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ARTICLE INFO ABSTRACT

Keywords: Background: Cardiac pressure overload induces cardiac hypertrophy and eventually leads to heart failure. One distinct
Cardiomyocytes feature of pathological cardiac hypertrophy is fetal-gene re-expression, but not every cardiomyocyte exhibits fetal gene
Hypertrophy re-expression in the diseased heart. Adult cardiomyocytes are terminally differentiated cells, so we do not know how
Fetal genes the heterogeneity is determined and whether the differential fetal-gene reprogramming indicates a different degree of
gz;i}r,is;stome remodeling among cardiomyocytes. We hypothesized that fetal gene-expressed cardiomyocytes show more patholog-
Proteome ical features in the pressure-overloaded heart.

Results: We induced pressure overload in mice by transverse aortic constriction (TAC) and observed a cardiomyocyte
population with expression of 3-myosin heavy chain (BMHC, a fetal gene encoded by Myh?) after TAC for 3 days. On
transcriptomic and proteomic analyses, BMHC-expressed cardiomyocytes of 3-day TAC hearts were enriched in genes
in cardiomyopathy-associated pathways and glycolytic processes. Moreover, results of immunoblotting and enzyme
activity assay suggested higher glycolytic activity in BMHC-expressed than non-expressed cardiomyocytes. When we
inhibited the glycolytic flux by 2-deoxy-p-glucose, a widely used glycolysis inhibitor, the number of PMHC-
expressed cardiomyocytes was reduced, and the level of TEA domain family member 1 (TEAD1), a transcriptional en-
hancer, was decreased. Also, our spatial transcriptomic results demonstrated that naive and 3-day TAC hearts had
fetal-gene-rich tissue domains that were enriched in pathways in extracellular matrix organization and tissue remod-
eling. As well, gene levels of glycolytic enzymes were higher in Myh7-positive than Myh7-negative domains.
Conclusions: Our data suggest that BMHC-expressed cardiomyocytes progress to pathological remodeling in the early
stages of cardiac hypertrophy. In addition, the diverse glycolytic activity among cardiomyocytes might play a role in
regulating gene expression via TEAD] signaling.

Spatial transcriptome

1. Introduction growth (also called physiological or pathological cardiac remodeling/hy-

pertrophy). The signaling pathways driving physiological and pathological

Cardiovascular disease is the leading cause of death globally. It claimed
approximately 17.9 million lives in 2019 [1], and the number is expected to
grow to 22.2 million by 2030 [2]. During the progression of heart disease,
cardiac hypertrophy often initially occurs as a compensatory mechanism to
reduce pressure overload in the heart and help maintain cardiac output and
perfusion of vital organs. However, this compensatory response can fail
over time, owing to accumulation of fibrotic tissue, insufficient angiogene-
sis, impaired cardiomyocyte (CM) contractile ability, and prevalence of mi-
tochondrial dysfunction [3]. In response to diverse factors that increase the
cardiac workload, such as exercise and valve disease, various signal trans-
duction pathways are activated to induce adaptive or maladaptive cardiac
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cardiac hypertrophy have been intensively investigated [4-9]. As a result of
these studies, the underlying mechanisms of pathological cardiac remodel-
ing have been targeted by novel treatments that profoundly improve pa-
tient survival rates and reduce morbidity [10,11]. Despite this clinical
success, some patients still progress to heart failure. An optimal treatment
strategy for pathological cardiac remodeling and heart failure remains to
be established.

Our current understanding of the signaling pathways underlying the de-
velopment of cardiac hypertrophy has mostly been gained under the as-
sumption that CMs respond uniformly to hypertrophic stimuli.
Reprogramming of fetal genes (such as Myh7 and Nppa) and changes in
levels of calcium handling proteins (such as SERCA2a and Na(+)/Ca(2
+) exchanger [NCX1]) are features of pathological remodeling. Nonethe-
less, their heterogeneous expression in pathological cardiac hypertrophy
were reported decades ago [12-15]. As well, heterogeneity within CM
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populations was recently demonstrated by single-cell RNA sequencing
[16-20]. Despite the abundant information from single-cell transcriptomic
studies, we do not know why fetal genes are heterogeneously expressed in
the diseased heart and how the diverse gene profiles of cardiomyocytes
may affect cardiac function. Because fetal genes are widely used markers
for diseased hearts, we wondered whether fetal-gene-expressed CMs
might be prone to pathological remodeling.

In this study, we used transverse aortic constriction (TAC) for 3 days to
induce cardiac pressure overload in mice [21] and observed a subset of CMs
with expression of 3-myosin heavy chain (BMHC, encoded by Myh?) after
TAC. To understand the pathophysiological role of this heterogeneous re-
sponse, we profiled the transcriptomes and proteomes of (MHC-
expressed and non-expressed cardiomyocytes in 3-day TAC hearts.
BMHC-expressed CMs had a higher level of Nppa (another fetal gene) at
the early stage of cardiac hypertrophy but were also enriched in transcripts
and protein products of cardiomyopathy-associated genes. Another hall-
mark of pathological remodeling is the metabolic shift from fatty acid p-
oxidation to glycolytic ATP production [22-27]. However, whether this
phenomenon is heterogeneous among cells is not clear, nor is how early
the metabolic shift occurs during the development of pathological cardiac
hypertrophy. Here, we demonstrated that glycolytic activity was higher in
BMHC-expressed than non-expressed CMs in 3-day pressure-overloaded
hearts. The early inhibition of glycolytic flux could reduce the population
of BMHC-expressed cardiomyocytes. Additionally, spatial transcriptomic
analysis [28-32] revealed that fetal-gene-rich tissue domains were
enriched in pathways in extracellular matrix (ECM) organization and tissue
remodeling. Also, expression of glycolysis genes was higher in Myh7-
positive than Myh7-negative tissue domains. Thus, our data describe a sub-
population of CMs that undergoes pathological remodeling before the heart
becomes diseased. Moreover, the accumulation of pathological features in
CMs may be associated with the progression of pathological cardiac hyper-
trophy.

