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ABBREVIATIONS
AND ACRONYMS

SUMMARY

Gene expression involves transcription, translation, and mRNA and protein degradation. Advanced ANL = azidonorleucine
RNA sequencing measures mRNA levels for cell state assessment, but mRNA level does not fully reflect

protein level. Identifying heart cell proteomes and their stress response is crucial. Using a cardiomyocyte-

BONCAT = bio-orthogonal
noncanonical amino acid
specific mouse model, we tracked protein synthesis after myocardial infarction. Our results showed that tagging
myocardial infarction suppresses protein synthesis and unveils a decoupling of translation and transcription CM = cardiomyocyte
regulation in cardiomyocytes. (J Am Coll Cardiol Basic Trans Science 2024;9:792-807) © 2024 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/).

FUNCAT = fluorescent
noncanonical amino acid
tagging

IP = immunoprecipitation

MCM = aMHC-MerCreMer

MetRS = methionyl-tRNA

he leading cause of global mortality is heart synthetase

failure, primarily from myocardial infarction
(MI)."* After MI, the heart undergoes exten-
sive myocardial remodeling characterized by the

surrogate azidonorleucine (ANL) by express-
ing a methionyl-tRNA synthetase (MetRS)
with an expanded amino acid binding site
(MetRS L274G, hereafter referred to as
MetRS*).' By controlling the transcription of

MI = myocardial infarction
MS = mass spectrometry

NADH = nicotinamide adenine

accumulation of fibrosis, cardiac inflammation, and dinucleotide

hypertrophic growth, which distorts the heart’s struc-
ture, increases heart stiffness, and leads to ventricu-
lar dysfunction.® Cardiomyocytes (CMs) are the cells
that provide contractile function in the heart and
respond to the altered environment after MI by initi-
ating a complex series of transcriptional, signaling,
structural, electrophysiologic, and functional alter-
ations. The CM response to the pathophysiologic
stress of MI regulates CM death,* hypertrophic
shifts,®”
remodeling,®° and sarcomere reorganization.'°*? Un-
derstanding the underlying mechanisms of the CM
stress response and developing therapeutic strategies
to intervene in this process may beneficially reverse
remodeling after MI and improve cardiac function.

growth,” metabolic electrophysiologic

Gene expression comprises several steps, including
transcription, translation, and degradation of
messenger RNAs and proteins. The emergence of
advanced RNA-sequencing technologies has enabled
accurate measurement of mRNA expression and the
use of mRNA profiles to evaluate cell conditions." Yet
it is important to note that mRNA levels do not
entirely mirror protein levels.*' It is critical to
identify the proteomes of specific cell types of the
heart and understand how they change in the stress
response. To this end, bio-orthogonal and synthetic
biology strategies based on metabolic precursors have
been developed to label proteins or introduce
measurable protein modifications.'®'® For example,
methionine tRNA can be charged with the methionine

a gene encoding MetRS* with cell type-
specific promoters, one can direct the cell-type-spe-
cific incorporation of ANL into nascent polypeptides,
which can then be tagged by means of a Click chem-
istry reaction and imaged or isolated with the use of
affinity purification.>®

Immediately after MI, millions of CMs die and are
not replenished. The dead CMs trigger the inflam-
matory response, which recruits immune cells and
facilitates fibrosis. To respond to the changing
microenvironment, CMs undergo a remodeling pro-
cess, including limited cell cycle entry,”"**
contraction coupling alternation,”*** metabolic shift
from oxidative phosphorylation to glycolysis,”> and
hypertrophic growth.?® Here, we engineered a mouse

excitation-

line in which the conditional expression of MetRS* is
controlled by the cardiac-specific promoter «MHC-
MerCreMer (MCM) Cre recombinase. This approach
enables the metabolic labeling of newly synthesized
proteins in CMs in vivo. In mice that underwent a
sham procedure or MI, we characterized the proteome
to determine the molecular factors that are up-
regulated or down-regulated in response to MI. Our
results showed that, at homeostasis, proteins associ-
ated with sarcomeres and metabolism are synthe-
sized at a high level in CMs. After MI, the levels of
newly synthesized proteins related to mitochondrial
metabolism are substantially decreased in CMs, while
proteins associated with mitogen-activated protein
kinase (MAP kinase) activity increase. Furthermore,
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we observed that MI-induced genes are concentrated
in CMs localized in the infarct area, and these CMs
showed decreased protein synthesis, indicating a
separation between the control of transcription and
translation after MI.

METHODS

MICE. Mouse studies were performed following the
Institutional Animal Care and Use Committee at
Baylor College of Medicine (Houston, Texas). Fluo-
rescent noncanonical amino acid tagging (FUNCAT)
mice (floxed-STOP-MetRS*; cat. 028071) were pur-
chased from the Jackson Laboratory. Cardiac-specific
MetRS* mice were generated by crossing FUNCAT
mice with MCM Cre mice. To activate Cre recombi-
nase in CMs, we intraperitoneally injected MCM/
+;MetRS*/+ mice with 3 doses of tamoxifen (50 mg/kg
body weight per injection). For labeling newly syn-
thesized proteins for mass spectrometry (MS) and
immunofluorescence staining, ANL (200 mmol/L,
5 mL/kg body weight) was administered intraperito-
neally immediately after the mice underwent sham
surgery or MI. The same dose of ANL was injected 12
hours later. Twenty-four hours after the first ANL
injection, mice were killed and their hearts harvested
and snap-frozen in liquid nitrogen or fixed with 10%
formalin overnight until future use.

