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HIGHLIGHTS

� An innovative click chemistry–based

quantitative proteomics demonstrates

distinct global profiling of substrate pro-

teins of N-myristoylation in cardiac myo-

cytes at the endogenous level.

� NMT2 knockdown is maladaptive in a

mouse model of pathological cardiac

hypertrophy and failure.

� MARCKS was identified as a crucial

substrate of N-myristoylation regulated

by NMT2 and was found to prevent

angiotensin II–induced cardiac patholog-

ical hypertrophy through the inhibition of

activation of CaMKII and HDAC4 and his-

tone acetylation.

� Up-regulation of N-myristoylation

through AAV9-mediated transfer of the

NMT2 gene to the heart attenuated

pressure overload–induced cardiac

remodeling and heart failure.
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ABBR EV I A T I ON S

AND ACRONYMS

AAV9 = adeno-associated

virus 9

Ang II = angiotensin II

CaMKII = Ca2D/calmodulin-

dependent protein kinase II

HDAC4 = histone deacetylase 4

IVSd = end-diastolic

interventricular septum wall

thickness

LC-MS/MS = liquid

chromatography–tandem mass

spectrometry

LVEF = left ventricular

ejection fraction

mRNA = messenger RNA

MS = mass spectrometry

NMT = N-myristoyltransferase

NMT1 = N-myristoyltransferase 1

NMT2 = N-

myristoyltransferase 2

NRCM = neonatal rat

cardiomyocyte

PIP2 = phosphatidylinositol

4,5-bisphosphate

PTM = post-translational

modification

shRNA = short hairpin RNA

TAC = transverse aortic

constriction
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SUMMARY
Protein diversity can increase via N-myristoylation, adding myristic acid to an N-terminal glycine residue. In a

murine model of pressure overload, knockdown of cardiac N-myristoyltransferase 2 (NMT2) by adeno-

associated virus 9 exacerbated cardiac dysfunction, remodeling, and failure. Click chemistry-based quantitative

chemical proteomics identified substrate proteins of N-myristoylation in cardiac myocytes. N-myristoylation

of MARCKS regulated angiotensin II–induced cardiac pathological hypertrophy by preventing activations of

Ca2þ/calmodulin-dependent protein kinase II and histone deacetylase 4 and histone acetylation. Gene transfer

of NMT2 to the heart reduced cardiac dysfunction and failure, suggesting targeting N-myristoylation through

NMT2 could be a potential therapeutic approach for preventing cardiac remodeling and heart failure.

(J Am Coll Cardiol Basic Trans Science 2023;8:1263–1282) © 2023 The 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 involves structural
changes in the heart such as hyper-
trophy, fibrosis, and dilatation,

referred to as cardiac remodeling.1 At the
cellular level, cardiomyocytes undergo path-
ological hypertrophy characterized by
increased cardiac muscle cell size, segrega-
tion of sarcomere structures, and enhanced
protein synthesis by mechanical and neuro-
humoral stimuli, which drives the transitions
to heart failure.2 Post-translational modifica-
tions (PTMs) of proteins serve as a mecha-
nism for increasing proteomic diversity that
regulates the structure, localization, and
interaction in cardiomyocytes,3 which are
essential for cardiovascular physiology and disease
progression. Additionally, mutations of the post-
translational target sites are directly involved in
phenotype variation and types of cardiac diseases.4

Prioritizing the regulators of PTMs in the cells is a
promising therapeutic target to prevent or reverse
cardiac remodeling as cardiomyocytes are terminally
differentiated. Although global profiling of phosphor-
ylation in the heart in response to b-agonists and in
dilated cardiomyopathy has been reported,5,6 direct
comprehensive identification of protein substrates
of living cells and pathological states is still
challenging.

N-myristoylation is a key form of PTMs of proteins
that entail the attachment of myristic acid to the
N-terminal glycine residue.7 N-myristoylation is
catalyzed by N-myristoyltransferase (NMT) of
N-myristoyltransferase 1 (NMT1) and N-myristoyl-
transferase 2 (NMT2) after the initiator methionine is
eliminated by methionine aminopeptidase.8 N-myr-
istoylation plays a role in numerous physiological
processes, including intracellular signaling, protein
stability, and protein quality control.9,10 In this
regard, modifications of N-myristoylation are tar-
geted in infectious diseases such as malaria,11

sleeping sicknesses,12 and neoplasms such as B-cell
lymphomas.13 It has been recently reported that N-
myristoylation has a novel feature that mediates
protein quality control as a glycine-specific N-end
rule pathway to stabilize proteins.14 Yet, the prote-
ome of distinct N-myristoylation has not been
investigated in cardiomyocytes, and it remains un-
clear if N-myristoylation in the heart is functionally
relevant or how it is precisely regulated.

In this study, we aimed to clarify the pathological
role and regulation of N-myristoylation in the heart
and to determine proteome profiling of distinct N-
myristoylation in cardiac myocytes. We applied
quantitative chemical proteomics with a click
chemistry-based approach for this purpose and
demonstrate that targeting N-myristoylation through
NMT2 is a novel potential therapeutic strategy for
cardiac hypertrophy and heart failure.

METHODS

A detailed description of the methods is provided in
the Supplemental Methods.

ANIMAL MODEL OF PRESSURE OVERLOAD BY

TRANSVERSE AORTIC CONSTRICTION. Male mice
with a C57BL/6 J background at 7 weeks old were
subjected to transverse aortic constriction (TAC) or
sham surgeries as previously reported.15,16 A trans-
sternal thoracotomy was performed after deep anes-
thesia was confirmed, and the aorta was constricted
at the arch between the brachiocephalic artery and
left common carotid artery by tying a 7.0 suture with
a 27- or 28-gauge blunt needle as indicated.

PATIENT SUBJECTS. We enrolled patients with
symptomatic stage C/D heart failure (n ¼ 12) and age-
matched and sex-matched non–heart failure

http://creativecommons.org/licenses/by-nc-nd/4.0/
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participants (n ¼ 6), all of whom underwent endo-
myocardial biopsy at Fukushima Medical University
Hospital between January 2016 and November 2020.
The etiology of the heart failure in the patient group
was idiopathic dilated cardiomyopathy. The ventric-
ular tissues were obtained from the right ventricular
side of the interventricular septum. Biopsy specimens
were subjected to immunohistochemical analysis.

AAV9 CONSTRUCTION AND VECTOR DELIVERY IN

MICE. Short hairpin RNA (shRNA) targeted to mouse
Nmt2 was generated by cloning into pAAV-2xU6
vector.17 pAAV-CMV vector was constructed by sub-
cloning mouse Nmt2 with an N-terminal FLAG tag.17

To administer recombinant adeno-associated virus 9
(AAV9), 1011 genome-containing units per mouse
were injected via the lateral tail vein.