2. Materials & methods
2.1. Animal model of cardiac hypertrophy

Eight- to 12-week-old adult male mice weighing 22-28 g were anesthe-
tized (vaporized 1-1.5 % isoflurane) and subjected to pressure overload by
TAC as described [21,33]. We used a 27G needle for aorta constriction. The
yellow fluorescent protein (YFP)-BMHC mouse line was generated by
Pandya et al. [14]. The coding sequence for YFP was inserted in the
BMHC gene at the translational start site to generate a YFP-BMHC fusion al-
lele that expresses YFP fused to the native fMHC protein. The YFP-BMHC
mouse line was bred in 129 x 1/SvJ background. We used homozygous
transgenic animals in this study. 2-Deoxy-p-glucose (2-DG) was intraperito-
neally injected at 100 mg/kg/day daily. Besides, we used C57CL/6JNarl
wild-type mice for spatial transcriptome. Animals were kept under specific
pathogen-free conditions, and all procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of Academia Sinica,
Taiwan. The IACUC protocol complied with the Guide for the Care and Use
of Laboratory Animals (Guide 2011, NIH) and followed the instructions of
the Association for Assessment and Accreditation of Laboratory Animal
Care, International, AAALAC.

2.2. Cardiac sections and spatial transcriptome

Hearts were harvested from 8-week-old mice and embedded in OCT,
then immersed in 2-methylbutane pre-chilled by a liquid nitrogen bath.
Cardiac sections of 10 pm were cryosectioned and placed on pre-chilled
Visium spatial tissue optimization (TO) slides or gene expression (GE)
slides. The procedure followed the manufacturer's user guide (10x Geno-
mics). Tissue sections were permeabilized for 12 min to liberate RNA
from cells, then first-strand cDNA was synthesized on-slide with oligo-dT
primers, which were linked to the space barcode printed on the GE slide.
The cDNAs were recovered from the GE slide and transferred to PCR
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tubes for second-strand synthesis, cDNA amplification, and Illumina library
construction. Sequencing was performed by the NGS High Throughput
Genomics Core at the Biodiversity Research Center, Academia Sinica
(Taiwan). Libraries were sequenced with 100-bp paired-end reads using
Ilumina HiSeq 2500 System. The raw data were processed with Space
Ranger v1.1.0 (10x Genomics) with default settings. The manual fiducial
alignment was applied, and detection spots with tissue covering with >50
% were used for further analysis. The log-normalization was used to view
feature expression normalized by UMI count, following the protocol of
Seurat [34-36] and Scanpy [37]. The quantitative expression was com-
puted as LogNorm(feature, barcode) = 1n(10,000*(feature count/barcode
count) + 1). The processed and analyzed data were visualized with
Loupe Browser v4.1.0 (10x Genomics). The processed data were also ana-
lyzed by Partek Flow (Partek Inc.) with their single-cell analysis pipeline.
The read counts were normalized by the counts per million (CPM) method
and transformed to log2(CPM + 1). Gene-specific analyses were filtered
with false discovery rate (FDR) < 0.01 and fold change >2. K-means cluster-
ing for the individual samples was automatically computed with k = 3-10.

2.3. Cardiomyocyte isolation

The procedure to isolate adult mouse cardiomyocytes was based on pre-
vious publications [38,39]. We used the Langendorff heart perfusion sys-
tem for enzyme digestion in the heart. The heart was quickly removed
and retrograde-perfused through the aorta at constant flow of 3 ml/min
for 4 min at 37 °C with perfusion buffer containing 120.4 mM NacCl,
14.7 mM KCl, 0.6 mM KH,PO,4, 0.6 mM Na,HPO,, 1.2 mM MgS0,°7H,0,
10 mM Na-HEPES, 4.6 mM NaHCO3, 30 mM Taurine, 10 mM BDM and
5.5 mM Glucose, pH 7.0. Then, the heart was perfused for 7 to 12 min
with digestion solution containing collagenase B, collagenase D, and prote-
ase type XIV dissolved in perfusion buffer. The flaccid heart was removed
from the cannula and the left ventricle was teased apart with forceps in
KB buffer (85 mM K-glutamate, 30 mM K,HPO,, 5 mM sodium pyruvate,
0.5 mM EGTA, 20 mM taurine, 20 mM glucose, 5 mM creatine, 2 mM
Na,ATP, 5 mM MgCl,, and 10 mM BDM). Tissues were further dissociated
by using plastic transfer pipettes with different-size openings (1.5- and 1.0-
mm diameters). The cardiomyocyte suspension was passed through a 250-
pm cell strainer to obtain a single-cell suspension. Cardiomyocytes were
pelleted at 20 rcf for 3 min to remove most of the other cell types, then car-
diomyocytes were resuspended in KB buffer. The isolated cardiomyocytes
were used immediately for cell sorting.