LEFT ANTERIOR DESCENDING CORONARY ARTERY
OCCLUSION. MI was induced on 8-12-week-old
MCM/+;MetRS* mice by left anterior descending
coronary artery (LAD) occlusion as previously
described.?” Briefly, Nylon sutures (8-0 nonabsorb-
able) were used to occlude the LAD. Proper occlusion
was marked by blanching of the myocardium seen on
visual inspection during tissue collection. Vicryl su-
tures (6-0 absorbable) were used to close the thoracic
cavity. The entire procedure required approximately
12 minutes from the onset of hypothermia to recov-
ery. Sham procedures excluded placement of a suture
around the LAD.

BIO-ORTHOGONAL NONCANONICAL AMINO ACID
TAGGING ENRICHMENT. Frozen heart samples were
homogenized for 20 seconds in 1% sodium dodecyl
sulfate with phosphate-buffered saline solution (PBS).
Lysates were heated at 75 °C for 15 minutes and then
centrifuged at 4 °C for 10 minutes. The supernates
were separated, and the protein concentrations were
determined with the use of Ionic Detergent Compati-
bility Reagent for Pierce 660nm Protein Assay Re-
agent. For Click chemistry labeling, 50 pL (~200 pg)
protein was incubated with 100 uL PBS, 4 uL alkyne-
biotin (1 mg/mL; TA105-5, Click Chemistry Tools), 10
uL tris-hydroxypropyltriazolylmethylamine (THPTA)
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(100 mmol/L; 1010-100, Click Chemistry Tools), 10 pL
CuSO, (20 mmol/L), and 10 pL sodium ascorbate
(300 mmol/L; A4034, Sigma-Aldrich) at 4 °C overnight.
The biotin-labeled protein could be used directly for
Western blotting or further purified with the use of
methanol-chloroform. To enrich the biotin-labeled
proteins, the purified protein samples were incu-
bated with NeutrAvidin beads (29200, ThermoFisher)
for immunoprecipitation (IP). After IP, proteins were
eluted for Western blotting or MS. Antibodies used for
Western blotting were as follows: mouse anti-troponin
T (MS-295, ThermoFisher), rabbit anti-o-actinin
(ab68167, Abcam), mouse anti-o-actin (A2172, Sigma-
Aldrich), rabbit anti-GAPDH (2118S, Cell Signaling),
and mouse anti-biotin (SAB4200680, Sigma-Aldrich).

FLUORESCENT NONCANONICAL AMINO ACID
TAGGING. After fixation, hearts were dehydrated in
alcohol gradients, treated with xylene, and embedded
in paraffin for sectioning. Slides were sectioned at 7-
pm intervals for immunofluorescence staining. For
FUNCAT labeling, we used the Click-it EAU Imaging
Kit (C10646, Thermo Fisher Scientific) for the Click
chemistry reactions by replacing the Alexa Fluor
picolyl azide dye with TAMRA-alkyne (900932,
Sigma-Aldrich). Then, the slides were co-stained with
other antibodies for immunofluorescence staining.
The following antibodies were used: rabbit anti-
Rab8b (ab222017, Abcam) and rabbit anti-Zc3havi
(ab154680, Abcam).

LIQUID CHROMATOGRAPHY AND MS ANALYSIS. The
affinity-purified samples were resolved on NuPAGE
10% Bis-Tris Gel (Life Technologies), and the gel
pieces were processed for in-gel digestion with the
use of Trypsin enzyme. Each lane was excised into 5
equal pieces and combined to make 3 peptide pools.
The tryptic peptides were dissolved in 12 pL 5%
methanol containing 0.1% formic acid buffer and
analyzed with the use of a nanoflow Easy-nLC-1000
system coupled to an Orbitrap Fusion (Thermo
Fisher Scientific) MS. The peptides were loaded on a
pre-column (2 cm x 100 pm inner diameter) and
separated on an in-line 20 cm x 75 pm inner diameter
column (ReproSil-Pur 120 C18-AQ, Dr Maisch HPLC).
The heated column was maintained at 60 °C. Peptide
separation was done at a flow rate of 200 nL/min over
a 110-minute gradient time with different concentra-
tions of solvent B (2%-30% for 86 minutes, 30%-60%
for 6 minutes, 60%-90% for 8 minutes, and hold at
50% for 10 minutes). The MS was operated in a top 30
data-dependent mode. The MS1 scan was collected in
Orbitrap (120,000 resolution, 300-1,400 m/z, 50 ms
injection time), followed by the MS2 scan in IonTrap
(higher-energy collisional dissociation 30%, rapid
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scan, 30 ms injection time). The dynamic exclusion
was set to 5 seconds. The raw data were searched by
with the use of Proteome Discoverer 2.0 (Thermo
Scientific) with Mascot 2.4 (Matrix Science) against
the National Center for Biotechnology Information
RefSeq mus musculus database (updated March 24,
2020). The precursor mass tolerance was confined to
20 ppm, and the fragment mass tolerance to 0.5 dal-
tons. A maximum of 2 missed cleavages with the
enzyme Trypsin/P was allowed. The dynamic modi-
fication of oxidation on methionine, protein N-ter-
minal acetylation, and destreak on cysteine was
allowed. The peptide spectrum match output file
was used for grouping at the gene level, and the
area quantification was performed as described
previously.?®