CLICK CHEMISTRY FOR LABELING N-MYRISTOYLATED

PROTEINS. For click metabolic labeling,18,19 Click-iT
myristic acid azide (Thermo Fisher Scientific) was
introduced to the cell culture. After cells were lysed,
protein was incubated with alkyne-agarose resin with
50% slurry by Click-iT protein enrichment technol-
ogy. Trypsin-digested peptides were introduced to
subsequent analysis.

LIQUID CHROMATOGRAPHY–TANDEM MASS

SPECTROMETRY. Liquid chromatography–tandem
mass spectrometry (LC-MS/MS) was performed using
an Easy-nLC1000 system (Thermo Fisher Scientific)
coupled to a Q Exactive mass spectrometer 1000
(Thermo Fisher Scientific). An ion target value for
mass spectrometry (MS) was set to 106, tandem MS to
105, and the intensity threshold was set to 1.8 � 103.

PROTEOMICS DATA ANALYSIS. All raw data ac-
quired from LC-MS/MS spectra were processed with
Proteome Discoverer version 1.4. The amino acid se-
quences of the peptides were identified using
MASCOT and Sequest-HT search engines against Rat
database in the SwissProt and Uniprot. Scaffold 5
(Proteome Software, Inc) was used to report tandem
MS–based peptide.20 The label-free quantification of
LC-MS/MS was applied to determine protein abun-
dance in each sample by measuring the intensity of
the corresponding MS spectrum features of the pro-
tein.21 Data were exported from Scaffold for statistical
analysis of the differences in mean intensities among
multiple replicate samples.

RNA SEQUENCING. The total RNA isolated from the
heart tissues was subjected to RNA sequencing.22

STATISTICAL ANALYSIS. All data are expressed as
the mean � SEM unless otherwise specified. The
Shapiro-Wilk test was used to assess normality. The
unpaired Student’s t-test was performed for
comparisons of values between 2 groups unless
otherwise specified. One-way analysis of variance
followed by Tukey’s post hoc test for multiple pair-
wise comparisons was applied when more than 2
groups were evaluated. Survival time was analyzed
using Kaplan-Meier methods with the log-rank test
used to compare groups. Data were analyzed using
Statistical Package for Social Sciences version 28.0
(SPSS Inc) and GraphPad Prism version 9.5.1 (Graph-
Pad Software).

ETHICAL APPROVAL. All animal studies were
reviewed and approved by the Fukushima Medical
University Animal Research Committee (approval
number 2021129). The protocols involving human
participants were approved by the institutional ethics
committee of Fukushima Medical University Hospital
(approval number 2020-309). The investigation con-
forms with the principles outlined in the Declaration
of Helsinki.

RESULTS

ALTERATION OF CARDIAC NMT2 EXPRESSION

DURING THE DEVELOPMENT OF HEART FAILURE. To
clarify the role of NMTs in the development of heart
failure, we first examined the changes in expression
levels of NMT1 and NMT2, which are involved in N-
myristoylation8 in pathologically failing myocar-
dium. In a murine model of heart failure induced
through TAC using a 28-gauge blunt needle, which
causes reduced left ventricular systolic function with
left ventricular enlargement (Supplemental
Table 1),15,17 we observed that the protein levels of
cardiac NMT1 were not significantly altered, whereas
NMT2 protein levels were decreased by 59% at
4 weeks post-TAC in comparison to a control group
that underwent sham surgery (Figure 1A). Likewise,
immunohistochemical analysis demonstrated that
NMT2 but not NMT1 represented a significant
decrease in the failing heart (Figures 1B and 1C).
When we assessed the human endomyocardial bi-
opsy specimens from patients with symptomatic
stage C/D heart failure with idiopathic dilated car-
diomyopathy with left ventricular ejection fraction
of 27.4% � 16.4%, immunohistochemistry revealed
that NMT2-expressing cardiomyocytes in patients
with heart failure were significantly decreased
compared to those without, whereas no difference in
NMT1 expression was found between the 2 groups
(Figures 1D and 1E, Supplemental Table 2). Alteration
of cardiac NMT2 expression under pathological
conditions suggests that NMT2 may participate in
stress-induced cardiac remodeling and heart failure,
as opposed to NMT1.

https://doi.org/10.1016/j.jacbts.2023.06.006
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FIGURE 1 Changes in Cardiac NMT2 Expression in Heart Failure of Mice and Humans

(A) Immunoblot analysis of N-myristoyltransferase 1 (NMT1) and N-myristoyltransferase 2 (NMT2) in the murine heart. Wild-type mice were subjected to either sham

procedure or transverse aortic constriction (TAC) surgery using a 28-gauge blunt needle and analyzed 4 weeks after the operation. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) served as the loading control. The densitometric analysis is shown in the graphs (n ¼ 5 in each). (B) Immunohistochemistry for NMT1 (brown)

and NMT2 (brown) in paraffin-embedded sections from mouse hearts. Scale bars ¼ 20 mm. (C) Quantitative analysis of the ratios of NMT1- or NMT2-positive

cardiomyocytes determined by immunohistochemistry (n ¼ 3 and 4, respectively). (D) Immunohistochemical analysis of NMT1 (brown) and NMT2 (brown) in paraffin-

embedded heart section from non–heart failure control subjects and heart failure patients with idiopathic dilated cardiomyopathy. Scale bars ¼ 20 mm. (E) Quantitative

analysis of the ratios of NMT1- or NMT2-positive cardiomyocytes by immunohistochemistry (n ¼ 6 and 12, respectively). All data are presented as mean � SEM.

**P < 0.01 and ***P < 0.001 by the unpaired Student’s t-test (2-sided).
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NMT2 KNOCKDOWN IS MALADAPTIVE IN A MOUSE

