the role of hybrid/complex N-glycosylation in adult HFrEF patho-
genesis at the ion channel, cardiomyocyte, tissue, and gross cardiac level. The data demonstrate successful reduction of
N-acetylglucosaminyltransferase | activity and confirm that hybrid/complex N-glycans modulate gating of cardiomyocyte
voltage-gated calcium channels. A longitudinal study shows that the tamoxifen-inducible, cardiomyocyte Mgat? knockout
mice present with significantly reduced systolic function by 28days post induction that progresses into HFrEF by 8 weeks
post induction, without significant ventricular dilation or hypertrophy. Further, there was minimal, if any, physiologic or patho-
physiologic cardiomyocyte electromechanical remodeling or fibrosis observed before (10-21days post induction) or after
(90-130days post induction) HFrEF development.

CONCLUSIONS: The tamoxifen-inducible, cardiomyocyte Mgat1 knockout mouse strain created and characterized here pro-
vides a model to describe novel mechanisms and causes responsible for HFrEF onset in the adult, likely occurring primarily
through tissue-level reductions in electromechanical activity in the absence of (or at least before) cardiomyocyte remodeling
and fibrosis.
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ne of the primary functions of cardiomyocytes, contraction and relaxation. This cellular electromechan-
electromechanical activity, is achieved through ical signaling must be conducted cell to cell across the
the highly tuned activity of voltage-gated ion myocardium to allow for the coordinated contraction of
channels (VGICs), which activate Ca?*-driven exci-  the heart and, thereby, the optimal pumping of blood.
tation—contraction (EC) coupling and lead to myocyte When this cellular process is disrupted or stressed,
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RESEARCH PERSPECTIVE

What Is New?

e This work uses a novel model to demonstrate
that a postdevelopmental reduction in hybrid/
complex N-glycosylation leads to heart failure
with reduced ejection fraction without signifi-
cant cardiomyocyte remodeling or fibrosis.

e The data show an acute effect of aberrant
N-glycosylation on voltage-gated Ca®" chan-
nels, but this is not sufficient alone to disrupt
individual cardiomyocyte Ca®* transients or
contractility.

e These findings suggest that N-glycosylation
plays a significant role in tissue-level cardiac
electromechanical function.

What Question Should Be Addressed

Next?

e What role do cardiomyocyte N-glycans play at
the intercalated discs to establish normal elec-
tromechanical coupling at the tissue level?

e What other pathophysiologic processes under-
lie the development of heart failure with reduced
ejection fraction in the absence of cardiomyo-
cyte remodeling and fibrosis?

Nonstandard Abbreviations and Acronyms

cMgat1iKO constitutive cardiomyocyte Mgat1

knockout

DCM dilated cardiomyopathy

DPI days post induction

FS fractional shortening

GNL Galanthus nivalis lectin

HFrEF heart failure with reduced ejection
fraction

ICD intercalated disc

iMgat1KO tamoxifen-inducible, cardiomyocyte
Mgat1 knockout

TCre tamoxifen-inducible Cre recombinase

VGIC voltage-gated ion channel

tissue-level arrythmias and aberrant contraction can
develop, often leading to cardiomyopathy that can de-
teriorate into heart failure (HF).

With about 64 million people affected by HF world-
wide, it is critical to understand the mechanisms that
can lead to HF with the pursuit of increasing the cur-
rent repertoire of preventative and treatment options for
patients.! HF is a clinically defined diagnosis that can
generally be classified using left ventricular (LV) ejection
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fraction (EF) as HF with reduced EF (HFrEF, EF <40%)
or preserved EF (EF>50%).? Different molecular and
cellular changes underlie these distinct disease pro-
gressions of HFE2 The proposed pathophysiologic
framework of HFrEF in many models is that depressed
calcium-dependent cardiomyocyte contractility is asso-
ciated with the gross systolic dysfunction of the cardiac
tissue.*" As HF progresses, cardiomyocytes often un-
dergo electrophysiologic remodeling generally associ-
ated with action potential (AP) prolongation likely due
to reduced voltage-gated K" channel (K)) activity, gen-
erating a proarrhythmic state®'* as well as increased
fibrosis that contributes to aberrant conduction.”™

N-linked glycosylation is a common co—/post-
translational modification in which saccharides are
sequentially bound to asparagine side chains in the
extracellular domain of transmembrane proteins, a
dynamic process requiring the activity of hundreds
of regulated gene products.'®'” The diverse glycans
that result modify the biochemical properties of glyco-
proteins and are necessary for cellular physiology, in-
cluding protein stabilization, receptor recognition, and
cellular motility.'®=2° Inherited mutations in glycan syn-
thesis or processing can lead to a heterogenous family
of diseases known as congenital disorders of glyco-
sylation, which frequently can present with cardiomy-
opathies and lead to HFrEF.?'** Additionally, gene
expression studies in humans with idiopathic dilated
cardiomyopathy (DCM) have shown altered expression
of glycosylation-related genes,?>?% including alpha-1,3-
mannosyl-glycoproten 2-beta-N-acetlyglucosaminyltra
nsferase (Mgat1).?” These findings suggest that there
could be an underlying pathophysiologic connection
between HFrEF and aberrant N-glycosylation.

Our laboratory and others have shown that the addi-
tion of extracellularly facing N- and O-glycans to VGICs
can directly affect neuronal, skeletal muscle, and car-
diac VGIC gating and contribute to progressive cardiac
dysfunction. Notably, the normal glycosylation within
cardiomyocytes can be crucial for the proper function
of voltage-gated Na* channels (Na,), calcium channels
(Ca), and some K, isoforms.?8-% Sialic acids, which
terminate hybrid/complex branches of N-glycans and
O-glycans, play a pivotal role in the biophysical prop-
erties of these channels, and aberrant sialylation leads
to atypical voltage-gating and pressure-induced DCM
and HFrEF in mouse models.®"%23% Altered sialylation
has also been associated with the clinical presenta-
tion of patients with Brugada syndrome.®” Tangentially,
it was shown that cardiomyocyte-specific Ca, ac-
tivity and expression is regulated by intracellular O-
GlcNAcylation and when chronically reduced leads to
HFrEF in mouse models. 839

N-acetylglucosaminyltransferase | (GICNACT1), en-
coded by Mgat1, is responsible for initiating the formation
of hybrid/complex N-glycans from simple and trimmed
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oligomannosidic N-glycans.*® Our previous work estab-
lished a mouse model that employed a cardiomyocyte
MYH6 (myosin heavy chain 6) promoter-driven, cre-
recombinase knockout of Mgat1 constitutively, starting
in the embryonic stage.®3**4! These constitutive cardio-
myocyte Mgat1 knockout mice (cMgat1KO) die prema-
turely with significantly dilated, fibrotic hearts with gross
dysfunction. The diseased cMgat1KO cardiomyocytes
demonstrated altered electromechanical function, in-
cluding significant depolarizing shifts in Ca,, gating, likely
due to the direct effect of reduced complex N-glycans
and thereby reduced channel sialylation. Further, there
was marked impairment of cardiomyocyte function at
early disease stages that worsened with disease pro-
gression resulting from, for example, reduced K|, expres-
sion and activity, extended AP duration, and aberrant
Ca?* transients and contractility.®®3* However, because
of the coincident progression of cellular and whole heart
dysfunction, it was not possible to determine whether
the worsening cardiomyocyte functions were responsi-
ble for, contributed to, or resulted from HF onset.