2.4. FACS and sample collection

Sorting was performed at the Academia Sinica Flow Cytometry Core on
a BD FACSAria system with a 670/14 bandpass filter for propidium iodide
(PI) and 530/30 bandpaiss filter for YFP. A 100-pm nozzle was used and PI-
negative cardiomyocytes were collected for further application. For the
RNA sample, cardiomyocytes were sorted into Invitrogen RNAlater Stabili-
zation Solution (AM7020, ThermoFisher Scientific) and total RNA was ex-
tracted by using Trizol Reagent (15,596,018, ThermoFisher Scientific) or
the RNAeasy Micro Kit (74,004, Qiagen). For protein samples, cardiomyo-
cytes were sorted into KB buffer with additional protease inhibitor
(AEBSF 2 mM, phosphoramidon 1 pM, bestatin 130 pM, E-64 14 uM,
leupeptin 1 pM, aprotinin 0.2 pM, and pepstatin A 10 uM). Cardiomyocytes
were pelleted at 600 rcf for 3 min and snap-frozen or immediately used for
protein extraction.

2.5. Next-generation sequencing

Sequencing was performed at the NGS High Throughput Genomics Core
at the Biodiversity Research Center, Academia Sinica (Taiwan). Total RNA
was purified by using Trizol Reagent, and the quality of RNA was measured
by Qubit assays (ThermoFisher Scientific) and Agilent 2100 Bioanalyzer.
The RIN ratios ranged from 7.9 to 8.8. Total RNA was processed by using
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the Illumina RNA library prep, and libraries were sequenced with 100 bp
paired-end reads with the Illumina HiSeq 2500 System.

2.6. RNA sequencing data processing and identification of differentially
expressed genes (DEGS)

Low-quality bases and reads were removed by using Trimmomatic
v0.39. The processed reads were mapped to the mouse genome
(GRCm38) by using Tophat v2.0.10 [40] and its embedded aligner Bowtie2
v2.1.0 [41]. The expression level (FPKM) of each gene was estimated by
using Cufflinks v2.1.1 [42]. Genes with FPKM =1 in two or more samples
were considered expressed and selected for further analysis. To compare
the FPKMs of the selected genes across samples in a set of transcriptomes,
the upper quartile normalization procedure was applied. The nonparamet-
ric method of NOIseq [43] was used to identify DEGs between two samples.
The q value (differentially expression probability) in the method was set to
0.7, because the genes in the dataset with q > 0.7 had at least a 2.3-fold
change in FPKM between the two samples.

2.7. Quantitative RT-PCR

The first-strand cDNA was synthesized by using SuperScript III Reverse
Transcriptase (18,080, Thermo Fisher Scientific Inc.). QqRT-PCR was per-
formed on an Applied Biosystems 7500 real-time system with Power
SYBR® Green Master Mix (4,367,659, Thermo Fisher Scientific Inc.).
Primers are listed in Supplementary Table 1.

2.8. Proteomics

Cardiomyocytes were lysed in 1 % SDS in 100 mM HEPES buffer with
proteinase inhibitor, and protein concentrations were determined by a
Bio-Rad detergent compatible (DC) protein assay. In all, 50 ug protein
was reduced by 2 mM TCEP, alkylated by 5 mM MMTS, precipitated and
washed by cold acetone. The purified protein extracts were digested to pep-
tides by Lys-C protease, followed by overnight trypsin. Then, the peptides
were labeled by using TMT10-plex Mass Tag Labeling Kits and Reagents
(Thermo Fisher Scientific Inc.). The labeling efficiency was checked with
LC-MS/MS before combining 10 TMT-labeled peptides. The analysis of
TMT-labeled peptides was modified from a previous method [44]. Briefly,
the mixed TMT peptides were fractionated with hydrophilic interaction lig-
uid chromatography (HILIC). The labeled peptides in each HILIC fraction
were analyzed by using Waters nanoACQUITY UPLC coupled to an Orbitrap
Fusion mass spectrometer. The acquired tandem mass spectra were proc-
essed by using Proteome Discoverer v2.2 and searched by using Mascot al-
gorithms against the Uniprot mouse database (UniProt Knowledgebase
release 2018_10, 17,058 sequences). The mass tolerance of precursor and
fragment ions were 10 ppm and 0.02 Da. Oxidation of methionine,
methylthio of cysteine and deamidation of asparagine/glutamine were set
as variable modifications. TMT tags on the peptide N-terminus/lysine was
set as a fixed modification. Target-decoy searching was used to estimate
the protein FDR, and 1 % or 5 % FDR was set as high or medium confidence,
respectively. Quantification of TMT-labeled peptides was performed by
using the reporter ions quantifier of Proteome Discoverer, and the normal-
ization mode was total peptide amount. The co-isolation threshold was <50
%, and average reporter S/N threshold was >10. Paired Student t-test was
used to identify differentially expressed proteins between two cardiomyo-
cyte groups (p < 0.05).

2.9. Pathway analysis

The identified DEGs were analyzed by using IPA (Qiagen Inc., https://
www.qgiagenbioinformatics.com/products/ingenuity-pathway-analysis)
[45] or Metascape (http://metascape.org) [46] for gene ontology analysis,
functional analysis, and networks. The detected 11,842 genes from our
RNA-seq data were used as background gene set for gene ontology analysis.
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Gene Set Enrichment Analysis (GSEA) was used to compute and determine
the active or inactive state of an a priori-defined set of genes [47,48].