SoRa SUPER-RESOLUTION IMAGING. Confocal im-
aging was carried out on a Zeiss LSM 880 with an
Airysacn FAST Confocal Microscope at the Optical
Imaging and Vital Microscopy Core Laboratory of the
Baylor College of Medicine.

SoRa super-resolution imaging was performed on a
Yokagowa SoRa super-resolution spinning disk mi-
croscope equipped with a x63/1.4 oil immersion
objective lens in the Confocal Imaging Core Labora-
tory at Cincinnati Children’s Hospital Medical Center.
Excitation wavelengths were 405 nm, 488 nm,
561 nm, and 642 nm with exposure time 50-200 ms
depending on the signal strength. Fluorescence im-
ages were collected with the use of appropriate filters.

SINGLE-NUCLEUS AND SPATIAL RNA SEQUENCING
ANALYSIS. Published snRNA-seq”® and spatial tran-
scriptomics (ST) data®®*° were downloaded and the
original cell or spot-level meta data, such as cell-type
annotations, were directly used for analyses without
additional modification. For the ST data, we per-
formed the integration of 5 sections across 2 data
sources. We filtered the spots based on the same
criteria and log-normalized all unique molecular
identifier (UMI) counts using the same parameters to
ensure comparability across sections. We labeled
remote, border, and ischemic zones within the tissue
section based on the expression of zone-specific gene
sets reported in the original paper by Calcagno et al.>®
These include 57 genes for the border zone (eg, Nppa,
Myh7), 50 genes for the remote zone (eg, Ckm,
Cox7a1), and 50 genes for the ischemic zone (eg, Spp1,
Apoe). All gene set expression z-scores were calcu-
lated with the use of the AddModuleScore function
provided by the V4 package

Seurat using

default parameters.

STATISTICAL ANALYSIS. The gpGrouper algorithm
was used to calculate peptide area based on MS1
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expression estimates, also called intensity-based
absolute quantification (iBAQ). The “median”
normalized iBAQ values were used for data analysis.
The differential expression of proteins was calculated
using the moderated t-test to determine P values and
log2 fold changes in the R package limma. The false
discovery rate-corrected P value was calculated by
means of the Benjamini-Hochberg procedure. Repro-
ducibility among replicate proteome data is tested
using 1-way random intraclass correlation. Gene set
enrichment analysis was performed with the use of
the ClusterProfiler package in R. Canonic pathway
gene sets derived from Kyoto Encyclopedia of Genes
and Genomes and Gene Ontology terms were used for
the enrichment analyses. Quantitative data are pre-
sented as mean + SEM with individual data points
plotted and compared using 1-way or 2-way repeated-
measures analysis of variance to consider that mul-
tiple samples were analyzed from a given mouse.
Quantitative data for the 2 groups were statistically
evaluated by means of the Wilcoxon signed-rank test.

R (version 4.3.2) and several packages were used
for data processing and visualization. Specifically,
Seurat (v5.0.1) was used to normalize the single cell
and ST data. DEseq2 (version 1.42.0) was used for
principal component analysis of the protein expres-
sion data. And ClusterProfiler (version 4.10.0) was
used for gene set and gene ontology enrichment
analyses.

RESULTS

LABEL THE NEWLY SYNTHESIZED PROTEINS
IN VIVO. To label newly synthesized proteins in CMs,
we used transgenic mice expressing the floxed-STOP-
MetRS* transgene and crossed them with MCM Cre
mice to enable the CM-specific expression of MetRS*
in CMs. In the ribosome of these mice, MetRS*
incorporated the methionine surrogate ANL, a non-
canonical amino acid, into newly synthesized pep-
tides (Figure 1A). ANL has a structure that is slightly
different from methionine and is not recognized by
endogenous MetRS. Therefore, labeling occurs only in
cells with MetRS* expression. Importantly, ANL
carries a reactive azide group, which enables alkyne
to be covalently attached to ANL with the use of
copper-catalyzed azide-alkyne ligation (bio-orthog-
onal, noncanonical amino acid tagging [BONCAT]) for
downstream applications (Figure 1A).