Here, our working hypothesis was that the altered
gating of VGICs due to the loss of GIcCNACT1 was suf-
ficient to directly initiate progressive cardiomyocyte
electromechanical dysfunction, such as extended AP
duration and aberrant myocyte EC coupling, which
began before and contribute to the development of
DCM and HFrEF. To test this hypothesis, we developed
and characterized a novel, cardiomyocyte-specific,
tamoxifen-inducible Mgat1 knockout mouse model
(iMgat1KO) to enable us to more closely investigate the
timeline of disease progression and the contributions
of cardiomyocyte remodeling to disease progression
(or not) following the reduction in hybrid/complex N-
glycosylation in adult mice. In addition, adult deletion
of Mgat1 removes any complications due to pre- and
postnatal developmental changes that occur in the
murine heart, including expression of different K|, iso-
forms™42 and altered glycosylation.?%*3 Thus, here we
study cardiac function across time after the loss of
GIcNACT1 in adult cardiomyocytes, at the VGIC, car-
diomyocyte, tissue, and gross cardiac levels. The data
refute our working hypothesis, indicating instead that
reduced complex/hybrid N-glycosylation in the adult
is responsible for HFrEF onset, occurring primarily
through tissue-level reductions in electromechanical
activity in the absence of (or at least before) cardio-
myocyte remodeling and fibrosis.

METHODS

Transparency and Openness Promotion
Statement

The authors declare that all data and materials used
here are available upon request by contacting the
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corresponding author, Eric Bennett at eric.bennett@
wright.edu.

Animal Care and Ethical Consideration

All handling and care of mice adhered to the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Wright
State University Institutional Animal Care and Use
Committee (Animal Use Protocol 1229). For in vivo
echocardiographic studies, the animals were anes-
thetized with ~2.0% to 3.0% isoflurane/O, before and
throughout the protocol. Each mouse was euthanized
under deep anesthesia (5.0% isoflurane/O,) via thora-
cotomy and excision of the heart to obtain samples for
biochemical and cellular studies. We used the Animal
Research: Reporting of In Vivo Experiments checklist
when writing our report to ensure we met appropriate
reporting guidelines for preclinical animal studies.**

Generation of the iMgat1KO and Animal
Use

To create the iMgat1KO, mice homozygous for LoxP
sites flanking the only coding exon for Mgat1, as used by
Marth*® and us previously®3%4 (commercially available
from the Jackson Laboratory, 006891), were crossed
with mice hemizygous for the a-MHC-MerCreMer
transgene containing the cardiomyocyte-specific
promoter to drive the expression of a downstream
tamoxifen-inducible Cre recombinase (Jackson
Laboratory, 005657). To achieve deletion of the Mgat1
after complete cardiac development, male iMgat1KO
mice were placed on a regimen of tamoxifen-infused
chow (250 mg/kg feed; TD.130855; Envigo) for 28 days
starting between 8 and 10weeks of age. To control for
possible detrimental cardiac effects due to a-MHC-
MerCreMer expression or tamoxifen treatment,*64/
age-matched, a-MHC-MerCreMer positive, male mice
were used as control mice and treated with the same
tamoxifen-infused chow regimen as described (TCre).
Groups of 3 littermates from the iMgat1KO or TCre
group were housed together during and after the ta-
moxifen treatments. The original colonies of mice were
from Jackson Laboratories and Dr J. Marth, but the
mice used here were from colonies maintained at the
Wright State University Laboratory Animal Resources
Department.

Protein Lysates and Immunoblotting

Sarcolemma-enriched protein lysates were collected
from individual hearts in a manner adapted from oth-
ers’ work*® and previously described.® Excised hearts
were washed in PBS, and the ventricles were ho-
mogenized in a buffer containing (in millimolar; MM):
20 4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid
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(HEPES), 250 sucrose, 2 EDTA, 1 MgCl,, pH 7.4 supple-
mented with 1X Complete Ultra protease inhibitor cock-
tail (6892970001; Roche), 1X PhosSTOP phosphatase
inhibitor tablet (4906845001; Roche, Mannheim, DE),
0.01 calpain inhibitors | and Il (A2602 and AA2603;
Apex Bio, Houston, TX), and 0.001 thiamet G (13237;
Caymen Chemical, Ann Arbor, MI). Debris and nuclei
were removed by spinning the lysates at 400g for 20
minutes followed by a 45 minutes spin at 33 000g. The
pellet containing sarcolemma-enriched protein was
then resolubilized in (in MM unless noted): 20 HEPES,
150 NaCl, 0.02% (weight to volume, w/v) Na* azide, 1
tris(2-carboxyethyl)phosphine, and 0.5% (w/v) amido-
sulfobentaine supplemented as described and clarified
by centrifugation. As previously described, 40 pg of
the lysates were used for gel electrophoresis, Western
blotting, and immunodetection.®>3335 Biotinylated GNL
(Galanthus nivalis lectin; B-1245; Vector Labs, Newark,
CA), which preferentially targets a-1,3 mannose resi-
dues,*® was used to detect high-mannose N-glycans
and visualized with NeutrAvidin (31 030; Thermo Fisher
Scientific, Waltham, MA) as previously described.3?
Immunodetection of the Ca, a231 subunit was per-
formed using an antibody specific for the Ca, a251
subunit (ACC-015; Alomone, Jerusalem, lIsrael) and
visualized with a goat antirabbit IgG-horseradish per-
oxidase (AP307P; MilliporeSigma, Burlington, MA).%3:3°
2,2,2-trichloroethanol was added to the electrophoretic
gel to achieve total protein staining to normalize the
horseradish peroxidase signals following the immu-
nodetection.®®%" Analysis of the immunoblot was per-
formed in ImagelLab (Bio-Rad Laboratories, Hercules,
CA).

Echocardiography

Transthoracic echocardiography measurements were
performed on mice under anesthesia with ~2.0% to
3.0% isoflurane/O,. A Vevo 3100 system (Fuijifim,
Tokyo, Japan) was equipped with a 30-MHz transducer
to acquire mid-LV parasternal long- and short-axis
views as well as parasternal short-axis M-mode re-
cordings as done before.®® Recordings were acquired
and analyzed using VevolLabs (VisualSonics, Toronto,
Canada) to determine hemodynamic parameters of
the hearts.33%6 The analysis was completed blindly by
someone separate from the one who completed the
recordings. Baseline measurements were first ob-
tained in a cohort of iIMgat1KO and TCre mice before
placing the mice on the 28-day tamoxifen regimen (dis-
cussed previously). The first recordings following the
treatment were completed 7 days post induction (DPI),
after removing the mice from the tamoxifen. These
measurements were completed longitudinally on the
same cohort of mice through 168 DPI.
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Cardiomyocyte Isolation

As described before, 32353852 ventricular cardiomyocytes
were isolated via Langendorff perfusion of iMgat1KO and
TCre hearts using 0.6 to 1.0 mg/mL collagenase type Il
(Worthington Biochemical, Lakewood, NJ) and 0.5 units/
mL protease XIV (P5147; Sigma Aldrich, St. Louis, MO).
Following digestion of the hearts, the ventricles were re-
moved, and individual ventricular cardiomyocytes were
mechanically dispersed. Over the 10 minutes following
isolation, the 2,3-butanedione monoxime and Ca®* con-
centrations were sequentially lowered and raised to O
and 1.2mM, respectively. The myocytes were stored for
1 10 6 hours in Hank’s balanced salt solution (12350-
039; Thermo Fisher Scientific) at room temperature until
use. Ventricular cardiomyocytes were isolated from mice
at early (1021 DPI) and late (90-130 DPI) time points
after Mgat1 deletion.