2.10. Western blotting

Proteins were equally loaded on SDS-PAGE with T-Pro EZ gel 10 % (T-
Pro Biotechnology) for western blot analysis. Anti-Myosin (Skeletal, Slow),
clone NOQ7.5.4D (1:2000, Sigma-Aldrich) was used to detect BMHC. Anti-
Hexokinase I (HK1; clone C35C4), anti-HK2 (clone C64G5), anti-
phosphofructokinase (PFKP) (clone D4B2), anti-phosphoglycerate mutase
1 (PGAM1) (clone D3J9T), and anti- TEA domain family member 1
(TEAD1) (D9X2L) (all 1:1000 dilution) were from Cell Signaling Technology.
Anti-NCX1 (clone C2C12) (1:1000 dilution) was purchased from Genetex.
Anti-SERCA2 ATpase (clone 2A7-A1) (1:1000 dilution) was purchased from
Abcam. HRP-conjugated GAPDH antibody (1:5000, Proteintech Group,
Inc.) was used to detect GAPDH. Total protein amount was calculated from
Coomassie blue-stained PVDF membranes for normalization. The enhanced
chemiluminescence (ECL) method was used to detect individual proteins on
a Fyjifilm Luminescent Image Analyzer System (FUJIFILM Corp.). The
original images were analyzed by using ImageJ for quantification.

2.11. Glycolysis enzyme activity

The Sigma-Aldrich Hexokinase Colorimetric Assay Kit (MAK091) and
GAPDH Activity Assay Kit (MAK277) were used to measure HK and
GAPDH activity, respectively.

2.12. Data availability

The Illumina reads were deposited in the Sequence Read Archive
under https://www.ncbi.nlm.nih.gov/sra/PRJINA661625 (accession no.
PRJINA661625). The mass spectrometry proteomics data were deposited
to the ProteomeXchange Consortium via the PRIDE [49] partner repository
with the dataset identifier PXD021671 (Username: reviewer_pxd021671@
ebi.ac.uk; Password: e4dmF2fS).

2.13. Statistics

Data are presented as mean with SD. Statistical comparisons in-
volved using paired Student t-test to compare PMHC-negative and
-positive samples from the same heart, unpaired Student t-test to
compare two independent samples, and one-way ANOVA followed by
multiple comparisons to compare multiple groups. P < 0.05 was consid-
ered statistically significant. The data were analyzed and graphed by
using GraphPad Prism 9.

3. Results
3.1. BMHC re-expressed in a subset of CMs after pressure overload

Many studies have investigated changes in the late stages of cardiac hy-
pertrophy to address the transition from compensatory hypertrophy to fail-
ure heart. Nevertheless, levels of some pathological markers, such as Myh7
(a fetal gene), change in the early stage of cardiac hypertrophy. In the cur-
rent study, we sought to investigate the changes in CMs at the initial stage
of pressure-overload-induced cardiac remodeling. Taking advantage of a
transgenic mouse line that expresses yellow-fluorescent protein fused to
the native PMHC (YFP-BMHC), we easily identified Myh7 (encodes
[BMHC) re-expression by tracking YFP [14]. We induced cardiac pressure
overload in mice by TAC and found that a subset of CMs expressed YFP-
MHC (Fig. 1A: LV section, YFP CMs in green). We next isolated adult left
ventricular CMs and used fluorescence-activated cell sorting (FACS) to sep-
arate YFP-BMHC negative (YFP ™) and positive (YFP ") CMs from 3-day
TAC hearts. YFP expression was confirmed by fluorescent microscopy and
BMHC expression by immunoblotting (Fig. 1A). The proportion of YFP*
CMs was significantly induced after 3-day TAC and was maintained
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Fig. 1. Number of YFP* CMs increases after 3-day TAC and YFP™ CMs are larger than YFP~ CMs. (A) Left ventricular (LV) cardiac section of a 3-day TAC heart shows wheat
germ agglutinin (WGA)-outlined CMs in red and YFP-BMHC CMs in green. YFP~ CMs and YFP™ CMs were collected from isolated CMs with an FACSAria ITTu cell sorter,
according to YFP signal intensity. BMHC expression is confirmed by western blot analysis. (B) Proportion of YFP* CMs after TAC. (C) Relative size of YFP" to YFP~ CMs.
Data are mean * SD. One-way ANOVA, followed by multiple comparisons, n = 6 per group. Scale bars: 50 pm. Abbreviations: TAC: transverse aortic constriction; LV:
left ventricular; CMs: cardiomyocytes; YFP~ or YFP* CMs: YFP-BMHC negative or positive CMs; FACS: fluorescence-activated cell sorting.

thereafter (Fig. 1B). In addition, flow cytometry revealed that YFP* CMs
were larger than YFP ™~ CMs at all times (Fig. 1C). The size of left ventricular
CMs was slightly increased after 3-day TAC and increased even more with
continued pressure overload (Supplementary Fig. 1). Both YFP~ and
YFP" CMs significantly increased in size after pressure overload for 7
days. Thus, CMs in the same heart can respond differently to hypertrophic
stimuli.