We initiated the induction of MetRS* expression in
CMs of 3-4-month-old MCM/+;MetRS*/+ mice by
administering 3 doses of tamoxifen. To mitigate po-
tential side-effects associated with tamoxifen injec-
tion, we allowed a 1-week interval before introducing
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FIGURE 1 CM-Specific Nascent Protein Labeling in Mice
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ANL via IP injection. Previous studies have indicated
that maximal ANL labeling occurs approximately 16
hours after ANL injection in hippocampal neurons.*
Accordingly, we removed the hearts 24 hours after
ANL injection to reach the maximal labeling and
conducted protein labeling assessments in CMs.
Through Western blotting analysis, we successfully
detected biotin-labeling proteins in the heart lysates
obtained from MCM/+;MetRS*/+ mice that were
injected with ANL (Figure 1B). In addition, we further
enriched the labeled proteins via biotin-
immunoprecipitation (Figure 1B). To visualize the
localization of newly synthesized proteins, we used
TAMRA-alkyne, a fluorescent dye that selectively
binds to the ANL by Click chemistry. Twenty-four
hours after the ANL injection, we observed a
TAMRA fluorescent signal in CMs, particularly
concentrated at the intercalated disc and nuclei of
CMs. The ANL intensity varies in each CMs but is not
dependent on its distance to the vessels
(Supplemental Figure 1A). However, no fluorescence
signal could be detected in non-CMs of MCM/
+;MetRS*/+ mice (Figure 1C).

THE HALF-LIFE OF ANL-LABELED NEWLY SYNTHESIZED
PROTEINS. As a proof of concept, we first used this
model to test the half-lives of newly synthesized
proteins in CMs during homeostasis. One week before
injection with ANL, we injected MCM/+;MetRS*/+
mice with 3 doses of tamoxifen to induce MetRS*
expression in CMs. Then, a single dose of ANL was
injected for the pulse labeling of newly synthesized
proteins. After ANL injection, we removed mouse
hearts 1, 2, 3, and 5 days later and measured the levels
of labeled proteins in CMs with the use of Western
blotting (Figures 1D and 1E). We detected the highest
level of protein labeling 1 day after ANL injection,
when most of the proteins were labeled. The levels of
labeled protein gradually decreased with time owing
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to endogenous protein turnover. Five days after ANL
injection, only a small portion of the long-lived pro-
teins could be detected, and other proteins showed a
half-life of the turnover rate of about 2 days
(Figures 1E to 1G). Consistently, immunofluorescence
staining revealed a 3-fold decrease in ANL-labeled
proteins 4 days after ANL injection compared with
the samples 1 day after ANL injection (Figures 1H and
11; Supplemental Figure 1B). The most decreased ANL-
labeled proteins primarily localized in the nucleus,
while the cytoplasmic became more diffused, result-
ing in the loss of the sarcomere pattern observed in
CMs 1 day after ANL injection (Figure 1H).

DETERMINING THE ANL-LABELED NEWLY SYNTHESIZED
PROTEINS BY MASS SPECTROMETRY. To examine the
proteome and identify newly synthesized proteins in
CMs in vivo, we performed biotin-IP MS analysis.
Various ANL labeling periods, such as 10 or 21 days,
have been previously tested.?*** However, given our
hypothesis that many CM proteins are short-lived, we
decided to focus on a short-term labeling protocol. To
examine nascent protein synthesis without bias, we
removed mouse hearts 1 day after ANL injection
(Figure 2A). Using MS, we identified an approximate
average of 3,000 proteins from each sample and 1,500
proteins with high confidence. After background
normalization, 1,029 newly synthesized proteins were
identified in CMs from sham-treated hearts
(Figure 2B, Supplemental Table 1). The distribution
pattern of protein size was similar to the publicly
available entire mouse proteome (Supplemental
Figure 2). Gene Ontology analysis showed that most
of the proteins were associated with the molecular
functions of actin binding, adenosine triphosphate
hydrolysis activity, oxidoreduction-driven trans-
membrane transporter activity, RNA binding, and
nicotinamide adenine dinucleotide (NADH) dehydro-
genase activity (Figure 2C). These proteins are

FIGURE 1 Continued

WGA = wheat germ agglutinin.