Cardiomyocyte Electrophysiology

Electrophysiologic measurements of the isolated car-
diomyocytes were completed at room temperature
using whole-cell patch techniques. Ca, activity was
measured as done previously.®3® Ventricular myocytes
isolated between 19 and 21 DPI were perfused with a
buffer containing (in mM): 10 HEPES, 10 glucose, 136
NaCl, 1.0 CaCl,, 1.0 MgCl,, 4.0 tetraethyl ammonium
chloride (to block K* channels), and 0.02 tetrodotoxin
(to block Na* channels), pH 7.4. The patching pipettes
contained an intracellular solution of 10 HEPES, 10
EGTA, 5 glucose, 135 CsCl, and 4.0 Mg®* adenosine
5'-triphosphate, pH 7.2. To measure voltage-sensitive
Ca?* currents, the myocytes were clamped at =70 mV
and underwent a series of 1.2-second depolarizations
ranging from —40mV to 30mV in 10mV increments,
each separated by 15s intervals. Before each depo-
larization, the myocytes were depolarized with a 50 ms
prepulse to —40 mV to inactivate Na, channels.®® The
reversal potential was empirically determined for each
cell and used to calculate the driving force at each de-
polarization to calculate the conductance using each
maximum negative current. This voltage—conduct-
ance relationship was fit to a Boltzmann function to
determine activation-gating parameters.333%8839 To
measure voltage-dependent inactivation Ca, activity,
the myocytes were held at =70 mV and underwent
conditioning pulses beginning at =50 mV to 10 mV in
10 mV increments for 400 ms before the cells were
depolarized to 20 mV for 400 ms. Each incremental
voltage step was separated by a delay of 15 seconds.
Each maximum negative current was normalized to the
maximum value from the first step to -20 mV and fit
to a Boltzmann function to determine inactivation gat-
ing parameters.333%383% APs and potassium currents
() were recorded from LV apex cardiomyocytes and
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analyzed as previously described.®?34%5 An extracel-
lular perfusion solution was used to record /,, which
consisted of (in mM) 10 HEPES, 10 glucose, 136 NaCl,
0.5 CaCl,, 1.0 MgCl,, 0.25 CdCl, (to block Ca®*" cur-
rents), 5.4 KCI, and 0.02 tetrodotoxin, pH 7.4. Patch
pipettes were filled with an intracellular recording solu-
tion of (in mM): 10 HEPES, 10 EGTA, 1.0 Mg?* triphos-
phate, 5.0 glucose, 135 KCI, and 4.0 K, adenosine
5'-triphosphate, pH 7.2. The same pulse protocols
and analysis as described previously were used in this
studly, 323435

Cardiomyocyte Calcium Transients and
Contractility

Both whole-cell Ca?* transients and contractility of iso-
lated ventricular myocytes were recorded at room tem-
perature as previously described.®*3 For both sets of
measurements, cardiomyocytes were perfused in a re-
cording chamber (SPC Microscope Chamber System;
lonOptix, Westwood, MA) with Hank’s balanced salt
solution with 10mM of HEPES. The cardiomyocytes
were allowed to settle onto a glass slide and stimu-
lated with 20 mV, 4 ms pulses at 0.5Hz (MyoPacer;
lonOptix). Before the Ca?* transient measurements,
the cells were loaded with 1 uM Fura-8 for 20 minutes
and then washed with Hank’s balanced salt solution.
Fluorescence signals were ratiometrically recorded
under 354 nm and 415 nm excitation and the emis-
sions were filtered and detected with a photometry
system (PTI RatioMaster; Horiba Scientific, Edison, NJ)
and recorded using FelixGX (PTl; Horiba Scientific). For
contractility measurements, cardiomyocytes under-
went the same protocol without the loading of Fura-
8. Contractions were recorded by edge detection at
250 Hz with lonWizard 7.4 (lonOptix) under the same
stimulation described previously. The lonWizard soft-
ware was used to analyze both the Ca?* transients and
myocyte contractility.

Histology and Fibrosis Quantification

Excised hearts were washed in PBS (Fisher Scientific)
twice following excision from iMgat1KO and TCre mice
under deep anesthesia (5.0% isoflurane/O,). The hearts
were fixed in 4% paraformaldehyde for 1 hour at room
temperature and then overnight at 4 °C. The hearts were
then placed in PBS with 10% ethanol and shipped to
AML Laboratories (St. Augustine, FL) where they were
embedded in paraffin and sectioned at 5 um along a
midventricular coronal plane. To quantify the amount of
fibrosis in the hearts, sections were deparaffinized in xy-
lene, rehydrated, and stained with picrosirius red solution
(SRS-IFU; ScyTek, West Logan, UT) for 60 minutes. The
sections were then washed in acetic acid, dehydrated
in absolute alcohol, and mounted. The stained sections
were imaged at 1X under brightfield illumination and
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analyzed in FIJI.5 To quantify the amount of positively
stained collagen (red) in the ventricles, a region of inter-
est was chosen to include the ventricular tissue, and the
amount of collagen was quantified as a percentage of
ventricular area using a deconvolution method as de-
scribed by others.>*

Statistical Analysis

Statistical analysis and preparation of graphs were per-
formed in SigmaPlot (Grafiti; Palo Alto, CA), RStudio
(RStudio, PBC; Boston, MA), and Prism (GraphPad;
La Jolla, CA). Figures were edited and formatted with
Adobe lllustrator (Adobe Inc; San Jose, CA). All data are
presented as the mean+SEM unless otherwise speci-
fied in the figure legend. To determine if/when EF or
fractional shortening (FS) significantly differed between
the control and iMgat1KO mice, 2-way repeated meas-
ures ANOVA and Sidak post hoc tests were performed.
A 2-way ANOVA of medians and corresponding post
hoc tests (WRS2 R-package ‘med2way()’ and ‘mcp2a()’
functions)®® were performed on the quantified LV fibro-
sis over time. Otherwise, significant differences were
determined with an unpaired, 2-tailed Student’s t test
or Mann-Whitney rank-sum test based on the normality
of the distribution of data determined using a Shapiro—
Wilk test with a critical P value of 0.05. Only P values
<0.05 are shown in the figures. The number of animals
used is indicated by “N,” and the number of cells used
is indicated by “n.”

RESULTS

Induced Mgat1 Deletion in Adult
Cardiomyocytes Leads to Reduced
Hybrid/Complex N-Glycosylation and
Heart Failure

To establish that the induction protocol successfully
reduced GIcNACT1 activity in cardiomyocytes, a large
shift in the extent of hybrid/complex N-glycosylation
toward high mannose structures was demonstrated
by the significant increase in GNL staining of Western
blots of cardiac protein from iMgat1KO lysates com-
pared with control (TCre) lysates (Figure 1A and 1B).
Because GNL specifically binds to uncapped, a-1,3
mannose residues,*® the observed 3.4-fold increase
in GNL staining in the iMgat1KO lysates (Figure 1A
and 1B) suggests a successful and significant reduc-
tion in GIcNACT1 activity in the iMgat1KO hearts. In
addition, this immunoblotting pattern is comparable
to the pattern of staining previously observed in the
cMgat1KO mouse model,*® suggesting that there is
a similar reduction in the extent of hybrid/complex N-
glycosylation in the constitutive (cMgat1KO) and induc-
ible (iIMgat1KO) models.
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Figure 1. Diminished Mgat1 expression and GIcNAcT1 > 1
activity leads to reduced ejection fraction by 112days post S 0
induction.

