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Abstract

Cellular replacement in the heart is restricted to postnatal stages with the adult heart

largely postmitotic. Studies show that loss of regenerative properties in cardiac cells

seems to coincide with alterations in metabolism during postnatal development and

maturation. Nevertheless, whether changes in cellular metabolism are linked to func-

tional alternations in cardiac cells is not well studied. We report here a novel role for

uncoupling protein 2 (UCP2) in regulation of functional properties in cardiac tissue

derived stem-like cells (CTSCs). CTSC were isolated from C57BL/6 mice aged 2 days

(nCTSC), 2 month (CTSC), and 2 years old (aCTSC), subjected to bulk-RNA sequenc-

ing that identifies unique transcriptome significantly different between CTSC

populations from young and old heart. Moreover, results show that UCP2 is highly

expressed in CTSCs from the neonatal heart and is linked to maintenance of glycoly-

sis, proliferation, and survival. With age, UCP2 is reduced shifting energy metabolism

to oxidative phosphorylation inversely affecting cellular proliferation and survival in

aged CTSCs. Loss of UCP2 in neonatal CTSCs reduces extracellular acidification rate

and glycolysis together with reduced cellular proliferation and survival. Mechanisti-

cally, UCP2 silencing is linked to significant alteration of mitochondrial genes

together with cell cycle and survival signaling pathways as identified by RNA-

sequencing and STRING bioinformatic analysis. Hence, our study shows

UCP2-mediated metabolic profile regulates functional properties of cardiac cells dur-

ing transition from neonatal to aging cardiac states.
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1 | INTRODUCTION

Cardiovascular disease continues to be the leading cause of death in

both men and women. Adult heart exhibits low cellular replacement1,2

and is unable to replace dead cardiomyocytes (CMs) due to injury3 initi-

ating a downward spiral of adverse ventricular remodeling that ends up

in heart failure. In contrast, developmental cardiac tissue is a prolifera-

tive organ capable of regenerating lost myocardium after injury.4-6 Inter-

estingly, cardiac cells exhibit a specialized metabolic profile during

development that alters as the heart undergoes maturation and coin-

cides with loss of regenerative processes.5 Whether cellular metabolism

regulates regenerative processes in the heart is not well studied.

Aging and disease are known to adversely affect cellular function

in the heart with implications for cardiac tissue homeostasis and cellu-

lar turnover.1,2 Recently, cell metabolism and regulation of cell fate

decisions during normal tissue homeostasis and aging has gained

importance.7 Developmental tissue harbors pluripotent stem cells

(PSCs) with specialized metabolism that adapts to changes in

pluripotency, self-renewal, proliferation, and differentiation.8,9 Adult

tissue stem cells such as hematopoietic stem cells largely exist in qui-

escence favoring glycolysis that preserves stemness.10 Cellular differ-

entiation requires adult stem cells to undergo a metabolic shift toward

oxidative phosphorylation (OXPHOS) increasing reactive oxygen spe-

cies (ROS) generation.11 Accumulating ROS levels overtime combined

with enhanced organismal age ultimately pushes adult stem cells

toward exhaustion and stem cell aging. In the context of the heart,

evidence suggests that cardiac progenitor cells (CPCs) reside in hyp-

oxic niches12,13 and their emergence from the niche is characterized

by metabolic changes. Recently, Zhang et al document a critical role

played by a mitochondrial gene called uncoupling protein 2 (UCP2) for

regulation of PSC metabolism and differentiation.14 UCP2 regulates

energy generation and redox homeostasis,15 is known to be expressed

in the heart16 and promotes cardioprotection in response to injury.17

Nevertheless, whether cellular metabolism and in particular UCP2 is

linked to enhanced functional properties of cardiac cells in the heart

during the regenerative postnatal period18 or toward regulation of

adverse changes accrued in cardiac cells with age remains untested.