(A) Schematic showing how the translational machinery labels newly synthesized proteins. (B) Western Blotting shows the newly synthesized
proteins labeled by alkyne biotin, which could also be pull-down by the biotin beads for enrichment. Samples were harvested 24 hours after
ANL injection. (C) TAMRA-alkyne labels ANL in the newly synthesized proteins. ANL indicates the signal of newly synthesized protein, ar-
rowheads indicate the ANL signal in the nuclei, and arrows indicate the ANL signal in the intercalated discs. Note that there is no ANL signalin
non-CMs (star). Scale bar = 10 um. (D) Experimental design for testing the half-life of newly synthesized proteins in vivo. To activate Cre
recombinase in CMs, we intraperitoneally injected MCM/+;MetRS*/+ mice with 3 doses of tamoxifen (TAM). For the labeling of newly
synthesized proteins, ANL was administered intraperitoneally. Mice were killed and their hearts removed on days 1, 2, 3, or 5 after injection.
(E) Newly synthesized proteins detected by Western blotting, with quantification of protein levels for (F) input and (G) biotin-IP. Data are
presented as mean & SEM and were compared by means of 1-way repeated-measures analysis of variance (ANOVA), n = 3 per time point.
(H) ANL-labeled proteins in CMs from hearts 1 day and 4 days after a single ANL injection. White arrowheads indicate the nucleus ANL signal,
and yellow arrowheads indicate the sarcomeric ANL signal. Scale bar = 5 pm. ANL intensity was quantified in (). Data are presented as the
mean + SEM and were compared by means of Wilcoxon signed-rank test; the ANL intensity was measured in a total of 90 CMs from each
group (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. ANL = azidonorleucine; CM = cardiomyocyte; DAPI = 6-diamino-2-phenylindole;
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FIGURE 2 Identifying Newly Synthesized Proteins in CMs With Mass Spectrometry
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components of the mitochondrial protein-containing
complex, myofibril, sarcomere, and respiratory
chain complex (Figure 2D). The most abundant pro-
teins in CMs were components of the sarcomere
structure, such as ACTC1, ACTA1, MYH6, TPM1, and
DES, and components of the tricarboxylic acid cycle
and respiratory electron transport, such as ATP5A1,
ATP5B, MDH2, ACO2, and IDH2. We also identified
some ion channel proteins with increased expression,
such as Vdaci, Vdac-2, and Vdac-3, which localize at
the outer mitochondrial membrane and are essential
for mitochondrial function (Figures 2B and 2E).

For validation, we enriched the newly synthesized
proteins by performing biotin-IP and determined the
expression of the full length of 2 cardiac-specific
proteins, cardiac troponin T and sarcomeric a-acti-
nin, as well as a-actin and GAPDH with the use of
Western blotting (Figures 2F to 2H). Time-course
pulse labeling revealed the turnover rate of sarco-
mere c¢-actin and GAPDH, both half-lives being
around 2 days (Figure 2H). Using TAMRA-alkyne, we
labeled the newly synthesized proteins in situ. In
agreement with the MS results, the newly synthe-
sized proteins localized primarily in the intercalated
discs, sarcomeres, and nuclei (Figure 2I,
Supplemental Figure 3). We inferred that these pro-
teins are highly dynamic in CMs during homeostasis,
suggesting the fast turnover rate of these proteins in
the sarcomere and metabolic processes.

DECREASED PROTEIN SYNTHESIS IN CMs IN THE
BORDER ZONE. Subsequently, we proceeded to
investigate protein synthesis in CMs following MI.
Using immunofluorescence staining, we were able to
visualize protein synthesis in CMs at the different
regions (Figures 3A and 3B). In mice that underwent a
sham procedure, the ANL signal appeared evenly
distributed among CMs, suggesting that most CMs
produced proteins at a similar level. Interestingly, 24
hours after MI, immunofluorescence staining
revealed a substantial area of CMs lacking the ANL
signal (Figures 3A and 3B). Despite exhibiting normal
cellular morphology, CMs within this area were either
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not adequately perfused or experienced inhibition in
the translation of new peptides due to the challenging
microenvironment after MI. Consequently, we
defined this region as the infarct area (Figure 3B).
Furthermore, we observed that a few layers of CMs
situated at the subepicardium and subendocardium
of both the left and right ventricles, in close proximity
to the infarct areas, exhibited the expression of newly
synthesized proteins. Notably, these CMs were
distinctly separated from the CMs within the infarct
area (Figures 3A and 3B). By combining the immuno-
fluorescence staining, we observed the CMs localized
in the infarct area also lack the expression of the
highly synthesized proteins, such as cardiac troponin
T and «¢-actin, indicating that the protein synthesis is
disrupted in those CMs (Figures 3C and 3D). In addi-
tion, we identified some CMs adjacent to the infarct
area that displayed a decreased ANL signal, indicating
decreased protein synthesis in those CMs (Figures 3E
and 3F). Similarly, in a model where we injected
ANL 6 hours before the MI, with all CMs receiving
ANL, the CMs localized in the infarcted area still
showed decreased ANL intensity (Supplemental
Figures 4A and 4B). Together, these results suggest
that MI alters protein synthesis in CMs in a regional-
dependent manner.

IDENTIFYING THE DIFFERENTIALLY EXPRESSED
PROTEINS AFTER MI. We were interested in how the
survived CMs near the infarct area respond to MI
through protein synthesis. To identify the proteome
of the CMs after MI, we extracted the proteins from
hearts of MCM/+;MetRS*/+ mice treated with sham or
MI and performed biotin-IP followed by MS analysis.
Our results revealed similar enrichments of the newly
synthesized proteins from hearts treated with sham
or MI (Supplemental Figure 5A). Principal-component
analysis of the proteomics data indicated that MI
disease status had the greatest influence on protein
expression variance (Supplemental Figure 5B) and
that the sex of the mice did not significantly
contribute to the variance (Supplemental Figure 5C).
Pairwise Pearson correlation between the sham and
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FIGURE 2 Continued

DAPI = 6-diamino-2-phenylindole; WGA = wheat germ agglutinin.

(A) Schematic showing the workflow for labeling, detecting, and identifying newly synthesized proteins specifically in CMs with the use of mass spectrometry.