MODEL OF PATHOLOGICAL CARDIAC HYPERTROPHY

AND FAILURE. To elucidate the role of N-myr-
istoylation and endogenous NMT2 in the develop-
ment of heart failure in vivo, we generated AAV9
vector encoding shRNA targets to NMT2 to inhibit
NMT2 expression specific to the cardiomyocytes of
mice.17,23 To achieve the desired knockdown, we
packed the separate loops for the 2 shRNAs from 2 U6
promoters of mU6 and hU6 into a single adeno-
associated virus plasmid (Supplemental Figure 1).
We administered a single dose of 1.0 � 1011 genome-
containing units to the mice via the lateral tail vein
at the age of 6 weeks (Figure 2A). After 3 weeks, the
gene delivery of AAV9-shNMT2 was sufficient to elicit
significant transduction and knockdown of NMT2
protein levels with a 58% decrease in the left ventri-
cles compared to those injected with AAV9 encoding
2 shRNA against LacZ as a control (AAV9-ShCTRL)
(Supplemental Figure 2) but did not affect NMT2
expression levels in the lung, liver, or anterior tibialis
muscles (Supplemental Figure 3). We subjected the
mice receiving AAV9-shNMT2 or AAV9-shCTRL in-
jections to pressure overload–induced cardiac hy-
pertrophy and failure by means of TAC using a 27-
gauge blunt needle. Echocardiographic measure-
ments revealed no cardiac physiological functional
differences between AAV9-shNMT2– and AAV9-
shCTRL–injected sham-operated mice followed by
4 weeks (Supplemental Table 3). Cardiac NMT2 ex-
pressions were reduced in both AAV9-shNMT2–
injected sham- and TAC-operated mice compared to

https://doi.org/10.1016/j.jacbts.2023.06.006
https://doi.org/10.1016/j.jacbts.2023.06.006
https://doi.org/10.1016/j.jacbts.2023.06.006
https://doi.org/10.1016/j.jacbts.2023.06.006


FIGURE 2 NMT2 Knockdown Is Maladaptive in a Mouse Model of Pathological Cardiac Hypertrophy and Failure
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FIGURE 2 Continu
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the corresponding AAV9-CTRL mice 4 weeks after
operations (Figure 2B). Pressure overload triggered
increases in end-diastolic interventricular septum
wall thickness (IVSd) and end-diastolic left ventricu-
lar posterior wall thickness in both AAV9-shCTRL and
AAV9-shNMT2 mice compared to the corresponding
sham-operated mice at 1, 2, and 4 weeks post-
operation (Figures 2C and 2D, Supplemental Table 3).
There was no statistical significance on the degree of
pressure overload according to the pressure gradient
between AAV9-shCTRL and AAV9-shNMT2 mice at
1 week post-TAC (Supplemental Table 3). Impor-
tantly, TAC significantly reduced fractional short-
ening in AAV9-shCTRL mice at 2 and 4 weeks
postsurgery; however, fractional shortening was
significantly reduced in AAV9-shNMT2 mice
compared to AAV9-shCTRL mice. Moreover, the end-
systolic left ventricular internal dimension was larger
in AAV9-shNMT2 mice than in AAV9-shCTRL mice
after TAC. Although TAC enhanced whole heart
weight and left ventricular weight–to–body weight
ratios, these ratios were much higher in AAV9-
shNMT2 mice than in AAV9-shCTRL mice
(Figure 2E). Lung weight–to–body weight ratio, a
measure of lung congestion, was elevated in
TAC-operated AAV9-shNMT2 mice compared to TAC-
operated AAV9-shCTRL mice. Elastica-Masson
staining revealed that interstitial fibrosis in both
AAV9-shCTRL and AAV9-shNMT2 mice was promoted
by TAC compared to the corresponding sham-
operated mice, although the extent of fibrosis in
AAV9-shNMT2 mice was greater than in AAV9-
shCTRL mice (Figures 2F and 2G). The cross-sectional
area of cardiomyocytes according to the wheat germ
agglutinin staining was substantially larger in TAC-
operated AAV9-shNMT2 mice than in TAC-operated
AAV9-shCTRL mice (Figures 2H and 2I). Messenger
RNA (mRNA) expression levels of Nppa, Nppb, and
ed

ram of the experimental design. The mice at the age of 6 weeks were injected

rt hairpin RNA (shRNA) target to NMT2 (AAV9-shNTM2) or LacZ as a control (

edure was performed. (B) Immunoblot analysis for NMT2 in the heart. The p

9-shNMT2 at 4 weeks after sham or TAC operation were immunoblotted wit

alysis is shown in the graphs (n ¼ 5-8 in each group). (C) Echocardiographic

-shNMT2–injected mice (n ¼ 5), TAC-operated AAV9-shCTRL–injected mice

ages of M-mode echocardiograms. Scale bars ¼ 0.2 seconds and 2 mm, res

entricles. Scale bar ¼ 1 mm (top) and 20 mm (bottom). (G) Quantitative analys

m agglutinin (WGA)-stained sections from the left ventricles. The plasma m

dole (DAPI) (blue), respectively. Scale bar ¼ 20 mm. (I) Quantification of the

essenger RNA expressions of Nppa, Nppb, Myh7, Col1a1, and Col8a1. Actb w

ed mice was set equal to 1 (n ¼ 4-6). (K) Kaplan-Meier survival curve in AAV9-

and P value by the log-rank test are presented. All data are presented as m

with Tukey’s post hoc analysis. Abbreviations as in Figure 1.
Myh7, which are biochemical markers for cardiac
remodeling and hypertrophy, as well as Col1a1 and
Col8a1, which are markers for fibrosis, were
expressed at higher levels in AAV9-shNMT2 mice
than in AAV9-shCTRL mice in response to TAC
(Figure 2J). The total left ventricular mass, car-
diomyocyte cell surface area, and gene expressions
may not always correlate with changes in wall thick-
ness measured by echocardiography, and the
enhanced ventricular remodeling may have contrib-
uted to the nondetection of an increase in the thick-
ness of IVSd in TAC-operated AAV9-shNMT2 mice. In
addition, AAV9-shNMT2 hearts exhibited significant
increases in the numbers of CD45þ leukocytes and
CD68þ macrophages, as well as mRNA expression
levels of Il1b compared to AAV9-shCTRL hearts atter
TAC (Supplemental Figure 4). Some of TAC-operated
AAV9-shNMT2 mice manifested conspicuous in-
dications of cardiorespiratory distress, including
decreased activity, reduced appetite, and piloer-
ection, all of which are signs of heart failure, and
when AAV9-shNMT2–injected mice were found dead,
we observed congestive lungs in the mice. Notice-
ably, the mice receiving AAV9-shNMT2 injections
followed by TAC demonstrated lower survival rates
(Figure 2K). Sham-operated AAV9-shNMT2 mice
exhibited increased heart weight and lung weight but
did not lead to reduced left ventricular systolic
function or survival during the 4-week observation
period. These findings imply that NMT2 plays a
crucial role in pressure overload–induced cardiac
remodeling, heart failure, and survival.