3.2. YFP~ and YFP" CMs of 3-day TAC hearts have distinct gene profiles

Because fetal gene reprogramming, a pathological marker, occurred in a
subset of CMs at the beginning of pressure overload-induced cardiac hyper-
trophy and persisted during pathological remodeling, we wondered
whether early induction of fetal gene re-expression is important for cardiac
physiology. To know the differences between fetal gene-expressed and non-
expressed CMs in early cardiac hypertrophy, we used transcriptomic analy-
sis of YFP~ and YFP* CMs. We subjected five YFP-BMHC mice to 3-day
TAC and performed transcriptional profiling on sorted CMs by next-
generation sequencing (RNA-seq). The total number of differentially
expressed genes (DEGs) in each of the five mice was 371, 292, 386, 393,
and 232. We examined DEGs among five samples to select genes with the
same expression trends for further validation and analysis (Supplementary
Table 2). We first analyzed the selected DEGs by Qiagen Ingenuity Pathway
Analysis and found that eukaryotic initiation factor 2 signaling was the
most enriched pathway in YFP~ CMs. In contrast, ephrin receptor and
neuregulin signaling were enriched in YFP* CMs. Ephrin receptor signaling
and neuregulin signaling have been found involved in cardiac disease
[50-54], which suggests that YFP* CMs displayed more pathological fea-
tures than did YFP~ CMs.

We also validated our genes of interest by quantitative RT-PCR (qRT-
PCR) with a new batch of left ventricular CM samples. The relative gene
levels of YFP™ to YFP~ CMs by qRT-PCR were positively correlated with
the results from RNA-seq (Supplementary Fig. 2), which suggests that the
identified gene expression changes by RNA-seq are reproducible and reflect
actual gene profiles in the TAC samples. Notably, both RNA-seq and qRT-
PCR results showed that YFP™ CMs had higher expression of another

fetal gene, Nppa (Fig. 2A and B). We also observed signs of pathological re-
modeling by the elevated expression of genes including Xirp2 [55-571,
Itga5 [58,59], and Tead1 [60] in YFP* CMs (Fig. 2A). The qRT-PCR results
confirmed higher expression of Xirp2, Itga5, and Teadl in YFP™ CMs
(Fig. 2B).

Next, we performed gene ontology (GO) analysis of selected DEGs by
using Metascape [46]. Ribosome function and oxidative phosphorylation
were most enriched in YFP~ CMs (Fig. 2C, upper panel). However, genes
involved in actin filament-based processes and intermediate filament cyto-
skeleton organization were highly expressed in YFP* CMs (Fig. 2C, lower
panel). Additionally, YFP" CMs had enriched pathways related to hyper-
trophy cardiomyopathy and pathological cardiac remodeling, such as
MAPK [61] and SMAD signal transduction [62-64]. YFP* CMs were
enriched in pathways involved in regulation of the glycolytic process (high-
lighted in the lower panel of Fig. 2C). Therefore, YFP* CMs expressed more
pathology-related factors at the beginning of cardiac hypertrophy. Also, GO
network analysis revealed that YFP~ and YFP* CMs possessed distinct bi-
ological processes (Fig. 2D), which supports the different responses of
CMs in the same pressure-overloaded heart.

3.3. YFP* CMs in 3-day TAC hearts favor glycolysis

To better understand the functional profiles of YFP ~ and YFP* CMs, we
used Gene Set Enrichment Analysis (GSEA) [47,48] of our RNA-seq dataset.
The top 20 enrichments are listed in Supplementary Table 3. The fatty acid
metabolic process was enriched in YFP~ CMs, and the glycolytic process
was enriched in YFP* CMs (Fig. 2E), which agrees with the GO analysis
of selected DEGs. Besides transcriptional profiles, we examined protein
levels of glycolytic enzymes in YFP~ and YFP* CMs. The immunoblotting
results showed higher expression of glycolytic enzymes in YFP* than YFP~
CMs (Fig. 3A and B).

The enzyme activity assays of hexokinase (HK, the rate-limiting enzyme
of glycolysis) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
the key enzyme regulating glycolytic flux) showed that both HK and
GAPDH activities were higher in YFP* than YFP~ CMs (Fig. 3C). A meta-
bolic shift from oxidative phosphorylation to glycolysis is a key
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(C) Top clusters with representative transcriptomic enriched terms identified by Metascape. (D) Gene Ontology network analysis of transcriptomic data. (E) Gene Set
Enrichment Analysis of RNA-seq results. Abbreviations: CMs: cardiomyocytes; YFP~ or YFP* CMs: YFP-BMHC negative or positive CMs; GO: gene ontology; ES:

enrichment score; NES: normalized enrichment score.

characteristic of pathological remodeling, which is thought to occur be-
cause CMs increase glucose utilization to meet higher energy demands
under stress conditions [22-27]. Nonetheless, our findings indicate that
YFP* CMs might undergo a metabolic shift even at the early stages of pres-
sure overload-induced cardiac remodeling.

Because modulation of the proteome directly affects cellular physiol-
ogy, we further used multiplex relative protein quantification to profile pro-
tein expression differences between YFP~ and YFP™ CMs. We identified 87
proteins that were highly expressed in YFP~ CMs and 84 proteins that were
highly expressed in YFP* CMs from 3-day TAC hearts (Supplementary
Table 4). GO analysis of these elevated proteins revealed that YFP~ CMs
were enriched in cellular respiration and mitochondrial-associated

processes (Fig. 3D, left panel). In contrast, YFP* CMs were enriched in
pathways related to pathological remodeling, such as dilated cardiomyopa-
thy and the calcineurin-NFAT signaling cascade (Fig. 3D, right panel). In
addition, we observed an enrichment of the glycogen metabolic process
in YFP™ CMs (highlighted in the right panel of Fig. 3D). Myocardial glyco-
gen is an essential source of glucose for glycolysis in the heart, so the
enriched glycogen metabolism in YFP™ CMs implies that the glycolytic ac-
tivity could be higher in YFP™ than YFP~ CMs.