(B) Proteins enriched in CMs from MCM/+;MetRS* mice compared with CMs from negative control mice. (C, D) Results of Gene Ontology analysis of the newly
synthesized proteins in CMs at homeostasis. (E) Heat map showing protein levels in the representative categories. (F, G) Validation with biotin-immunoprecipitation (IP)
showing the enrichment of cardiac troponin T (cTNT) and cardiac a-actinin protein expression in newly synthesized proteins. (H) Time-course ANL pulse labeling of
newly synthesized sarcomeric a-actin and GAPDH at different time points after ANL injection. (I) Superresolution images show the fluorescent noncanonical amino
acid tagging labeling of newly synthesized proteins in situ. Arrowheads indicate the nucleus. Scale bars = 5 um. ANL = azidonorleucine; CM = cardiomyocyte;
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FIGURE 3 Visualization of Newly Synthesized Proteins in the Hearts of Mice That Underwent a Sham Procedure or MI
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MI group replicates demonstrated strong reproduc-
ibility across the proteome (Supplemental Figure 5D).
We conducted a comparative analysis of proteome
data from MCM/+;MetRS*/+ mice that underwent MI
compared with the corresponding MCM/+;MetRS*/+
mice that underwent a sham procedure. Our results
identified 152 proteins that had increased synthesis
(termed MI-induced) and 219 proteins that had
decreased synthesis (termed MI-repressed) in the
post-MI CMs compared with the sham (Figure 4A,
Supplemental Table 2). The differentially expressed
proteins that had increased levels in CMs after MI
were associated with MAP kinase activity, sterol
transporter activity, GTPase activity, and lipid meta-
bolism (Figures 4A and 4B). The proteins that had
decreased levels in CMs after MI were associated with
mitochondrial oxidative phosphorylation and NADH
dehydrogenase activity, such as NDUFA3 and
COX6A2. In addition, the expression of some protein
kinase-binding proteins, such as CTBP2 and TWF2,
was reduced in CMs after MI (Figures 4A to 4C). The
protein that decreased the most in CMs after MI was
ALDOART1, which encodes an enzyme named
aldolase 1A, retrogene 1. This enzyme is related to
glycolysis, suggesting that MI may decrease glycolysis
in a subset of CMs (Figures 4A and 4C). The most
significantly increased proteins in CMs after MI were
related to lipid remodeling, such as APOA1 and
APOA4; and GTPase activity, such as RAB8B, and
RRAGD (Figures 4A and 4C).

TRANSCRIPTIONAL AND TRANSLATIONAL DECOUPLING
IN CMs AFTER MI. Next, we asked whether the protein
synthesis revealed by proteomics data can be reca-
pitulated at the transcriptional level. We examined
published single-nucleus RNA-sequencing data®® and
observed that the protein genes induced and
repressed by MI were predominantly enriched in
CMs, which aligned with our proteomic results
derived from a CM-specific mouse model
Using published ST
data,’®° we further obtained the spatial information
of MI-regulated protein genes. We analyzed a series

(Supplemental Figure 6).

Liu et al

Nascent Proteomic Labeling in Cardiomyocytes

of 5 ST data sets generated in adult mouse hearts at 4-
hour, 1-day, 3-day, 7-day, and 14-day post-MI time
points, as well as a sham-operated heart as con-
trol.??-*° Using published marker genes, we were able
to annotate the remote zone, border zone, and
ischemic zone on all sections based on their tran-
scription signatures (Figure 4D).”° Consistently with
our proteomics data, the MI-induced genes displayed
a robust expression starting at 1 day after MI, with
particularly high levels in the border and ischemic
zones (Figure 4E). This expression pattern persisted at
3 days after MI and peaked in the ischemic zone at
7 days after MI. After 2 weeks, the expression of MI-
induced protein genes returned to a near baseline
level across the zones (Figure 4E). These results
showed increased mRNA transcription but decreased
overall protein synthesis in CMs within the infarct
area, suggesting a decoupling of transcriptional and
translational regulation in these CMs after MI.

To further validate the expression of the newly
synthesized proteins in CMs, we performed immu-
nofluorescence co-staining for ANL with RAB8A and
ZC3HAV1, the 2 proteins with the most increased
expression in CMs 24 hours after MI (Supplemental
Figure 7). RAB8B is a small GTPase that regulates
intracellular vesicle transportation,*> and ZC3HAV1 is
a CCCH-type zinc finger protein that plays an essen-
tial role in the innate immune response against mul-
tiple DNA and RNA viruses.?®* Immunofluorescence
staining showed increased expression of RAB8B and
ZC3HAV1 and their co-localization with ANL staining
in border zone CMs (Supplemental Figure 7). In
accordance with the result that MI-induced genes are
significantly concentrated in the infarct area, the
mRNA levels of both Rab8b and Zc3havi were
observed to be higher in the ischemic zone (Figures 5A
and 5B). In contrast, we observed elevated RABSB
protein in border zone CMs but not in the remote
zone CMs, suggesting a separation of transcriptional
regulation and translational regulation in CMs within
the infarct area (Figures 5C and 5D). Interestingly, the
border zone CMs exhibited more prominent punctate-
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FIGURE 3 Continued

injection); RV = right ventricle WGA = wheat germ agglutinin.