Successful reduction of Mgat1 expression led to significant
reduction in EF and FS at 112DPI. A, Reduced hybrid/complex
N-glycosylation was demonstrated with a Western blot of cardiac
protein lysates challenged with GNL (immunoblot, IB: GNL), a
lectin with preferential binding toward o-1,3 mannose terminated
glycans, at 25 DPI. When compared with the controls (TCre), the
cardiac lysates from the iMgat1KO had a much higher affinity for
GNL, indicating the increased presence of uncapped mannoses.
MolecularweightsareshownontheleftinkDa.N=3. B, Quantification
of GNL Western blots. The optical density of each lane was
normalized to total protein levels (A, bottom) and showed a 3.4-
fold increase in GNL staining for iMgat1KO lysates (blue, triangles)
relative to controls (black, circles), N=3. C, Representative short-
axis M-mode scans taken from control TCre (top) and KO (bottom)
mice at 112 DPI. Green arrows: end systolic left ventricular internal
diameter; Red arrows: end diastolic left ventricular internal
diameter. D, At 112 DPI, the iMgat1KO mice had significantly
reduced EF and FS compared with controls (EF: 59.1+2.8% vs
36.6+1.0%; FS: 31.1+1.9% vs 17.1+0.5% (mean+SEM); N=6/5
animals; TCre/iMgat1KO). Unpaired, 2-tailed Student’s t test. DPI
indicates days post induction; EF, ejection fraction; FS, fractional
shortening; GNL, Galanthus nivalis lectin; KO, knockout; and TCre,
tamoxifen-inducible Cre recombinase.

To determine the impact of reduced complex
N-glycosylation on gross cardiac function, echocar-
diograms of iMgat1KO and control (TCre) mice were
performed at 112days DPI, a time point (16 weeks)
consistent with our previous studies on the cMgat1KO
model (Figure 1C).3% At this time point, Mgat? dele-
tion led to considerably reduced systolic function with
an LVEF of just 37% and FS of 17% compared with
59% EF and 31% FS in the control group (P<0.001)
(Figure 1D). These findings suggest that the induced,
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Figure 2. Cardiac fibrosis does not precede the onset of
heart failure with reduced ejection fraction.

PSR staining demonstrated no significant increase in fibrosis
(collagen deposition, red) in the iMgat1KO ventricles through
132 DPI. A, Top panels: representative examples of control
(TCre; left) and iMgat1KO (right) hearts at 132 DPI. Bottom
panels: Representative examples of control (TCre; left) and
iMgat1KO (right) hearts at 444 DPI in the knockouts, well after
the onset of HFrEF. Inserts: 20x magnification. (Scale bar=1000
um, 1x magnification). B, Quantification of extracellular collagen
deposition over time, post induction. Data shown represent
the percent of ventricular tissue positively stained with PSR.
The iMgatiKOs showed a significantly greater increase in
extracellular collagen from each time point to 444 DP| compared
with controls. Medians with 95% Cls are shown. N=2 except at
47 dpi. N=4; 2-way ANOVA of medians and post hoc tests. DPI
indicates days post induction; HFrEF, heart failure with reduced
ejection fraction; iMgat1KO, tamoxifen-inducible, cardiomyocyte
Mgat1 knockout; KO, knockout; PSR, picrosirius red; and TCre,
tamoxifen-inducible Cre recombinase.

cardiomyocyte-specific GICNACT1 knockout in adult
mice significantly diminished cardiac function, consis-
tent with HFrEF, within 16 weeks post-Mgat1 deletion.

Myocardial Fibrosis Is Not Increased in
the iMgat1KO Failing Hearts

The rhythmic beating of the heart is dependent on the
synchronous communication between cardiomyocytes
established through the conduction of APs across
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the myocardium. The slowing of conduction velocity
is typical of and contributes to the arrhythmogenicity
observed in patients with HF."® The electrical conduc-
tion across the myocardium proceeds from one cardio-
myocyte to the next across gap junctions embedded in
the intercalated discs (ICDs)—ICDs electromechanically
couple adjacent individual cells.®® One mechanism that
could lead to the disruption of ICDs is through fibrotic
remodeling of the extracellular matrix and is common
to cardiac injuries that lead to HFrEF.'>%" To determine
if the observed EF reduction in the iMgat1KO mice is
secondary to, or coincident with fibrosis, picrosirius red
staining was quantified (Figure 2A). Unlike the overt fi-
brosis previously observed in the cMgat1KO model by
16weeks of age,* the visual and analyzed data here
strongly suggest that there was no significant increase
in ventricular extracellular collagen deposition in the
iMgat1KO from 10 DPI through 132 DPI, well beyond
HFrEF onset (Figure 2B). Visual assessment demon-
strated a lack of increased fibrosis at all time points
except at 444 DPI, at which point there was a clear in-
crease in ventricular fibrosis in the iIMgat1KO hearts rel-
ative to the controls and earlier time points (Figure 2A).

Aberrant N-Glycosylation Causes a
Depolarizing-Shift in Ca, Gating

Our laboratory previously showed that Ca, a251 sub-
units are direct targets of GICNACT1 demonstrated
through a decrease in Ca, a251 subunit molecular
weight and loss of GIcNAcT1-dependent N-glycans
in cardiac tissue.®® These glycosylation changes were
accompanied by depolarizing shifts in Ca, gating in
isolated cardiomyocytes and a significant reduction
in Ca, a281 protein expression. Thus, similar Western
blot analyses of the iMgatiKO versus TCre lysates
were performed to test whether the same direct ef-
fects on this critically important cardiac VGIC are rep-
licated in the iIMgat1KO strain. The observed 22 kDa
decrease in molecular weight of the Ca, a231 subunit
in the iIMgat1KO lysates indicates a significant reduc-
tion in mass with the incomplete N-glycan synthesis
associated with the loss of GIcNAcCT1 (Figure 3A).
Additionally, there was a significant reduction in the
total Ca, a281expression relative to TCre (Figure 3B).
Steady state activation and inactivation curves were
significantly shifted in iIMgat1KO cardiomyocytes with
3.7 mVand 2.4 mV rightward shifts in Ca, half-activation
and half-inactivation potentials (V,,,, Vi) relative to
the TCre myocytes (Figure 3D). This reinforces our pre-
vious findings that hybrid/complex N-glycans, which
are generally terminated with a negatively charged
sialic acid, can modulate the voltage-dependence of
cardiomyocyte VGIC gating. These experiments were
performed on cardiomyocytes isolated at 11 to 21 DP,
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Figure 3. Acute effects of GIcNAcT1 on Ca,.