Moreover, our proteomic analysis showed that several enzymes in-
volved in glycolysis were elevated in YFP™ CMs (Fig. 3E). Similar to our
transcriptomic analysis, GO network analysis of proteomic results showed
that the enriched biological processes were divergent in YFP~ and YFP*
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Fig. 3. Glycolytic pathway is more active in YFP* than YFP~ CMs. (A) Representative western blots of glycolysis enzymes and (B) quantification (n = 6). (C) Enzyme activity
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CMs (Fig. 3F). Taken together, YFP* CMs could be in a more pathological
condition, expressing pathology-associated molecules and preferring the
glycolytic pathway, as compared with YFP~ CMs.

3.4. Inhibition of glycolysis reduces the proportion of YFP™ CMs in 3-day TAC
hearts

As discussed above, the metabolic shift is thought to be a feature in the
later stages of cardiac remodeling. However, our results demonstrate that a
subset of CMs expressed glycolytic enzymes and had high enzyme activity
of the initial step of glycolysis. Thus, we wondered whether the early mod-
ulation of glycolysis could regulate Myh? re-expression at the early stage of
pressure overload-induced cardiac hypertrophy. To test this, we treated 3-

day TAC mice with 2-deoxy-glucose (2-DG, 100 mg/kg/day) daily. 2-DG
is a competitive inhibitor of HK and widely used for inhibiting glycolytic
processes. This low dose of 2-DG has been shown to sufficiently inhibit gly-
colysis without apparent systemic side effects [65].

We used flow cytometry to evaluate the number of PMHC-expressed
CMs from 3-day TAC YFP-BMHC mice and found reduced proportion of
YFP* CMs in the 2-DG-treated group as compared with the saline control
(Fig. 4A). We then examined the mRNA levels by qRT-PCR in CMs of con-
trol and 2-DG-treated mice to determine whether the global inhibition of
glycolysis affected pathology-associated pathways. These pathways include
calcium homeostasis, mechanical sensing, and ECM organization. 2-DG
treatment did not significantly change ECM-related gene levels as com-
pared with the control (Fig. 4B), which suggests that this glycolytic
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Fig. 4. 2-DG treatment reduces the number of YFP* CMs in 3-day TAC hearts. (A) Proportion of YFP* CMs after TAC/2-DG for 3 days (n = 4 in control group andn = 6 in 2-
DG group). (B) Gene levels assessed by qRT-PCR. (C) Protein levels assessed by western blot analysis and (D) quantification (n = 3). (E) Cell size of isolated YFP~ and YFP ™"
CMs. Student t-test. Data are mean + SD. Abbreviations: Ctrl: control; CMs: cardiomyocytes; YFP~ or YFP CMs: YFP-BMHC negative or positive CMs; GO: gene ontology.

inhibition barely affects ECM organization in the early stages of cardiac re-
modeling.

However, we observed induced Atp2a2 (encodes SERCA2a) and Slc8al
(encodes NCX1) mRNA levels in the 2-DG group (Fig. 4B). We further con-
firmed the induction of SERCA2a at the protein level in the 2-DG group.
However, NCX1 level did not differ from the control level (Fig. 4C and
D). Hence, glycolytic flux might modulate calcium homeostasis by regulat-
ing calcium transporter expression in CMs. The changed level of SERCA2a
could be independent of BMHC expression, but also the changed calcium
homeostasis might signal fetal-gene reprogramming in CMs.

The mRNA level of Tead1 (also known as transcriptional enhancer fac-
tor 1) was increased but the protein level was reduced in the 2-DG group
(Fig. 4B to D). TEAD1 could positively regulate Myh7 expression [60],
and its transcriptional activity could be regulated by glycolysis [66]. The
decreased protein level of TEADI reflects the reduced proportion of YFP*
CMs in 2-DG-treated TAC hearts. TAC may generally induce Myh7 repro-
gramming via upregulated Tead] mRNA expression, but the inhibition of
glycolysis may suppress TEAD1 activity via the translational control,
which exerts an acute effect on BMHC expression in the early stages of car-
diac hypertrophy. Although the number of YFP* CMs was reduced by 2-DG
treatment, YFP* CMs were still larger than YFP~ CMs (Fig. 4E). Collec-
tively, interrupting the initiation step of glycolysis by 2-DG reduced the
number of PMHC-re-expressed CMs and affected Tead1 and calcium han-
dling molecule expression. Thus, the glycolytic status could directly modu-
late BMHC expression via TEAD1 signaling.

3.5. Spatial transcriptome reveals high glycolysis activity and cell—cell interac-
tions in Myh7-rich cardiac microdomains

We investigated the cell properties of YFP~ and YFP* CMs. Transcrip-
tomic analysis showed that cell adhesion or ECM organization were both
enriched in YFP~ and YFP* CMs, but the enriched molecules differed.
Also, the 2-DG data (Fig. 4) showed that SERCA2a level changed in CMs,
which implies that glycolytic status affects dynamic calcium handling.

Furthermore, from our RNA-seq data, several DEGs were classified in the
ion channel category and included Cacnalg, Cacnalc, and Casql. DEG anal-
ysis also revealed higher growth-factor and cytokine levels in YFP* than
YFP~ CMs (Supplementary Fig. 3). This differential gene expression of
CMs might modulate the phenotype of their adjacent cells. Hence, we
used Visium Spatial Gene Expression to assess gene profiles in cardiac sec-
tions. This technique detects gene expression with spatial information from
the designed detection spots (Supplementary Fig. 3).