GLOBAL PROFILING OF N-MYRISTOYLATED SUBSTRATES

IN CARDIAC MYOCYTES BY CLICK CHEMISTRY–BASED

QUANTITATIVE PROTEOMICS. To determine the global
N-myristoylated protein profiling in cardiac myo-
cytes, we applied an emerging click chemistry–based
with 1.0 � 1011 genome-containing units of adeno-associated virus 9

AAV9-shCTRL). One week later, TAC surgery using a 27-gauge blunt

rotein extracts from the left ventricles in mice receiving either

h the indicated antibodies. GAPDH was used as the loading control.

assessment. Sham-operated AAV9-shCTRL–injected mice (n ¼ 6),

(n ¼ 5), and TAC-operated AAV9-shNMT2–injected mice (n ¼ 4).

pectively. (E) Physiological parameters. (F) Elastica-Masson–stained

is for fibrosis fraction in Elastica-Masson–stained sections (n ¼ 3 in

embrane and nucleus are stained with WGA (green) and 40,6-

cross-sectional area of cardiomyocytes in WGA-stained sections

as used for normalization. The average value for sham-operated

shCTRL– or AAV9-shNMT2–injected mice after sham or TAC surgery.

ean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way
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FIGURE 3 Global Profiling of Substrate Proteins of N-Myristoylation in Cardiac Myocytes by Click Chemistry–Based Quantitative Proteomics
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approach24 in cultured neonatal rat cardiomyocytes
(NRCMs) and H9c2 rat ventricular myocytes25,26

(Figure 3A). The use of clickable fatty acids tagged
with an alkyne or azide moiety has enabled the large-
scale analysis of proteins as well as the discovery of
new proteins by the purification of proteins labeled
with lipid chemical reporters.24 Cotranslationally, N-
myristoylated proteins are generated continuously
through de novo protein synthesis.27 Proteins in the
cells were labeled with click myristic acid azide, and
then the azide-labeled N-myristoylated proteins were
specifically captured for liquid chromatography–mass
spectrometry–based proteomics analysis. Using the
quantitative proteomics analysis followed by click
chemistry, we identified 103 and 195 N-myristoy-
lated–enriched proteins in NRCM and H9c2 myocytes,
respectively (Figures 3B and 3C). Because N-terminal
glycine residue (G2) is thought to constitute a degron
that is N-myristoylated as an annotated N-terminal
“MG” motif,8 22 and 65 proteins carried the N-termi-
nal glycine, respectively (Figures 3D and 3E). Given
that the occurrence of N-terminal lysine (K3) has been
recently identified,28 we observed that 3 and 8 pro-
teins constituted the N-terminal “MGK” motif, and 7
and 12 proteins carried the N-terminal “K3” motif,
respectively. The remaining 71 and 110 substrates
were identified for the N-myristoylated substrates for
the first time at the endogenous level in cardiac
myocytes, respectively. We identified 40 N-myr-
istoylated substrate proteins that are commonly pre-
sent in NRCM and H9c2 cardiac myocytes. These
proteins were categorized based on their biological
functions using gene ontology annotation,29

revealing their distribution across a variety of bio-
logical processes (Figure 3F), and the majority of N-
myristoylated proteins were functionally associated
with translation, protein transport, transcription, cell
cycle, and cellular protein localization.
ed

ram for the workflow of proteomic strategy using click chemistry. Neonatal
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Next, to determine the involvement of NMTs in N-
myristoylation in the myocytes, genetic inhibition by
NMTs was applied (Figure 3G), rather than chemical
inhibition or knockout considering the lethality of
NMT knockouts.30 For NRCM, adenovirus 5 with
shRNA targeting to NMT2 was used to gain a signifi-
cant knockdown of NMT2 (Figure 3H). Notably, NMT2
inhibition resulted in decreases in most of the N-
myristoylated levels, and 44 of 103 N-myristoylated
proteins exhibited a statistically significant reduction
by inhibition of NMT2 (Figure 3I). Likewise, NMT2
inhibition reduced all N-myristoylation levels in H9c2
myocytes, and 110 of 195 N-myristoylated proteins
represented a statistically significant reduction by
NMT2 upon the knockdown conditions (Figures 3J and
3K). Together, we found that NRCM and H9c2 myo-
cytes commonly contained 11 N-myristoylated pro-
teins controlled by NMT2. Knockdown of NMT2 had
no effects on the cell viability (Supplemental
Figure 5). In contrast to NMT2, the majority of N-
myristoylated levels were not significantly altered by
the knockdown of NMT1 in H9c2 myocytes
(Supplemental Figure 6).

ALTERATIONS OF N-MYRISTOYLATION LEVELS IN

RESPONSE TO ANGIOTENSIN II IN CARDIAC MYOCYTES.

We then employed the quantitative proteomics
analysis with click chemistry following continuous
angiotensin II (Ang II) stimulation31 in combination
with genetic knockdown of NMT2 to investigate the
role of N-myristoylation during pathological cardiac
hypertrophy and remodeling in the myocytes
(Figure 4A). Of note, Ang II depressed the amounts of
N-myristoylated levels in NRCMs, and 46 of 103 N-
myristoylated proteins exhibited statistically signifi-
cant attenuation in response to continuous Ang II
stimulation (Figure 4B). Similarly, all N-myristoylated
levels among these detected N-myristoylated
rat cardiomyocytes (NRCMs) and H9c2 myocytes were incorporated

lick-iT protein enrichment technology using a click reaction with

/MS). According to quantitative proteomics, 103 and 195 N-myr-

og quantitative value is plotted for each N-myristoylated substrate.

hose with no MG motif. Data are presented as mean values from 5

g quantitative value and log percentage of total spectra for N-

) Biological functions of 40 N-myristoylated proteins commonly

mic workflow with genetic inhibition of NMT2. NRCM were infected

transfected with small interfering RNA specific to NMT2 (siNMT2)

M infected with Ad5-shNMT2 for 48 hours (n ¼ 3 in each). GAPDH

s for N-myristoylated proteins in NRCM infected with Ad5-shNMT2

) Western blot analysis of NMT2 in H9c2 myocytes (n ¼ 3 in each).

myocytes transfected with siNMT2 in comparison to siCTRL from

t (2-sided). Abbreviations as in Figures 1 and 2.

https://doi.org/10.1016/j.jacbts.2023.06.006
https://doi.org/10.1016/j.jacbts.2023.06.006
https://doi.org/10.1016/j.jacbts.2023.06.006


FIGURE 4 Alteration in N-Myristoylated Levels in Response to Ang II in Cardiac Myocytes

(A) The workflow for chemical proteomics. NMT2 expressions were inhibited in NRCM by Ad5-shNMT2 or in H9c2 myocytes by siNMT2, and then cells were stimulated

with angiotensin II (Ang II, 1 mmol/L) for 24 hours before collection for click chemistry–based LC-MS/MS proteomics. (B to E) Volcano plots of the difference of

quantitative value for N-myristoylated protein levels and log P value followed with the presence and absence of Ang II in Ad5-shCTRL– or Ad5-shNMT2–infected NRCM

and in siCTRL- or siNMT2-transfected H9c2 myocytes from 3 independent experiments performed in triplicate. (F and G) Quantification of N-myristoylated MARCKS in