GIcNACT1 directly targets the Ca, o281 subunit and shifts
Ca, gating at 25 DPI. A, Western blot for Ca, «251 subunit
(immunoblot, IB: Ca,a281) indicated a significant 22 kDa reduction
in size in protein lysates from iMgat1KO (KO) hearts relative to
controls (TCre) at 25 DPI (mean+SEM: 149+0.3 kDa vs 127+0.1
kDa, P<0.01). B, Quantification of blots to determine relative
expression levels. The optical density of each lane between 120
kDa and ~200 kDa (A, top) was normalized to total protein (A,
bottom), indicating a reduction in Ca, a231 expression (1.00+0.16
vs 0.43+0.01; N=3). C, Representative whole-cell voltage-
sensitive Ca?* current traces recorded from control (black) and
iMgat1KO (blue) ventricular myocytes. D, The Ca, gating and
window current were associated with depolarized shifts in half-
activation (Va,1/2; =9.9+0.7 mV vs —-6.2+0.6 mV; N=2 animals,
n=13 cells) and half-inactivation potentials (Vi,1/2; -19.9+0.6 mV
vs =17.5+0.5 mV). N=2/1, n=13/7 control/iMgat1KO). Unpaired,
2-tailed Student’s ttest. Ca, indicates calcium channels; DPI, days
post induction; GIcNAcT1, N-acetylglucosaminyltransferase I;
iMgat1KO, tamoxifen-inducible, cardiomyocyte Mgat1 knockout;
KO, knockout; and TCre, tamoxifen-inducible Cre recombinase.

which, along with the evidence that Ca, complexes
are direct targets of GICNACT1, are consistent with that
shown previously for the cMgat1iKO myocytes and
support conclusions that Ca, gating shifts are direct
effects of aberrant N-glycosylation.
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Heart Failure With Reduced Ejection
Fraction Progressively Develops Following
the Induced Deletion of Mgat1

To better understand the development and progres-
sion of the gross, in vivo effects of reduced hybrid/
complex N-glycosylation on the heart, echocardio-
grams were performed on TCre and iMgat1KO mice
before and at several time points following induction
of Mgat1 deletion. Baseline measurements were con-
ducted before the mice began the 4-week tamoxifen
treatment at 60days old. There was no difference in
mortality between the induced iMgat1KO and controls
throughout the 24-week postinduction longitudinal
study. The EFs of the iMgat1KO cohort at baseline and
for the first 3weeks after tamoxifen treatment were sta-
tistically the same as the control cohort EF over those
time points; the TCre cohort EF remained statistically
constant throughout the longitudinal study at around
58% (Figure 4A). However, there was a sharp reduc-
tion in the mean iMgat1KO EF from 58% to 47% and
decrease in FS from 30% to 23% between 21 and 28
DPI (Figure 4A and 4B); again, the TCre cohort did not
demonstrate any significant change in systolic func-
tion over the same time span. This significant reduc-
tion in systolic function of the iMgat1KO cohort relative
to baseline EF/FS and time point-matched TCre EF/FS
persisted and worsened throughout the entire set of
echocardiographic studies (Figure 4A and 4B), down
to 33% and 16% for iMgat1KO EF and FS at 168 DP!,
respectively, compared with the constant control lev-
els of 58% and 30%. Throughout the experiment, the
ventricular wall thickness and lumen diameter did not
vary greatly from the controls besides a slight, yet
significant, thickening of the diastolic LV anterior wall
thickness relative to baseline measurements in the
iMgat1KO hearts (Tables S1). These findings indicate
that the loss of GICNACT1 leads to HFrEF without myo-
cardial dilation or profound hypertrophy. These results
motivated the further examination of functional studies
on isolated cardiomyocytes before and after the onset
of HFrEF, to determine whether and which cellular,
disease-related remodeling preceded or followed the
onset of reduced systolic function at 28 DPI.

The Reduction in LV Systolic Function

Is Not Associated With Cardiomyocyte
Action Potential or Cardiomyocyte
Potassium Current Remodeling

The cardiomyocyte AP is characterized by a rapid de-
polarization driven by the influx of Na* followed by a
slower repolarization phase where inward Ca? cur-
rents are overcome by an efflux of K* through K" HF in
humans and animal models with cardiac insufficiency
often presents with AP prolongation precipitated by
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Figure 4. A longitudinal echocardiographic assessment of
iMgat1KO cardiac function.

Echocardiograms recorded before tamoxifen treatment ("B" on
the x axes) through 168 DPI shows a significant decrease in gross
cardiac function relative to controls. A, No difference between
the EF of control (black circles) and iMgat1KO (blue triangles)
mice was observed through 21 DPI. A sharp reduction in
iMgat1KO EF occurred at 28 DPI relative to controls (568.0+3.2%
vs 47.0+2.4%). The iMgat1KO EF continued to decrease through
168 DPI with no change in the control EF (168 DPI; 58.4+1.7% vs
33.4+2.2%) (global TCre effect P=0.002; interaction of TCre and
DPI P<0.001). B, The FS followed the same trend (global TCre
effect P=0.003; interaction of TCre and DPI P<0.001). Note that
the x axes are nonlinear and y axes range from 24% to 75% in A
and 10% to 45% in B. N=6/5 animals. Only significance between
the groups at the same time point is indicated. Two-way repeated
measures ANOVA and Sidak post hoc test. DPI indicates days
post induction; EF, ejection fraction; FS, fractional shortening;
iMgat1KO, tamoxifen-inducible, cardiomyocyte Mgat1 knockout;
KO, knockout; and TCre, tamoxifen-inducible Cre recombinase.

a decreased efflux of /, from cardiomyocytes.>®5°
We previously demonstrated this AP prolongation
concomitant with reduced /. that develops by ~8 to
16weeks after embryonic ablation of GICNACT1 in the
cMgat1KO model.®*#" For reasons discussed previ-
ously, the cMgat1KO model could not be used to de-
termine whether such cellular remodeling preceded or
resulted from the onset of reduced systolic function
in that model system. Thus, to determine if the gross
contractile dysfunction in the iMgat1KO mice corre-
lated with similar electrical remodeling at the cellular
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level, and whether such remodeling preceded HFrEF
onset, APs (Figure 5A) and K* currents (Figure 6A) were
recorded from isolated cardiomyocytes before (11 to
14 DPI; early) and after (90 to 130 DP; late) the onset of
the reduced LVEF (starting at 28 DPI). Isolated cardio-
myocyte AP recordings demonstrated no difference
in resting membrane potentials or in AP amplitude or
duration between control and iMgat1KO cardiomyo-
cytes at either early or late time points (Figure 5).Net
I« traces from isolated cardiomyocytes were fit to a
triexponential function to account for the contributing
characteristics of the fast inactivating, transient cur-
rents; slow, rectifier-type currents, / go,1 and Ik gowos
and the constant, steady-state current, as done by our
group previously.®* Neither the peak outward current
density (/) nor the amplitude of the contributing cur-
rents differed from control cardiomyocyte /, before or
after the reduced EF (Figure 6B). Following the onset
of HFrEF, there was very little remodeling of /. Data
demonstrated a significantly shorter time constant
of transient currents (t,,) (89+6.0 ms versus 71+4.7
ms) at the late time point (90-130 DPI; Figure 6C).
Additionally, as shown previously,®* a longer time con-
stant was observed for /... Without a change in
amplitude in the iMgat1KO cardiomyocytes at the late
time point (1, youo) (6300+400 ms versus 6400+ 300
ms) (Figure 6C). These findings at the late timepoint
might suggest the beginning stages of ion channel re-
modeling in iMgat1KO cardiomyocytes starting around
93 DPI. However, it should be noted that these subtle
changes in I, characteristics were observed 65days
after the observed reductions in EF (Figure 4A) and did
not lead to observable AP prolongation (Figure 5).