(A, B) Immunofluorescence staining at (B) increasing magnifications showing the ANL-labeled newly synthesized proteins in CMs of mice that underwent a sham
procedure or MI. Dark areas in the sections are the ischemic zones after MI. Scale bar = 500 pm in A, 100 um in B. (C, D) Immunofluorescence staining show the
expression of cardiac troponin T (cTNT), sarcomeric o.-actin, and ANL in border zone CMs. Scale bar = 10 pm. (E) ANL staining in border zone CMs. Arrowheads indicate
CMs with decreased ANL signal. Scale bar = 10 pm. (F) Quantification of ANL intensity in CMs of sham and MI hearts as shown in E (80 CMs in each group from 4
biological mouse hearts). Data are presented as mean + SEM and were compared by means of the Wilcoxon signed-rank test. ***P < 0.001. ANL = azidonorleucine;
CM = cardiomyocyte; DAPI = 6-diamino-2-phenylindole; LV = left ventricle; Ml = myocardial infarction; NC = negative control (heart sample from mice without ANL
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FIGURE 4 Mass Spectrometry Analysis of Newly Synthesized Proteins in the Hearts of Mice That Underwent a Sham Procedure or MI
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(A) Differentially expressed newly synthesized proteins in CMs 24 hours after mice underwent MI vs a sham procedure. The proteins with the most significant dif-
ferential expression are specified. (B) Gene Ontology (GO) analysis of the differentially expressed proteins in the CMs of mice that underwent Ml vs a sham procedure
(GO terms shown for decreased proteins or increased proteins, as indicated). (C) Heat map showing differentially expressed proteins in the CMs of mice that underwent
MI vs a sham procedure. (D) Spatial transcriptomics analysis of spatial feature plots for the remote zone (RZ), border zone (BZ), and ischemic zone (1Z) in adult hearts at
4 hours, 1 days, 3 days, 7 days, and 14 days after Ml (pMl). (E) Z-score shows the spatial pattern of Ml-induced protein genes. CM = cardiomyocyte; Ml = myocardial
infarction.

like RABS8B signals than the CMs in the remote zone,
indicating a higher activity level of intracellular
vesicle transportation (Figure 5C). Taken together,
these findings suggest that the MCM/+;MetRS* mouse
model is valuable for identifying newly synthesized
proteins in CMs under various disease conditions.

DISCUSSION

In response to physiologic or pathologic stress, cells
change the proteome and adapt to the environment,
either by modifying protein structure via post-
translational modification®”*® or by altering protein
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FIGURE 5 Validation of RAB8B Expression in the Heart After the Treatment of MI
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expression in CMs localize at border zone or remote zone. 80 CMs in each group from 4 biological mouse hearts. Data are presented as mean + SEM and were compared

by means of the Wilcoxon signed-rank test. ***P < 0.001. BZ = border zone; CM = cardiomyocyte; DAPI = 6-diamino-2-phenylindole; IZ = ischemic zone;
MI = myocardial infarction; RZ = remote zone; WGA = wheat germ agglutinin.
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composition, which is regulated by protein synthe-
sis and degradation. With the development of
advanced RNA-sequencing technologies, the amount
of mRNA can be precisely measured, and the mRNA
profiles can be used to assess cell states.'> However,
mRNA levels may not fully reflect protein levels.'+"
In the present research, we observed an overall
diminished protein synthesis in CMs within the
infarct area. However, our ST data showed that
mRNAs induced by MI are highly enriched in this
specific area, suggesting a decoupling of transcrip-
tional and translational regulation after MI. More-
over, a recent study has highlighted the significance
of translational regulation in controlling protein
activity during the early stage of injury response
and regeneration.’® Therefore, to accurately eval-
uate cell conditions and understand how cells
respond to the environment, examining the prote-
ome is essential.

By coupling BONCAT with MS proteomics anal-
ysis,'®33:4° we labeled the newly synthesized pro-
teins in CMs in vivo. Under homeostatic conditions,
we determined that the most highly expressed
proteins, such as ACTC1, ACTA1, MYH6, TPM1, and
DES, are associated with sarcomeres, which is
consistent with the conclusion that the sarcomere is
dynamic and requires constant replenishment for
functional maintenance. This phenomenon is
consistent with recent studies showing that the as-
sembly and turnover of sarcomere proteins are
essential for the contractile function of CMs.'»4"44
The proteins associated with the tricarboxylic acid
cycle and electron transport chain are also highly
expressed in CMs. These proteins are required
for energy production to supply the constant
beating of CMs.