In this article, we show that transcriptomic analysis and functional

characterization of cardiac tissue derived stem-like cells (CTSCs)

populations in the neonatal, adult, and aged heart demonstrate unique

transcriptome and increased functional properties of neonatal CTSC.

Our data suggest that neonatal CTSCs possess a cellular metabolic

profile linked to enhanced expression of mitochondrial protein UCP2

that alters with age, potentially opening cellular metabolism as a new

avenue for enhancement of cell-based therapies for cardiac repair.

2 | MATERIALS AND METHODS

2.1 | Cell isolation and culture

All CTSCs were isolated from the hearts of C57BL/6 Mice (Jackson).

Hearts were subjected to novel tissue digestion method, and

separation of various cellular populations by plating, and replating of

supernatant to remove fast adhering cells. CTSC Growth Media com-

position was similar to previously published19 and included DMEM-

F12 (Gibco), 10% Embryonic Stem Cell Fetal Bovine Serum (Gibco),

1% Penicillin-Streptomycin-Glutamine (PSG) (Gibco), 1x Insulin-Trans-

ferrin-Selenium (Gibco), Recombinant Human-EGF 10 ng/mL

(Peprotech), Recombinant Human-FGF 10 ng/mL (Peprotech), and

Leukemia Inhibitory Factor (Millipore Sigma), and incubated in a 37�C

5% CO2 incubator. Routine cell culturing passaging included dissocia-

tion of cells using 0.25% Trypsin EDTA (Gibco) and centrifugation for

5 minutes at 1500 RPM. Pelleted cells were resuspended in CTSC

Growth media and counted using a hemocytometer and plated. For all

subsequent experiments, all three CTSCs types were kept between

passages 10 and 15.

2.2 | CyQuant, MTT, PDT, resazurin, viability
assays

CyQuant NF Cell Proliferation (Invitrogen) assay, Resazurin (CST), and

MTT (ATCC) assay were conducted by plating CTSCs in quadruplicate

(2000 cells/well) in a 96-well flat bottom plate. Assays were per-

formed based on manufacturer's instructions. Population doubling

time (PDT) and viability assays were performed by plating 50 000

cells/well in a 6-well plate. Trypan blue stain was added to calculate

viability and an online population doubling time calculator was used

(http://www.doubling-time.com/compute.php). Assays were con-

ducted on days 1, 3, and 5 postplating.

2.3 | RNA-sequencing

CTSCs were prepared for bulk-RNA sequencing with three replicates

of each CTSC line consisting of 1 million cells per replicate cultured at

passage 10 for 48 hours prior to sequencing. Samples were sent out

to GeneWiz for RNA isolation, cDNA library construction, and

Significance statement

This study found that cardiac tissue derived stem-like cells

(CTSCs) from neonatal (2-day-old) and aged (2-year-old)

mouse heart exhibit unique expression of genes as deter-

mined by bulk sequencing analysis. Neonatal CTSCs express

genes that promote metabolism designed to increase func-

tional properties of the cells. However, CTSC aging is

accompanied by adverse changes in expression of genes

that alters metabolism associated with decreased function.

Additionally, this study reports a novel role for mitochon-

drial protein UCP2 in mediating salutary effects on neonatal

CTSC whereas loss of UCP2 with age or in neonatal CTSCs

blocks beneficial effects of metabolism on cellular function.
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sequencing. In brief, RNA was isolated from cells by GeneWiz includ-

ing mRNA sequencing via PolyA selection. Library preparation

involved fragmentation and random priming, strand cDNA synthesis,

end repair, and adapter ligation with polymerase chain reaction (PCR)

enrichment for sequencing. Sequencing was carried out on Illumina

HiSeq System with 2x 150 bp PE HO configuration.