Neither Cardiomyocyte Ca?*-Handling Nor
Contractility Dynamics Are Altered With
the Induced Deletion of Mgat1, Acutely or
Chronically

Cardiomyocyte contraction is dependent on voltage-
sensitive Ca?* currents initiating the release of Ca®
stores into the cytoplasm to drive actin-myosin short-
ening. HFrEF has been shown to be associated with
dyssynchronous Ca?*-handling and diminished car-
diomyocyte contractility, which contributes to the
gross reduction in EF.*7 To assess if the gross cardiac
dysfunction described herein is driven, even in part,
by an accumulation of abnormal cardiomyocyte Ca?*
handling and EC coupling, intracellular Ca®* transients
(Figure 7A) and individual cardiomyocyte contractil-
ity (Figure 7D) were measured under field stimulation
as described in the methods section and as done by
us previously.®®3 No differences were observed be-
tween iMgat1KO and control cardiomyocytes before
(13-21 DPI) or after (90-130 DPI) the reduction in EF
(starting at 28 DPI). The influx of Ca®", described by
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Figure 5. Ventricular action potentials in iMgatiKO
cardiomyocytes.

APs measured in ventricular myocytes did not differ in the
iMgat1KO mice compared with the controls at early (10-21 DPI)
or late (90-130 DPI) time points. A, Representative whole cell
APs from control (TCre; left, black) and iMgat1KO (right, blue)
myocytes. B, Vm and amplitude were the same in the controls
and iMgat1KO cardiomyocytes at both time points. (Control/
iMgat1KO; early, Vm: —80.4+0.9 mV vs —-80.7+1.0 mV; amplitude
59.5+3.0 mV vs 59.9+2.0 mV; late, Vm, rest: —-78.4+0.6 mV vs
—79.6+0.7 mV; amplitude 57.6+1.6 mV vs 56.1+2.1 mV. Unpaired,
2-tailed Student’s t test). C and D, Similarly, no differences were
observed in the maximum slope of depolarization or the duration
to repolarization back to APD90 (early, max slope: 233.7+14.3
mV/ms vs 229.1+9.6 mV/ms; APD90: 37.0+5.2 ms vs 59.9+2.0 ms;
late, max slope: 218.1+9.0 mV/ms vs 217.7+11.7 mV/ms; APD90
28.0+2.1 ms vs 38.3+3.6 ms. Mann-Whitney test). Early: N=2,
n=14/17; late: N=5/6, n=38/44. AP indicates action potential;
APD90, 90% of the peak voltage; DPI, days post induction;
iMgat1KO, tamoxifen-inducible, cardiomyocyte Mgat1 knockout;
KO, knockout; TCre, tamoxifen-inducible Cre recombinase; and
Vm, resting membrane potential.

the amplitude (Figure 7B) and maximum slope of rise
(Figure 7C) of the Ca?* transients, was not different
between the groups. These observations were con-
sistent with that observed for cardiomyocyte con-
tractility, as there was no change in the sarcomere FS
(Figure 7F), maximum rate of contraction, or with re-
laxation (Figure 7G). Cardiomyocyte relaxation is reliant
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Figure 6. Cardiomyocyte, voltage-sensitive potassium
currents.

Repolarizing (/) density remodeling did not precede the onset
of HFrEF (early, 10-21 DPI), and only modest changes in
contributing currents were observed afterward (late, 90-130 DPI).
A, Representative whole cell /; traces from a control (TCre; left,
black) and iMgat1KO (right, blue) myocyte at the early time point.
B, The amplitudes of the contributing /; did not differ between
the groups at the early (10 DPI) or late (90 DPI) time points for
any of the /, (unpaired, 2-tailed Student’s t test corrected for 5
tests). C, The associated /. inactivation rates did not differ at
the early (10 DPI) time point. There was an observed decrease
in the late (90 DPI) |, inactivation rate (t,)) and an increase in the
late (90 DPI) /y 0, » iNactivation rate (t, gouo; Mann-Whitney rank
sum test corrected for 3 tests). Note that the y axes in (B) and
(C) are logarithmic. Early: N=2, n=13/15; late: N=2, n=17/28. DPI
indicates days post induction; HFrEF, heart failure with reduced
ejection fraction; /., potassium current; iMgat1KO, tamoxifen-
inducible, cardiomyocyte Mgat? knockout; KO, knockout; and
TCre, tamoxifen-inducible Cre recombinase.

on the extrusion of Ca?* from the cytoplasm back out
of the cell or into intracellular stores. This process was
also unaffected in the iMgat1KO model (Figure 7D and
7G). Each Ca?* transient and contraction were consist-
ent and did not vary beat to beat. These findings in-
dicate that the direct effect of a rightward shift in Ca,
gating with Mgat1 deletion is not sufficient to affect
cardiomyocyte Ca?* handling and contractility signifi-
cantly. These data also suggest that the gross systolic
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Figure 7. Cardiomyocyte calcium transients and
contractility.

GIcNACT1 deletion in the adult iMgat1KO mice did not disrupt
intracellular Ca?* transients or myocyte contractility. A, Example
traces of intracellular Ca?-sensitive, ratiometric fluorescence
of control (black) and iMgatiKO myocytes (blue) at the early
(10-21 DPI) and late (90-130 DPI) time points. B through D, No
changes in the amplitude, maximum slope of rise, or CaD90
were observed in the iMgat1KO cardiomyocytes. Early: N=4,
n=76/73; late: N=5, n=52/58 (amplitude and max slope, unpaired,
2-tailed Student’s t test; CaD90, Mann-Whitney rank-sum test).
E, Representative sarcomere shortening traces of control (black)
and iMgat1KO myocytes (blue) at early (10-21 DPI) and late (90—
130 DPI) time points. F and G, The FS and the maximum rate of
contraction and relaxation of the sarcomeres were not affected
in the iMgat1KO cardiomyocytes relative the control cells. Early:
N=2/3, n=41/59; late: N=5, n=46/49. Mann-Whitney rank sum
test. CaD90 indicates duration to return to 90% of the peak; DPI,
days post induction; FS, fractional shortening; GIcNAcT1, N-
acetylglucosaminyltransferase I; iMgat1KO, tamoxifen-inducible,
cardiomyocyte Mgat1 knockout; KO, knockout; and TCre,
tamoxifen-inducible Cre recombinase.

dysfunction that presents as HFrEF is not likely caused
entirely by electromechanical dysfunction of the indi-
vidual cardiomyocyte.

DISCUSSION

Here, we demonstrate that deletion of GICNACT1 (en-
coded by Mgat1) in the adult mouse cardiomyocyte was
sufficient to cause a significant reduction in LV systolic
function by 4 weeks post-Mgat71 deletion that continued
regressing into HFrEF by around 8weeks post induc-
tion (Figures 1 and 4; Table S1). This significant decline

10
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in systolic function was nearly identical to that observed
in the embryonic, cardiomyocyte-specific deletion of
Magat1 model (cMgat1KO) previously characterized.®:3*
Also consistent with the cMgat1KO studies, the voltage-
dependent gating of the direct GICNACT1 target, car-
diomyocyte Ca,, was shown to be significantly shifted
to more depolarized potentials (Figure 3).* The data
also indicate that adult deletion of the cardiomyocyte
Mgat1 leads to a similar reduction of complex/hybrid
N-glycosylation in cardiomyocytes (Figure 1).