Our ANL pulse labeling experiment indicated that
the general approximate protein half-life in CMs is
2-3 days, a slightly shorter duration compared with
those reported using other methods, such as heavy
water and heavy amino acids labeling.*>° Specif-
ically, reports suggest that the half-life of myosin
heavy chain is about 5-6 days,*®*° cardiac troponins
range from 3.2 days to 5.3 days,*” and titin has a
half-life of about 70 hours in the skeletal muscle
cells.” Notably, using deuterium oxide labeling
combined with MS, Lau et al found that the half-life
of cardiac proteins is about 7.7 days,*® and the
protein turnover rates were variable, ranging from
<1 day to >3 weeks. Moreover, cytosolic proteins
exhibit a half-life of ~6.5 days, whereas
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half-life  of
between these

mitochondrial proteins have a
~15 days.”®* The discrepancies
studies and ours could stem from different labeling
periods (long-term labeling vs short-term labeling)
and the isotopes used for the protein labeling
(radioactive vs metabolic). Long-term labeling re-
quires mathematical calculation of the radioactivity
to determine the protein turnover rate, which is
potentially confounded by the radioactivity from
the intracellular free isotope pools. It has been re-
ported that calculation on various labeling isotope
pools resulted in different turnover rates for
myosin, ranging from 2.7 days to 5-6 days.*®

With the animal model used in this study, we
measured only newly synthesized protein,
which contributes to the total proteome that de-
termines the CM state. This allowed us to differ-
entiate the nascent proteomic profile from the total
proteome, which is also affected by protein degra-
dation. These newly synthesized proteins represent
the actively gained functions of the CMs in
response to the altered environment in a real-time
manner, enabling a direct evaluation of CM state
changes in different contexts. After MI, the most
decreased newly synthesized proteins were associ-
ated with oxidative phosphorylation in the mito-
chondria. The activity of NADH dehydrogenase was
reduced, which may be the reason for the
decreased level of NAD" in CMs after ML.>*>* This
observation suggests that CMs actively respond to
oxygen deficiency after MI by reducing the syn-
thesis of oxygen consumption proteins. This is a
good example of how CMs adjust the translational
machinery to adapt to the harsh ischemic
microenvironment.

STUDY LIMITATIONS. The present study has certain
limitations. The ANL-immunofluorescence staining
showed that newly synthesized proteins localize in
the sarcomere and nucleus of CMs, but most of the
highly expressed proteins identified with the use of
MS are not nuclear proteins. The reason for this
discrepancy could be either that our protocol failed
to enrich proteins from the nuclear fraction or that
there was a lower expression of nuclear proteins.
This study specifically focused on determining the
newly synthesized proteins in CMs. Owing to tech-
nologic limitations, we could only enrich the newly
synthesized proteins in which methionine had been
replaced with ANL, constituting only a fraction of
the total proteome. Conducting MS on the entire
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proteome would have helped us to evaluate the
ratio of newly synthesized proteins more compre-
hensively. In addition, conducting MS on various
fractions, including the nuclear, cytosolic, and
mitochondrial fractions, would provide valuable
insights into how CMs use translational machinery
in response to pathophysiologic stimuli. Based on
our immunofluorescence staining data, we inferred
that most enriched proteins were from the CMs with
high ANL signaling. Given the regional differences
that we observed in the myocardium after MI, the
possibility remains that the CMs near the ischemic
areas were overrepresented, which means we may
not have detected the proteomes in the CMs at risk
but only the proteomes in the viable CMs. This may
be why we did not see proteins associated with
necrosis and apoptosis, which are the primary
mechanisms for CM death.>>°° We chose the time
point of 24 hours after MI, which allowed us to
obtain information on how CMs directly respond to
injury. In the future, collecting samples at later
time points may help us to understand how CMs
adapt to the harsh environment after MI. Because
cardiac remodeling is a dynamic process, deter-
mining the spatial and temporal molecular mecha-
nisms of CM remodeling may aid in developing
improved strategies for treating patients with MI-
induced heart failure.

CONCLUSIONS

In this study, we developed an animal model to
identify and visualize the newly synthesized proteins
in CMs. Our findings revealed that, under normal
conditions, proteins associated with sarcomeres and
metabolism are synthesized at a high rate in CMs.
After MI, the synthesis of newly synthesized proteins
decreases in the CMs in the infarcted area. Proteins
associated with mitochondrial metabolism are
significantly decreased in CMs, whereas proteins
related to MAP kinase activity increase. In addition,
we observed that MI-induced genes are concentrated
in CMs localized in the infarct area, but these CMs
showed decreased protein synthesis, indicating a
separation between the control of transcription and
translation after MI.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: After myocardial
infarction, cardiomyocytes undergo a series of remodeling pro-
cesses, resulting in structural changes in the heart and deterio-
rating heart function. In this study, we developed an animal
model that enables us to identify and visualize the newly syn-
thesized proteins in cardiomyocytes. We examined the proteomic
profile in cardiomyocytes and evaluated how cardiomyocytes
respond to myocardial injury in the early stage.

TRANSLATIONAL OUTLOOK: Understanding the molecular
mechanisms that drive cardiac remodeling may lead to medical
interventions that could potentially delay or prevent adverse
cardiac remodeling. We identified proteins induced and repressed
in cardiomyocytes in response to myocardial infarction, which
could serve as potential targets for drug or gene therapy treat-
ment for heart failure.
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