The detection spots on a Visium gene expression slide were 55 pm in di-
ameter, so each spot is expected to sample a tissue domain with multiple
cells. We collected cardiac sections from naive and 3-day TAC hearts and
detected between 57 and 6720 genes in each spot from a 10-pm-thick
cross-sections. The median detected genes per spot (tissue domain) was
2732. Then, we performed K-means clustering (K = 3 to 10) based on
the gene profiles of tissue domains and found four tissue domain clusters
in the naive sample (Fig. 5A, a-naive). The three TAC samples had 8, 10,
6 clusters each (Fig. 5A, b-, ¢-, and d-TAC). There were only two dominant
tissue domain clusters in naive and TAC samples. When we performed a
biomarker analysis of these clusters, we found that fetal genes such as
Myh7 and Nppa were co-identified in one of the dominant clusters of each
sample.

Next, we analyzed GO enrichment of biomarkers in these fetal-gene—
rich tissue domain clusters from naive and TAC samples. Biomarkers of
these tissue domains showed common molecular functions, including fibro-
nectin binding, signaling receptor regulator activity, and cell adhesion mol-
ecule binding (Fig. 5B). Notably, these fetal-gene-rich tissue domains from
TAC samples were enriched in molecules with functions including ECM or-
ganization, growth factor binding, and calcium ion binding. In addition to
molecular function analysis, GO analysis of biological processes showed
that fetal-gene-rich domains shared the same pathways between naive
and TAC samples, such as tissue remodeling, muscle structure develop-
ment, and ECM organization (Fig. 5C). Further enriched molecular func-
tions were pathways associated with cell-cell interactions in fetal-gene—
rich tissue domains of TAC hearts. Together with transcriptomic and
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Fig. 5. Spatial transcriptomic analysis reveals fetal-gene-rich tissue domain clusters in naive and 3-day TAC hearts. (A) K-means clustering result for naive or TAC hearts by
pie chart. (B) Gene Ontology (GO) analysis of molecular functions of biomarkers in fetal-gene-rich cluster of each sample. (C) GO analysis of biological processes of
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proteomic analysis of YFP~ and YFP* CMs, these results indicate that fetal-
gene—expressed CMs might regulate ECM formation via growth-factor/
cytokine signaling in the pressure-overloaded hearts.

Spatial transcriptomic analysis demonstrated diverse levels of Myh7
among tissue domains of the naive sample, and significant induction of
Myh7 was detected in cardiac sections of 3-day TAC hearts (Fig. 5D). More-
over, even in naive samples, mRNA levels of glycolytic enzymes were
higher in tissue domains with than without Myh7 expression (Fig. 5E, left
panel). These data demonstrate that intrinsic glycolytic activity is positively
correlated with Myh7 expression. After pressure overload for 3 days, these
enzyme differences between Myh7-negative and -positive domains became
more apparent (Fig. 5E, right panel). Thus, short-term pressure overload
could modulate glycolytic activity and might further regulate the fetal-
gene expression and cellular functions. Also, the pre-existing differences

in naive CMs might explain the different responses of CMs in the
pressure-overloaded hearts.

4. Discussion

Heterogeneous fetal-gene re-expression among CMs in diseased hearts
has been observed for more than a decade; however, its role in the progres-
sion of cardiac hypertrophy to heart failure is unknown. To understand the
biological meaning of CMs with fetal gene expression in the early stage of
cardiac remodeling, we grouped CMs into two populations by MHC ex-
pression. Our multi-omics analyses revealed diverse gene profiles between
these two CM groups. Notably, the fMHC-positive CM population was
enriched in genes in biological processes related to pathological remodel-
ing, such as hypertrophy cardiomyopathy and the calcineurin-NFAT signal


Image of Fig. 5

H. Yeh et al.

cascade. CMs without BMHC expression were enriched in pathways in oxi-
dative phosphorylation and fatty acid metabolic process. In addition, the
omics and biochemical results demonstrated that glycolytic activity was
enriched in BMHC-positive CMs of 3-day TAC hearts. Fetal-gene repro-
gramming, activation of the calcineurin-NFAT pathway, and metabolic
shift from fatty acid metabolism to glycolysis are known features of patho-
logical cardiac hypertrophy. Therefore, our results support that CMs with
BMHC expression undergo pathological remodeling, even in the early
stages of pressure overload-induced cardiac hypertrophy.

Single-cell transcriptomic studies demonstrated the heterogeneity of
CMs in normal or diseased hearts [16-20], but the physiological effects of
CM heterogeneity remain unknown. For example, Ren et al. studied the
progression of pressure overload-induced cardiac hypertrophy and
identified 10 CM subtypes, grouping them into four clusters by their
transcriptome similarities. However, the authors explained little about
the physiological relations between heterogeneous CMs and turned
their focus to subtype switching of macrophages [20]. Therefore, we
performed GO analysis on DEGs of their Myh7-high expressing CMs
(logTPM = 3). Since we could not fairly judge the cut-off of logTPM
for BMHC-negative CMs, we first compared Myh7-high with Myh7-
negative to see the enriched genes and pathways in Myh7-high express-
ing CMs. GO analysis revealed that Myh7-high expressing CMs enriched
in pathways of cardiac morphological changes, such as cardiac muscle
cell development, regulation of sarcomere organization, and cardiac
muscle hypertrophy. Besides, metabolic pathways, such as carbon me-
tabolism, glycogen metabolic process, and NADH metabolic process,
were also enriched in Myh7-high expressing CMs (Supplementary
Fig. 4). Collectively, we found some common enriched pathways in
Ren's Myh7-high expressing CMs and our YFP " CMs.