(F) NRCM and (G) H9c2 myocytes. Data are presented as mean � SEM (n ¼ 3 in each). *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way analysis of variance with

Tukey’s post hoc analysis. Abbreviations as in Figures 1 to 3.
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proteins were reduced, with 111 of 195 N-myristoy-
lated showing a statistically significant reduction in
response to Ang II in H9c2 myocytes (Figure 4C). Ang
II treatment altered the protein expression levels of
NMT2 but not NMT1 or cell viability (Supplemental
Figures 7 and 8). NMT2 knockdown cells showed
similar declining patterns of N-myristoylated levels
following Ang II in comparison to the controls
(Figures 4D and 4E). Among the identified N-myr-
istoylated substrates, a unique protein, MARCKS, was
found to be the most down-regulated N-myristoy-
lated protein in H9c2 myocytes and the fourth most
down-regulated in NRCM (Figures 4F and 4G).
There was no change in MARCKS expression in Ang
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II–treated or NMT2 knockdown H9c2 myocytes
(Supplemental Figure 9). We estimated that MARCKS
was a crucial component for N-myristoylation in Ang
II–mediated pathological ventricular hypertrophy
that is regulated by NMT2.

FUNCTIONAL ROLE OF N-MYRISTOYLATION OF

MARCKS IN CARDIAC MYOCYTES. We next sought
the functional significance of N-myristoylation of
MARCKS in cardiac myocytes. MARCKS is known as
an actin-binding protein that modulates cytoskeleton
signaling and a substrate of protein kinase C to serve
as a bridge between Ca2þ/calmodulin and protein ki-
nase C signaling, which relate to cellular signal
transduction.32,33 The residue of N-terminus that is
thought to be receiving N-myristoylation of MARCKS
is highly conserved across species, including the MG
motif (Supplemental Figure 10). The mutant MARCKS
with replacement of N-terminal glycine to alanine
(MARCKSG2A) was generated to prevent N-myr-
istoylation at the site. The immunofluorescence
analysis demonstrated that wild-type MARCKS
(MARCKSWT) was localized to the cellular membrane,
whereas MARCKSG2A was distributed throughout the
cytoplasm in H9c2 myocytes (Figures 5A and 5B),
indicating that N-myristoylation at N-terminal
glycine facilitates the anchoring of MARCKS to the
cellular membrane of the myocytes. Overexpression
of MARCKSWT significantly reduced Ang II–induced
cardiomyocyte hypertrophy (Figures 5C and 5D) fol-
lowed by Nppa, Nppb, and Myh7 mRNA expression
(Figure 5E), whereas MARCKSG2A did not alter the
cardiomyocyte surface area or these mRNA expres-
sion levels in H9c2 myocytes. To verify how N-myr-
istoylation of MARCKS is implicated in Ang II–related
cardiomyocyte hypertrophy, we assessed the
involvement of Ca2þ/calmodulin-dependent protein
kinase II (CaMKII), which is associated with cardiac
hypertrophy induced by Ang II,34,35 demonstrating
that overexpression of MARCKSWT significantly
inhibited Ang II–induced phosphorylation of CaMKII,
whereas MARCKSG2A did not affect its phosphoryla-
tion levels (Figure 5F). Similarly, the impacts of
MARCKSWT and MARCKSG2A on the activity of CaMKII
during Ang II–mediated signal transduction were in
accordance with the results from the phosphorylation
of CaMKII (Figure 5G). MARCKS was not involved in
PI3K/AKT pathway (Supplemental Figure 11). Acety-
lation of histones is a key epigenetic regulator and
histone deacetylase 4 (HDAC4), a stress-responsive
repressor, regulates cardiac gene expression by
influencing calcium processing and activity of CaM-
KII.36,37 Levels of phosphorylated HDAC4, as well as
acetylated histone H3, were significantly elevated
after Ang II treatment; however, MARCKSWT over-
expression markedly reduced those levels, whereas
MARCKSG2A overexpression did not change. These
findings suggest that N-myristoylation of MARCKS
plays a crucial role in Ang II–induced cardiac hyper-
trophy through CaMKII-related histone H3 acetyla-
tion via its localization at the plasma membrane.

ROLE OF NMT2 IN ANG II–INDUCED PATHOLOGICAL

HYPERTROPHY IN CARDIAC MYOCYTES. We then
studied the associations of NMT2 and cardiac hyper-
trophy during Ang II–mediated cardiac remodeling in
H9c2 myocytes. NMT2 knockdown cells exhibited the
absence of subcellular localization of MARCKSWT to
the cellular membrane by immunofluorescence anal-
ysis, indicating that N-myristoylation–associated
localization of MARCKS is regulated by NMT2
(Figure 6A). Cell surface area as well as mRNA
expression levels of Nppa, Nppb, and Myh7 increased
in NMT2 knockdown cells, and Ang II–induced cardiac
hypertrophy was accelerated in these cells (Figures 6B
to 6D). This Ang II–related cardiac hypertrophy in
NMT2-knockdown cells was accompanied by in-
creases in phosphorylation of HDAC4 and acetylation
of histone H3 (Figure 6E). Pharmacologic inhibition of
CaMKII reduced Ang II–induced hypertrophic
response in NMT2-knockdown H9c2 cardiac myocytes
accompanied by decreasing levels of Nppa, Nppb, and
Myh7 mRNA expression as well as phosphorylation of
HDAC4 and acetylation of H3 (Figures 6F to 6I), sug-
gesting that the exacerbated hypertrophy by NMT2
knockdown is in part mediated by CaMKII. In
contrast, transient overexpression of NMT2 signifi-
cantly attenuated Ang II–induced cardiac hypertro-
phy as well as Nppa, Nppb, and Myh7 mRNA
expression accompanied by the reduction of HDAC4
phosphorylation and histone H3 acetylation in H9c2
myocytes (Figures 6J to 6M).

MARCKS N-MYRISTOYLATION–RELATED SIGNALING

AND ITS INTRACELLULAR LOCALIZATION DURING

PRESSURE OVERLOAD–INDUCED HEART FAILURE IN

MICE. Based on our findings that N-myristoylation of
MARCKS is a key during cardiomyocyte hypertrophy
and remodeling in vitro, we sought to further inves-
tigate the downstream pathways regulated by NMT2
depletion in adult mouse myocardium. Western
blotting analysis revealed that hearts with AAV9-
mediated NMT2 knockdown represented increased
levels of phosphorylated CaMKII and HDAC4 phos-
phorylation (Figure 7A) as well as acetylated H3
(Figure 7B) at 4 weeks post-TAC. Although the total
levels of MARCKS expression did not vary signifi-
cantly across the groups (Supplemental Figure 12),
MARCKS expression in the plasma membrane fraction
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FIGURE 5 Functional Role of N-Myristoylation of MARCKS in Cardiac Myocytes

(A and B) Immunofluorescence images for subcellular localization of MARCKS. H9c2 myocytes were transfected with hemagglutinin (HA)-tagged wild-type MARCKS

(MARCKSWT) or HA-tagged mutant MARCKS with replacement of N-terminal glycine to alanine (MARCKSG2A) for 48 hours. Cells were stained with anti-Na, potassium–

adenosine triphosphatase (K-ATPase) (red), and anti-HA (green) antibodies with DAPI (blue). Images in boxed areas at higher magnification are shown in lower panels.