Although there was a consistent impact on LV
contractility with the embryonic and adult deletion of
Mgat1, the cardiomyocyte remodeling, ventricular dila-
tion, and increased fibrosis that were observed in the
diseased cMgat1KO were not observed in 28 through
90-130 DPI diseased iMgat1KO adult cardiomyocytes
(if ever). That is, the progressive reduction in /. that
likely can contribute to the observed prolongation of
the cardiomyocyte AP, as well as modest effects on
cellular Ca®* handling and sarcomere FS and the onset
of significantly increased fibrosis that were reported
for the cMgat1KO,®3344! were not observed in the
iMgat1KO at times post induction well beyond progres-
sion into HFrEF (Figures 2, 5 through 7). Further, only
very modest changes in /., which do not likely contrib-
ute to significant ionic remodeling, were observed at
any tested time point post induction. These data indi-
cate that the cellular remodeling'®®" and fibrosis'™ that
can be observed in animal and human HF models® are
not necessary to directly cause the reduced EF that
is diagnostic for HFrEF in this model, but rather, are
likely a result of disease progression, perhaps as com-
pensatory (or decompensatory) mechanisms yet to be
determined.

The postdevelopment deletion of Mgat1 leads to a
rapid and significant reduction in cardiac systolic func-
tion by 28 DPI that progresses further into HFrEF on
or around 56 DPI (Figure 4). The longitudinal, echocar-
diographic study completed here illustrates the critical
role of N-glycosylation in myocardial function, spe-
cifically including the need for cardiomyocyte hybrid/
complex N-glycosylation (even post development) in
maintaining the integrity of cardiac electromechanical
function(s). This decrease in systolic function did not
coincide with a similar structural LV wall thinning char-
acteristic of DCM development following other models
of disrupted glycosylation®*%%; rather, there was a slight
thickening of the LV anterior wall in the iMgat1KO after
the onset of HFrEF (Tables S1, S2).%3

HFrEF can lead to cardiomyocyte remodeling due to
the complex neurohormonal control of the heart.®910.62
Distinguishing initial causes of HF from disease-
related (compensatory or decompensatory) changes
to cardiomyocyte physiology is a difficult challenge.
However, the longitudinal echocardiographic study
completed here provides a distinct timeline for when
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cardiac contractility becomes impaired and thus al-
lows one to determine whether cellular remodeling
events precede, and possibly initiate, systolic dysfunc-
tion from compensatory or decompensatory changes
in cardiomyocyte activity that follow the onset of HF.

It is generally accepted that direct insults at the car-
diomyocyte level, such as disruption of t-tubules,®6364
calcium-handling, and EC coupling,t®%¢ can con-
tribute to an aggregation of cardiac dysfunction and
HFrEF.516267 Here, cellular electromechanical studies
were completed on isolated cardiomyocytes before
and after the onset of gross dysfunction to assess the
functional cardiomyocyte health and to determine if
cellular remodeling contributed to the observed cardiac
dysfunction (Figures 5 through 7). Current dogma sug-
gests that remodeling includes a resulting prolongation
of the cardiomyocyte AP that is driven via a reduction
in potassium currents with HF.8'21* The iMgat1KO car-
diomyocytes did not display any changes in ventricular
AP waveform relative to controls before or even 60 days
after the onset of HFrEF (Figure 5). Consistently, there
was little to no I, remodeling relative to the control car-
diomyocytes at the examined time points (Figure 6).

Intracellular Ca?* transients and contractility can be
affected in HFrEF. Slow intracellular calcium transients
with reduced amplitudes are associated with chronic
HF and contribute to reduced cardiomyocyte contrac-
tility,26568 though Mork et al showed a transitory in-
crease in the amplitudes of sarcomeric shortening and
intracellular calcium transients early after an ischemic
injury that progressed to diminished function later.®®
Here, intracellular Ca®* transients and contractility dy-
namics of the isolated iMgat1KO cardiomyocytes did
not indicate abnormal function at ~10 or at ~90 DPI
(Figure 7). Thus, despite there being significantly re-
duced LV contractility beginning at 28 DPI, there was
no significant or measurable impact on cardiomyocyte
contractility that preceded or followed the onset of the
gross LV dysfunction. This lack of dysfunction on the
individual myocytes could suggest that either the ob-
served small shifts in Ca, gating in the iMgat1KO car-
diomyocytes are responsible for the reduced systolic
function (without changing AP waveform or cytosolic
Ca?* dynamics), or reduced N-glycosylation could be
affecting the cardiomyocyte-to-cardiomyocyte elec-
tromechanical coupling such that LV contractility is
reduced.

To that end, cardiac fibrosis is a common contrib-
utor to decreased cardiac hemodynamics in HF and
could explain increased cardiac dysfunction of the
whole heart.>” Cardiac fibrosis can be a result of fi-
brotic replacement after cardiomyocyte death or a re-
sult of fibroblast activation following increased cardiac
pressure and stress, which both result in increased
collagen deposition in the extracellular matrix.5"7"!
Although increased fibrosis would likely contribute to
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aberrant tissue-level electromechanical activity, we
observed that there was no increase in cardiac col-
lagen deposition before or following HFrEF onset (at
10, 47, and 132 DPI; Figure 2B). This suggests that in-
creased fibrosis does not contribute to HFrEF onset in
this model and thus is not a likely mechanism by which
intercellular electromechanical activity is impaired with
reduced complex/hybrid N-glycosylation.

Proper cardiac activity is dependent on cardio-
myocyte (eg, APs and contractility) and tissue-level
(eg, cardiomyocyte-to-cardiomyocyte signaling) elec-
tromechanical activity.'”>® We demonstrate here that
the reduced hybrid/complex N-glycosylation in our
iMgat1KO model does not have a significant impact
on the AP, calcium handling, or contractility of iso-
lated cardiomyocytes (Figures 5 through 7). This could
suggest that the significantly reduced LV EF shown
here may be secondary to disruption of the electro-
mechanical coupling between cardiomyocytes. Briefly,
cardiomyocytes are longitudinally linked at the dense
ICD structures. Within the ICDs, junctions composed
of desmosomes and adherens junctions mechani-
cally anchor one cell to the next, and gap junctions,
made of connexons, electrically couple adjacent car-
diomyocytes.”® Members of the cadherin superfam-
ily of transmembrane proteins are responsible for the
extracellular bonds across these mechanical junc-
tions, including N-cadherin,” desmoglein-2,”> and
desmocollin-2,’® all 3 of which have been shown to
contain N-glycosylation sites that may be direct tar-
gets of GIcNACT1. Therefore, it is important for future
studies to determine if the disrupted N-glycosylation
in our iIMgat1KO hearts is affecting these necessary
structures. The connexin proteins, primarily connex-
in-43, responsible for making up the gap junctions, do
not contain an N-glycosylation site and would not be
directly affected in our model. However, it has been
shown that the successful formation or distribution
of cardiomyocyte gap junctions is dependent on the
normal function of the mechanical cadherins within the
ICD.”""® Therefore, in addition to the direct disruption
of adherens junctions and desmosomes in this model,
an indirect effect on the coupling of gap junctions may
also be possible.