2.4 | Bioinformatics analysis

Raw data quality was evaluated with FastQC, reads were trimmed using

Trimmomatric v.0.36 to remove adapter sequences and poor-quality

nucleotides. Reads were then mapped onto Mus musculus GRCm38 ref-

erence genome using STAR aligner v.2.5.2b. Genome was available on

ENSEMBL. Generated BAM files were used to extract unique gene hit

counts using FeatureCounts from Subread package v.1.5.2. Genes were

identified on mapped reads followed by downstream differential

expression analysis using R package DESeq2. Genes with less than

5 reads per sample were removed. Wald test was used to statistically

identify genes with P value <.05. Using regularized logarithm (rlog) func-

tion, count data was transformed for visualization on a log2 scale.

2.5 | Immunocytochemistry

Immunocytochemistry and TUNEL assays were performed as

described previously20,21 with additional detail in Supporting Informa-

tion including a list of antibodies in Table S2.

2.6 | Measurement of oxygen consumption rate,
extracellular acidification rate, and fuel flexibility

A Seahorse Bioscience XF96 Extracellular Flux Analyzer was utilized

to measure oxygen consumption rates (OCRs), extracellular acidifica-

tion rate (ECAR), and fuel flexibility in CTSCs using a protocol similar

to that was previously reported.20 At the conclusion of each experi-

ment, cells were lysed in RIPA buffer and protein concentration was

determined for each well using a standard Bradford assay. All calcula-

tions for assessment of OCR/ECAR were reported as mean ± SD

(pmol O2/[min mg]).

2.7 | ATP content determination

CTSCs were isolated by trypsinization and the pellet was used to

determine ATP according to manufacturer's instruction (Invitrogen).

2.8 | Proteome profiler array

Mouse angiogenesis array assay was conducted according to manu-

facturer's instruction (R&D Systems). Cell culture supernatant was

collected to perform assay. Quantification of dot-blot intensity was

carried out on ImageJ.

2.9 | Lactate, pyruvate, PK activity assays

CTSCs were grown to confluence followed by preparation for mea-

surement of lactate (Biovision), pyruvate (Abcam), and pyruvate kinase

activity (Biovision) for all three cell types according to manufacturer's

protocol.

2.10 | Immunoblot

Immunoblot analysis was performed as described previously19,21 with

additional detail in the Supporting Information.

2.11 | RNA interference

Small interfering RNA (siRNA; 20 μmol/L) for UCP2 (Dharmacon)

transfection was performed with CTSC plated in 6-well dishes and

transfected with 3 μL of siRNA and 12 μL of Hi Perfect transfection

reagent (Qiagen) in 85 μL of DMEM/F12 without serum.

2.12 | Statistical analysis

Statistical analysis is performed using unpaired Student's t test for

data comparing two groups and one-way or two-way analysis of vari-

ance (ANOVA) with Bonferroni post hoc test for comparing more than

two groups for data exhibiting normal distribution. For data that do

not exhibit normal distribution, Mann-Whitney test was used. All dat-

a sets were assessed for normality using Shapiro-Wilk test. P < .05 is

considered statistically significant. Error bars represent ±SD. Statistical

analysis is performed using Graph Pad prism v 8.0 software.

3 | RESULTS

3.1 | Isolation and characterization of CTSCs

In this study, we describe isolation of CTSCs from the heart during

cardiac tissue maturation and aging. For this purpose, hearts from

2-day-old, 2-month-old, and 2-year-old C57BL/6 mice were subjected

to enzymatic digestion followed by plating, replating supernatant and

passaging in culture media that led to emergence of cells that were

designated as CTSCs (Figure 1A). Morphological analysis of three

CTSC lines demonstrated a spindle like shape in CTSCs from

2-month-old mice, spindle-flattened shape for aCTSC from 2-year-old

mice, and increased roundness in nCTSC from 2-day-old mice

(Figure 1B,C). Analysis of cell area showed smaller cell body in nCTSC

(1437.7 μm2) compared to aCTSC that were more flattened
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(Figure 1D,E). Analysis of cell surface markers by flow cytometry dem-

onstrated three CTSCs lines to be negative for hematopoietic markers

CD45, CD11b, CD105, and c-kit. CTSCs lines were low Isl1+ (Table S2E)