Scale bars ¼ 5 mm. (C) Immunofluorescence images for assessment of myocyte hypertrophy. Transfected H9c2 myocytes with empty vector, MARCKSWT, or

MARCKSG2A were stimulated with vehicle or Ang II (1 mmol/L) for 24 hours and stained with phalloidin (green), anti-HA (magenta) antibody, and DAPI (blue). Scale

bar ¼ 5 mm. (D) Quantitative analysis of the cell surface area determined by phalloidin staining. Data are expressed as a relative ratio to empty vector with vehicle from

3 independent experiments. (E) Messenger RNA expression levels in Nppa, Nppb, and Myh7. The data were normalized to Actb levels (n ¼ 5-7 in each). (F) Immunoblot

analysis for Ca2þ/calmodulin-dependent protein kinase II (CaMKII) phosphorylation, histone deacetylase 4 (HDAC4) phosphorylation, and histone H3 acetylation in

H9c2 myocytes. The ratios of phosphorylated a-CaMKII (p-a-CaMKII) to total a-CaMKII, phosphorylated b-CaMKII (p-b-CaMKII) to total b-CaMKII, phosphorylated

HDAC4 (p-HDAC4) to total HDAC4, and acetylated H3 (ac-H3) to total H3 are quantified and presented in the graphs (n ¼ 4 in each). (G) CaMKII activity. Forty-eight

hours after transfection followed by Ang II, cell lysates were collected, and activities of CaMKII were determined and expressed as a relative ratio over the control group

of empty vector with vehicle (n ¼ 4 in each). All data are presented as mean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way analysis of variance with

Tukey’s post hoc analysis.
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was significantly decreased in response to TAC, and
NMT2-knockdown hearts showed a significant
reduction in the membranous MARCKS expression
compared with AAV9-shCTRL hearts after TAC
(Figure 7C). MARCKS expression was likely to be
distributed in the plasma membrane of
cardiomyocytes in individuals without heart failure,
whereas it was not clearly present at the plasma
membrane of cardiomyocytes in patients with heart
failure (Supplemental Figure 13). These findings
suggest that N-myristoylation by NMT2 anchors
MARCKS at the cellular membrane, and the protective
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FIGURE 6 Role of NMT2 in Ang II–Induced Pathological Hypertrophy
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effects of NMT2 are mediated through CaMKII-related
acetylation of histone H3.

NMT2 GENE TRANSFER SPECIFIC TO THE HEART

PREVENTS CARDIAC PATHOLOGICAL HYPERTROPHYAND

REMODELING IN A MURINE MODEL OF HEART FAILURE.

Given that loss of function of NMT2 was maladap-
tive, we sought to clarify whether NMT2 gain of
function could attenuate cardiac remodeling in mice
and whether AAV9-mediated gene therapy could be
a potential approach. Accordingly, recombinant
AAV9 encoding mouse NMT2 with a FLAG tag
(AAV9-NMT2) specific to the heart was generated
(Figure 8A, Supplemental Figure 14). After a single
dose of injection of AAV9-NMT2 with 1.0 � 1011

genome-containing units, the immunofluorescence
analysis showed the ratios of FLAG-positive car-
diomyocytes in the left ventricles to estimate the
transduction efficiency was 63.7% at 4 weeks, and
FLAG-NMT2 was likely to localize to the cytoplasm
in the cardiomyocytes (Figure 8B). At the protein
levels, left ventricular NMT2 expression indicated
2.9 times increase compared to endogenous NMT2
levels by immunoblotting (Supplemental Figure 15).
NMT2 expression levels in the lung, liver, and
anterior tibialis muscles were not different between
AAV9-NMT2 mice and AAV9-CTRL mice
(Supplemental Figure 16). Then, the mice receiving
AAV9-NMT2 or AAV9 encoding LacZ as a control
(AAV9-CTRL) injections were subjected to TAC using
a 28-gauge blunt needle, and more severe constric-
tion to the transverse aorta was applied to achieve
the enhanced cardiac dysfunction and failure for the
wild-type mice in this series.16 TAC decreased
FIGURE 6 Continued
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cardiac NMT2 expression levels, but AAV9-mediated
NMT2 gene delivery significantly increased them in
TAC-operated mice (Figure 8C). Echocardiographic
analysis revealed that IVSd and left ventricular
posterior wall thickness in AAV9-NMT2 mice were
lower than in AAV9-CTRL mice at 2 and 4 weeks
after TAC (Figures 8D and 8E, Supplemental Table 4).
Of note, TAC significantly decreased fractional
shortening in AAV9-CTRL mice at 1, 2, and 4 weeks,
but the cardiac systolic function was preserved in
TAC-operated AAV9-NMT2 mice compared to TAC-
operated AAV9-CTRL mice. The left ventricular
dilation was prevented in AAV9-NMT2 mice accord-
ing to the end-diastolic left ventricular internal
dimension at 4 weeks post-TAC. Whole heart
weight– and left ventricular weight–to–body weight
ratios were much lower in TAC-operated AAV9-
NMT2 mice than in TAC-operated AAV9-CTRL mice
(Figure 8F). Furthermore, the severe pressure over-
load caused lung congestion, whereas the lung
weight–to–body weight ratio was significantly lower
in TAC-operated AAV9-NMT2 mice than in TAC-
operated AAV9-CTRL mice. The fibrosis fraction
and cross-sectional area of cardiomyocytes were
significantly reduced in AAV9-NMT2 mice comparing
AAV9-CTRL mice after TAC (Figures 8G to 8J).
Correspondingly, mRNA expression levels in Nppa,
Nppb, and Myh7 as well as Col1a1 and Col8a1 were
lower in TAC-operated AAV9-NMT2 mice than in
TAC-operated AAV9-CTRL mice (Figure 8K). The
numbers of CD45þ leukocytes and CD68þ macro-
phages in AAV9-NMT2 hearts were significantly
decreased compared to AAV9-CTRL hearts after TAC
(Supplemental Figure 17). These findings indicate
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FIGURE 7 MARCKS N-Myristoylation–Related Signaling During Pressure Overload–Induced Heart Failure in Mice With AAV9-Mediated NMT2 Knockdown