The difficulty in explaining the heterogeneity of CMs could be due to
limited knowledge regarding functional subtypes and genetic markers.
Here, we grouped CMs according to BMHC re-expression, a marker of dis-
eased hearts, to gain insight into their physiological meaning. We assayed
the transcriptomic and proteomic differences between PMHC-expressed
(YFP™) and non-expressed (YFP ) CMs. YFP" CMs of 3-day pressure-
overloaded hearts showed elevated levels of Tgfb2 and Ctgf (Supplementary
Fig. 3A). Also, spatial transcriptomic results demonstrated that ECM organi-
zation pathways were more active in fetal-gene-rich cardiac microdomains
than other domains without fetal-gene enrichment (Fig. 5B and C). Collec-
tively, these results might explain the association between early fMHC ex-
pression and later fibrotic tissue formation [14], in which YFP* CMs might
express growth factors or cytokines to enhance ECM organization during
pressure overload-induced cardiac remodeling.

Additionally, we found HK activity higher in YFP " than YFP~ CMs, and
treatment with 2-DG (the HK inhibitor) could decrease the number of YFP
CMs in pressure-overloaded hearts. HK metabolizes glucose to glucose 6-
phosphate. This metabolite functions in glycolytic flux and also in the
hexosamine biosynthetic pathway (HBP) and the pentose phosphate path-
way. We also detected a higher level of Gfpt] (a rate-limiting enzyme of
HBP) in the transcriptome of YFP* than YFP~ CMs, which implies elevated
HBP signaling in YFP* CMs. Furthermore, chronic activation of HBP could
trigger pathological cardiac remodeling [67]. As well, decreased (3-
adrenergic response in fMHC-expressed CMs was previously reported in
4-week TAC hearts [68]. However, YFP~ CMs showed more expression of
factors in fatty acid metabolism, oxidative phosphorylation, ribosome,
and mitochondrial-related components. These results resembled the
Nomura et al. findings in their single-cell RNA transcriptomic study of
sham (TAC control) hearts [19]. These reports further support our idea
that YFP™ CMs display more pathological features than do YFP~ CMs in
the early stage of cardiac hypertrophy. The accumulation of these features
might result in CM dysfunction over time.

Because YFP* CMs expressed higher levels of glycolytic enzymes than
did YFP~ CMs, we further inhibited the initial step of glycolysis by 2-DG
treatment and found reduced number of YFP™ CMs in the 3-day TAC
hearts. Also, CMs of 2-DG/TAC hearts had different expressions of TEAD1
and SERCA2a as compared with control CMs. Glycolysis can regulate the
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transcriptional activity of TEAD1 [66] and also modulates calcium homeo-
stasis in cat atrial myocytes [69] and cancers [70]. Briefly, the intermedi-
ates of glycolysis could directly interact with calcium transporters or
indirectly regulate their activity by GlcNAcylation and redox homeostasis.
Also, the interplay between metabolism and epigenetic regulation was
demonstrated in physiological and pathological conditions [71]. Angrisano
et al. reported that epigenetic modification of Atp2a2 and Myh7 promotor
regions regulated their expression in pressure overload-induced cardiac hy-
pertrophy [72]. So, we reasoned that glycolytic flux modulates TEAD1 ac-
tivity to affect BMHC expression and regulates SERCA2a expression to
affect calcium homeostasis in CMs of 3-day TAC hearts. At the same time,
glycolysis could be involved in epigenetic regulation of gene expression.
Therefore, inhibition of glycolysis by an HK inhibitor probably prevents
BMHC re-expression via diverse signaling pathways. Here we report one
possible interplay between glycolytic flux, TEAD1, fMHC, and SERCA2a
in CMs at the early stage of cardiac hypertrophy.

Adult CMs are terminally differentiated cells; hence, the diversity of
gene expression profiles between CMs can be determined soon after birth.
Previous single-cell transcriptomic analyses demonstrated cardiac cell di-
versity during development [16,17], and our spatial transcriptomic results
also reveal a fetal-gene-rich tissue domain cluster in the naive heart. The
data from embryonic and adult naive hearts suggest that CMs have different
intrinsic properties, which results in diverse responses under stress.
Whether any intrinsic factor determines the fate of CMs throughout life is
an interesting question.

One drawback of our transcriptomic analysis is that we treated the
sample as five individuals and analyzed their DEGs by NOIseq. To get
a more robust gene list, we performed differential analysis by DEseq2
for all five mice in one DEGs analysis to account for biological variation
between animals. We identified 635 DEGs in YFP~ CMs and 657 in
YFP* CMs (Supplementary Fig. 5A). We performed GO analysis by
Metascape as what we did for NOIseq results. There are common
enriched pathways of DEseq2 and NOIseq results for YFP~ CMs and
YFP* CMs (Supplementary Fig. 5B and 5C). These data provided
additional support for our findings (Fig. 2).

In summary, we assessed the biological meaning of heterogeneity
among CMs by comparing the transcriptome and proteome of BMHC-
expressed CMs and non-expressed CMs at the early stage of hypertrophic re-
sponse. CMs responded to pathological stimuli differently and pathological
features were simultaneously enriched in BMHC-expressed CMs. Moreover,
we used conventional experiments to support the findings of our omics data
both in vitro and in vivo. Our approaches shed new light on the physiolog-
ical relevance of CM heterogeneity in the same heart.
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