Na, are also clustered within microdomains extend-
ing from the gap junctions in cardiomyocyte ICDs.”®
Studies have shown that N-linked sialic acid on the
Na, o-, -, and B, subunits directly modulate Na,
gating®®® and was confirmed within our cMgat1KO
model.** It is thought that Na, channels clustered
around the gap junctions contribute to intercellular
ephaptic conduction. This mechanism is facilitated by
the ICD-localized |y, of the prejunctional cardiomyo-
cyte, which removes extracellular positive charge from
the junctional space. This results in the effective de-
polarization of the postjunctional membrane, thereby
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promoting postjunctional Na, activity and enhancing
cell-to-cell conduction.8’ Modeling and experimental
evidence has shown that this conduction is dependent
on the number of Na, near the gap junctions as well
as the geometry/size of the cleft between the adjacent
cells 8284

Thus, if prejunctional Na, activity promotes post-
junctional Na, activity as proposed above, then the
direct effects of reduced N-glycosylation (and thereby
sialic acids) on ICD-localized Na,, could be responsible
for reduced Na, activity of pre- and postjunctional Na,
through well-established electrostatic mechanisms, 2834
thereby effectively slowing cell-to-cell conduction. It is
also quite possible that bulk structural effects of the
Na, (and other ICD protein) N-glycans effectively alter
the cleft geometry and thereby ephaptic conduction
or mechanical signaling between myocytes. Certainly,
both potential mechanisms are feasible and will be the
focus of future studies. As just 1 example, reduced
N-glycosylation could modulate interactions between
Na, a and 8 subunits within and between neighboring
cardiomyocytes, potentially altering a-subunit voltage-
dependent gating through electrostatic mechanisms
as well as B-subunit adhesion properties within and
across the junctions.®® The iMgat1KO model described
here offers a robust experimental model that can be
used to address these questions.

This work expands on previous studies that exam-
ined the role of N-glycosylation on VGICs and cardio-
myocytes in cellular and animal models under various
means of altering N-glycosylation through pharmaco-
logic inhibition and transgenic manipulation.?8:20:36.80
As referenced in the introduction, aberrant glycosyla-
tion has been associated with a variety of clinical dis-
eases that negatively affect cardiac function, including
HF secondary to congenital disorders of glycosyla-
tion,?® idiopathic DCM,?” and Brugada syndrome.®’
The iMgat1KO mouse model also provides a tool to
explore the feasibility of potential therapeutic targets in
future translational investigations.

CONCLUSIONS

In summary, here we demonstrate that a reduction in
hybrid/complex N-glycosylation in the adult mouse
modulates Ca, gating that is, however, not sufficient
to induce significant cardiomyocyte electromechani-
cal remodeling before the onset of HFrEF (if ever). The
data also show that, by 4 weeks post-MgatT deletion,
there is a significant reduction in LV contractility (EF/
FS) that progresses into HFrEF by around 8 weeks post
induction but in the absence of any cardiomyocyte re-
modeling and without an increase in fibrosis. Thus, in
addition to allowing one to determine mechanisms by
which reduced N-glycosylation can cause adult-onset

12
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HFrEF, this novel model is well suited to investigate
the tissue-level mechanisms responsible for inducing
reduced systolic function that progresses into HFrEF
in the absence of (or at least before) cardiomyocyte
remodeling and fibrosis. Although there is an acute ef-
fect of complex N-glycans on Ca, gating, this alone,
as described, is very unlikely to be able to explain fully
the LV-level reduction in electromechanical activity. It
is possible that earlier (pre- and perinatal) changes in
hybrid/complex N-glycosylation could have additional
effects on cardiomyocyte and cardiac electromechani-
cal activities—data indicate that N-glycans do vary in
the heart over time.?®8® Thus, a thorough comparison
of the previously described cMgat1KO®32# with the iM-
gat1KO model outlined here could be useful in defining
such development-dependent effects. Regardless of
potential developmental effects, the data here indicate
that there is also an effect of complex N-glycosylation
on tissue-level electromechanical activities in the adult
(in the absence of increased fibrosis) that cannot be
explained fully by changes in electromechanical activi-
ties of the individual cardiomyocyte.
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SUPPLEMENTAL MATERIAL



Table S1 Summary of echocardiographic parameters comparing TCre and iMgat1KO mice

Parameter TCre iMgat1 KO
Time Baseline 14 dpi 168 dpi Baseline 14 dpi 168 dpi
Rate (BPM) 408 £17 401 +£7 379+7 381421 4107 370+ 10
EF (%) 59.5+24 60.3+£3.0 584+1.7 59.7+0.8 59.0+1.2 33.4+1.7%
FS (%) 315+ 1.7 324+£20 30.6+1.1 31.2+£0.5 31.1+0.8 15.7 £0.9%
Diastole
(mm)
LVID 4324+0.14 4.64+0.18 423+0.15 | 391+£028 433+0.11 3.53+0.46
LVAW 090+0.12 099+0.09 0.81+0.04 | 0.84+£0.05 0.93+0.04 1.07 £ 0.06"
LVPW 090+0.08 0.92+0.07 0.95+0.07 | 0.96+0.08 0.86+0.08 1.80+0.43
Systole (mm)
LVID 293+0.12  3.12+020 295+0.13 | 2.58+0.18 2.95+0.10  3.04+0.33*
LVAW 1.20£0.14 1.51+0.09 1.26+0.06 | 1.39+0.06 1.44+0.10 1.29+£0.18
LVPW 1.33+£0.09 1.27+0.11 1.37+0.07 | 1.22+£0.12 1.27+0.10 1.63 +0.32

Values are presented as mean = SEM. EF ejection fraction; FS fractional shortening; LV left ventricular; ID inner
diameter; AW anterior wall; PW posterior wall; student’s t-test, %»<0.05, #p<0.01, ##p<0.001 for iMgat1KO vs TCre

groups at the same timepoint. N=8 Baseline and 14 dpi; N=6 TCre/5 iMgat1 KO at 168 dpi.

Table S2 Summary of echocardiographic parameters comparing iMgat1KO mice to baseline measurements

Parameter iMgat1 KO
Time Baseline 14 dpi 28 dpi 56 dpi 112 dpi 168 dpi
Rate (BPM) 38121 4107 394+9 3995 3926 37010
EF (%) 59.7+0.8 59.0+1.2 46.9 = 1.7 41.1 1.5 36.6 = 0.8 33.4 1.7
FS (%) 31.2+0.5 31.1+0.8 23.3 1.0 19.9 £ 0.9 17.3 £0.4% 15.7 £ 0.9
Diastole
(mm)
LVID 3.91+0.28 4.33+0.11 4.24 +0.090 4.12+0.16 3.98+0.10 3.53+0.46
LVAW 0.84+0.05 0.93+0.04 1.00 £0.05" 1.10 £ 0.05% 1.07 £0.06" 1.07 £0.06"
LVPW 0.96 +0.08 0.86+0.08 0.85+0.05 0.99+0.07 0.96 +0.07 1.80+0.43
Systole (mm)
LVID 2.58+0.18 2.95+0.10 3.28=0.11% 3.45=0.14" 3.34+0.11 3.04 =0.33"
LVAW 1.39+0.06 1.44+0.10 1.35+0.07 1.28+0.08 1.27 £0.08 1.29+0.18
LVPW 1.22+0.12 1.27+0.10 1.04+0.06 1.10+0.08 1.08 £0.08 1.63+0.32

Values are presented as mean = SEM. EF ejection fraction; FS fractional shortening; LV left ventricular; ID inner
diameter; AW anterior wall; PW posterior wall; student’s t-test, p<0.05, #p<0.01, *¥p<0.001 for iMgat1 KO vs
baseline iMgat] KO measurements. N=8 Baseline through 56 dpi; N=5, 112 and 168 dpi.