Immunoblot analysis for CaMKII phosphorylation, (A) HDAC4 phosphorylation and (B) histone H3 acetylation. The protein extracts from the left ventricles in mice

receiving either AAV9-shCTRL or AAV9-shNMT2 at 4 weeks post-sham or -TAC operation were immunoblotted with the indicated antibodies. The ratios of p-a-CaMKII

to total a-CaMKII, p-b-CaMKII to total b-CaMKII, p-HDAC4 to total HDAC4, and ac-H3 to total H3 are quantified and presented in the graphs (n ¼ 5-8). GAPDH was used

as the loading control. (C) Fractionated immunoblots for intracellular distribution of MARCKS in the hearts following AAV9-mediated NMT2 knockdown. The fractions

are represented as membranous (M) and cytosolic (C). T represents a total protein. The levels of plasma membranous MARCKS were normalized to the total levels of

MARCKS (n ¼ 3 in each). Na, K-ATPase, and GAPDH were used as controls to ensure the quality of plasma membrane and cytoplasm fractionation, respectively.

All data are presented as mean � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by 1-way analysis of variance with Tukey’s post hoc analysis. Abbreviations as in

Figures 1, 2, and 5.
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that NMT2 gene transfer specific to the heart im-
proves cardiac pathological hypertrophy and
remodeling in response to pressure overload.

PROTECTIVE EFFECTS OF NMT2 IN THE HEART ARE

MEDIATED BY CaMKII-RELATED HISTONE H3

ACETYLATION SIGNALING. To understand the
mechanistic relevance of the protective effects of
NMT2 in the heart, we assessed the downstream
pathways regulated by NMT2 in adult mouse
myocardium. Although pressure overload by TAC
significantly up-regulated CaMKII phosphorylation
and HDAC4 phosphorylation as well as H3 acetylation
at 4 weeks postsurgery, the hearts with AAV9-
mediated NMT2 overexpression showed significant
decreases in phosphorylated CaMKII and HDAC4
(Figure 9A) as well as acetylated H3 (Figure 9B)
compared to AAV9-CTRL–injected hearts. In contrast,
MARCKS expression levels were not different among
the groups (Supplemental Figure 18). According to the
KEGG functional enrichment analysis pathways ac-
quired by RNA sequence from the left ventricle, TAC-
operated AAV9-NMT2 mouse hearts showed
enhanced pathways including AMPK signaling,
adrenergic signaling, and longevity regulating path-
ways in comparison to TAC-operated AAV9-CTRL
mice (Figure 9C), suggesting that these pathways
associated with N-myristoylation by NMT2 integrate a

https://doi.org/10.1016/j.jacbts.2023.06.006


FIGURE 8 NMT2 Gene Transfer Specific to the Heart Prevents Cardiac Pathological Hypertrophy and Remodeling in a Murine Model of Heart Failure
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protective role in the development of heart failure
(Figure 9D). In aggregates, our findings support a
functional capacity of cardiac NMT2 in vivo to pre-
vent pressure overload–induced hypertrophy and
heart failure.
DISCUSSION

The present study is the first to demonstrate the key
role of NMT2 in the development of heart failure and
to identify the global profiling of substrate proteins of
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N-myristoylation in cardiac myocytes through click
chemistry–based quantitative proteomics. MARCKS
was identified as a crucial N-myristoylation substrate
regulated by NMT2 that controls cardiac remodeling
and hypertrophic responses. Up-regulation of N-
myristoylation by transferring NMT2 gene to the
heart attenuated pressure overload–induced cardiac
remodeling and heart failure.

PTMs have significant roles in signal transduction
by controlling the localization and activity of proteins
within the cells.3,7 Among these modifications, lipid
modification of proteins functions to increase the
hydrophobicity of the substrate protein and localize
it to the cell membrane or organelle membrane.5

Recent chemical technologies of click chemistry
allow selective labeling and enrichment of proteins
for their identification and quantitation at the
endogenous level in living cells when combined with
proteomic techniques.38 Using this system, the large-
scale N-myristoylation mapping has been demon-
strated in a cervical carcinoma cell line,27 whereas we
characterized N-myristoylated proteins in cardiac
myocytes. H9c2 myocytes that are originally derived
from ventricular tissue are now widely used as an
alternative for cardiomyocytes in cardiac
research.25,26 When NMT activities were pharmaco-
logically inhibited, HeLa cells demonstrated a clear
distinction between cotranslational substrates and
nonsubstrates of N-myristoylation.27 In contrast, we
applied genetic modification through NMT knock-
down in the myocytes for targeting genetic thera-
peutic advantage in the current investigation.
According to our data, 12 and 48 N-myristoylation
substrates in NRCM and H9c2 myocytes, respectively,
were identical to those in HeLa cells from the previ-
ous demonstration.27 It has subsequently been found
that certain lysine residues can be N-myristoylated in
ed
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addition to glycine residue in the MG motif.28 The
discovery of certain N-myristoylated proteins in our
study for the first time at the endogenous level in
cardiac cells suggests protein diversity in N-myr-
istoylation modification and the need for further
investigation into the functional effects of each pro-
tein. It is likely that N-myristoylation is predomi-
nantly regulated by NMT2 rather than NMT1 in
cardiac myocytes. Although NMT1 and NMT2 have 3
identical myristoyl–coenzyme A binding sites, NMT2
is phosphorylated at the Ser38 residue NMT2,
whereas NMT1 can be phosphorylated at Ser31, Ser47,
and Ser83.39 It remains clarified how NMT activation
differs across cardiomyocytes and other types of
cells.

MARCKS is reported to be a substrate of protein
kinase C to connect Ca2þ/calmodulin, which relate to
cellular adhesion, migration, and exocytosis.40 We
showed that N-myristoylation is essential for
MARCKS to function through its localization to the
plasma membrane in cardiac myocytes. Ang II gen-
erates phosphatidylinositol 4,5-bisphosphate (PIP2)35

and lipid second messengers that activate Ca2þ-
dependent CaMKII. MARCKS at the plasma membrane
binds to PIP2 and controls the level of free PIP2,41 and
we found that overexpression of MARCKSWT resulted
in the inhibition of CaMKII activation and phosphor-
ylation of HDAC4, subsequently leading to acetyla-
tion of histones during Ang II–associated cardiac
hypertrophy. It is recently reported that the N-ter-
minal fragment of HDAC4 protects the heart by
decreasing NR4A1-dependent activation of the hex-
osamine biosynthetic pathway.37 Accordingly, the
failure to N-myristoylation of MARCKS did not pre-
vent Ang II–induced phosphorylation of HDAC4 and
acetylation of histones, which caused pathological
cardiomyocyte hypertrophy. N-myristoylation of
1011 genome-containing units were injected in mice at the age of

urgery using a 28-gauge blunt needle or sham procedure was

gglutinin (WGA) (green) with DAPI (blue) from left ventricular tissue

le bars ¼ 20 mm. The transduction rate of AAV9-NMT2 in the left

(n ¼ 5). (C) Immunoblot analysis for NMT2 in the heart.

ted AAV9-NMT2–injected mice (n ¼ 6), TAC-operated AAV9-CTRL–

mages of M-mode echocardiograms. Scale bars ¼ 0.2 seconds and

t ventricles. Scale bar ¼ 1 mm (top) and 20 mm (bottom).

) Representative images of WGA (green)- and DAPI (blue)-stained

s from WGA-stained sections. More than 100 cardiomyocytes were

1 from the left ventricles by reverse transcription–quantitative po-

AAV9-CTRL–injected mice was set equal to 1 (n¼ 5-7). All data are

with Tukey’s post hoc analysis. Abbreviations as in Figures 1 and 2.



FIGURE 9 Protective Effects of NMT2 in the Heart Are Mediated by CaMKII-Related Histone H3 Acetylation Signaling

Immunoblot analysis for CaMKII phosphorylation, (A) HDAC4 phosphorylation, and (B) histone H3 acetylation in cardiac NMT2-overexpressing mice after TAC (n ¼ 5-8).

(C) KEGG analyses of RNA sequencing from the left ventricle. Log q-values, rich ratio, and top 10 KEGG enrichment pathways of TAC-operated mice receiving AAV9-

NMT2 in comparison to TAC-operated AAV9-CTRL–injected mice are shown in a bubble plot. The size of the circle depicts the number of genes annotated to each KEGG

pathway. (D) The proposed model of a cardioprotective role of N-myristoylation through NMT2 in cardiac myocytes. All data are presented as mean � SEM. *P < 0.05

and ***P < 0.001 by 1-way analysis of variance with Tukey’s post hoc analysis. Abbreviations as in Figures 1, 5, and 8.
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MARCKS may be a significant molecular switch that
determines the ability of a cardiomyocyte to adapt to
physiological or pathological stress. In contrast, given
that modulation of CaMKII and H3 acetylation could
be an epiphenomenon and that H3 acetylation status
is governed broadly by multiple histone acetyl-
transferases and histone deacetylases, we need to
clarify a causal relationship between the MARCKS-
CaMKII-HDAC4-H3 axis and Ang II–induced
hypertrophy.

N-myristoylation is linked to various clinical dis-
eases, which raises the possibility of a therapeutic
approach. A point mutation in the MG motif of the
SHOC2 gene, which causes Noonan-like syndrome
characterized by developmental disorder, results in
abnormal N-myristoylation and altered localization of
SHOC2 to the plasma membrane.42 Given that NMT
expression levels and activity were up-regulated,
NMT inhibitors have been reportedly therapeutic
targets for certain neoplasms such as B-cell lym-
phomas13 and breast cancer.43 Recently, N-myr-
istoylation has been shown to play a role in
N-terminal stability and protein stabilization
involved in the novel N-end rule pathway specific to a
glycine.14 In cardiac myocytes, genetic inhibition of
NMT2 did not affect the cell viability or cardiac



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Our

study is the first to elucidate the role and regulation

of N-myristoylation in the heart, characterizing the

global profiling of proteins of N-myristoylation in

cardiac myocytes. NMT2 played a crucial role in

pathological cardiac hypertrophy and failure. An

innovative click chemistry-based quantitative chemi-

cal proteomics identified distinct N-myristoylation

substrates at endogenous levels. Among these tar-

gets, N-myristoylation of MARCKS exerted a regula-

tive impact in pathological hypertrophy.

TRANSLATIONAL OUTLOOK: Modifying post-

translational N-myristoylation through NMT2 could

be a potential therapeutic approach to prevent cardiac

remodeling. Up-regulation of NMT2 may be a novel

strategy for heart failure.
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contractility but led to an increase in cardiac hyper-
trophy and had an impact on cardiomyocyte patho-
logical hypertrophy and remodeling in response to
specific stimuli. Compensated mechanisms may have
played a role in preserving systolic cardiac function in
AAV9-shNMT2 mice, and further investigation is
required to clarify the cardiac phenotype in NMT2
knockdown in uninured mice over the long-term. N-
myristoylation has been shown to play an important
role in innate responses via its property in mediating
the controlled localization of specific proteins to the
cell membrane to interact with other innate media-
tors during signal transduction in immune cells.44

Although the specific roles of N-myristoylation may
vary between cell types, our data suggest that the
activation of the immune system may be in part
associated with the progression of left ventricular
hypertrophy and cardiac dysfunction in NMT2-
knockdown hearts.

AAV9-mediated gene therapy targeting NMT2 in
the heart has the potential to modify N-myr-
istoylation levels in cardiomyocytes. In failing hearts,
proper membrane targeting and function of proteins
may require N-myristoylation because this modifica-
tion is considered irreversible and stable.40 AAV9 has
been shown to be the most efficient adeno-associated
virus serotype for infection of cardiomyocytes within
the heart.45 Restoring N-myristoylation levels of
MARCKS by exogenous NMT2 overexpression is crit-
ical for reversing pathological remodeling processes,
although N-myristoylation of other myocardial tar-
gets than MARCKS may also contribute to the reversal
of cardiac dysfunction. Gene transfer of MARCKS in
combination with NMT2 may be more efficient for
improving cardiac dysfunction, but our findings sug-
gest that NMT2 gene therapy alone is sufficient to
rescue the cardiac phenotypes. In addition to
MARCKS, we have discovered unique N-myristoy-
lated proteins such as GLIPR246 in cardiac cells that
may be modified by NMT2 and have functional im-
pacts on preventing cardiac remodeling and failure.
Further study is needed to fully understand these
proteins and their potential roles.

STUDY LIMITATIONS. A limitation of the current
study is that the direct atlas of global N-myr-
istoylation proteomes of the adult mouse or human
heart was not determined because of the principle of
click chemistry technology; therefore, further
research needs to clarify the cardiomyocyte-specific
proteomes using induced pluripotent stem cell–
derived cardiomyocytes or adult cardiomyocytes
derived from living animals. Although AAV9 prefer-
ably targets the heart, cardiac gene transfer may
affect other organs such as the lung and liver. The
advantages of the AAV9-based strategy in the pre-
clinical setting outweigh cardiac-specific genetically
modified murine models, which still need to
be investigated.

CONCLUSIONS

Our study demonstrates that N-myristoylation of
cardiomyocytes plays an essential role in pathological
cardiac hypertrophy and heart failure. Modifying
post-translational N-myristoylation through NMT2
could be a potential therapeutic approach to prevent
cardiac remodeling.
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