VCAM+, and high Sca-1+, Integrin B1+ and ecto-5-nucleotidase+ (Fig-

ure S1A), ABCG1+ (Table S2E) in conjunction with quantitative real

time polymerase chain reaction (qRT-PCR) expression analysis (Figure

S1B) and immunocytochemistry-based detection (Figure S1C-F). To

determine whether CTSC media promotes stem cell characteristics,

CMs and cardiac fibroblasts (CFs) were isolated from neonatal and adult

mouse hearts and plated in CTSC medium. No morphological changes

were observed in both cell types after 10 days of culture from neonatal

and adult mouse that indicate a stem cell phenotype, in fact, there was

significant mortality in adult CF and CM cultures (Figure S1G). The main

question was whether CTSCs represent an unknown cell population

and for this purpose, isolated CTSCs lines were subjected to bulk-RNA

sequencing followed by comparison to transcriptome of cardiac cell

types and stem cells using previously published databases.22-24 Principal

component analysis (PCA) demonstrated CTSC lines transcriptome to

show high degree of variance in comparison to CMs, CF, endothelial

cells (ECs), CPCs, and stem cell types such as ESCs and mesenchymal

stem cells (MSCs) (Figure 1F). Additionally, comparison of putative

genes for CM shows 36.3%, CF 41.1%, ECs 60.2%, CPCs 57.1%, and

MSCs 59.3% homology with nCTSCs (Figure 1G) (Tables S2A-F). Inter-

estingly, nCTSCs transcriptome showed least variance to ESCs and

shared 31.7% homology (Figure 1F,G) with expression of pluripotent

markers such as Oct-4, Sox-2, Nanog (Figure S2A), and LIN28a as mea-

sured by qRT-PCR, Western blot, and immunocytochemistry (Figure

S2B-D). Expression of pluripotent markers was significantly increased in

nCTSC compared to CTSCs while aCTSC had no or low expression for

pluripotent genes (Figure S2B-D). Finally, we compared nCTSCs to

recently described nine CPC populations in the embryonic heart25 with

the idea to conduct a qualitative assessment of gene expression

between nCTSC as the most unaltered cell type in the postnatal heart,

to the published database. Results showed that nCTSC share the

highest percentage of top markers expressed by the progenitor cell

populations of the anterior heart field (AHF) suggesting possible origin

and requires further validation by lineage tracing experiments (Table

S3). Collectively, the results suggest CTSCs lines to be a novel cell

F IGURE 1 RNA-sequencing identifies CTSCs in the heart. A, Illustration describes isolation strategy for CTSCs based upon digestion of whole
heart from 2-day-old, 2-month-old, and 2-year-old mice followed by plating in growth medium. At day 1 postplating, adherent cells were
discarded, and supernatant was replated and the cell were grown for 2 to 3 weeks that led to emergence of CTSCs followed by analysis molecular
and functional analyses. B, Morphological analysis of the CTSC populations isolated from 2-day-old (nCTSC), 2-month-old (CTSC), and 2-year-old
(aCTSC) mice. C, Roundness, D, cell area, and, E, Area fold change was calculated using ImageJ. Scale bar = 100 μm. n = 20 number of cell
counted/three independent experiments for all three cell lines. F, Principal component analysis details clustering of biological replicates of the
same condition between CTSCs population from different ages and other cardiac cell and stem cells types (n = 3 replicates/cell lines used for
RNA sequencing). G, Comparison of CTSC transcriptome to putative markers for CMs, CFs, ECs, ESCs, MSCs, and CPCs using R&D systems
database. nCTSC vs CTSCs *P < .05, **P < .01, ***P < .001, nCTSC vs aCTSC #P < .05, ##P < .01, ###P < .001, and nCTSC vs aCTSCs ΔP < .05,
ΔΔP < .01, ΔΔΔP < .001. See also Figures S1 and S2, and Tables S2 and S3. CFs, cardiac fibroblasts; CMs, cardiomyocytes; CPCs, cardiac
progenitor cells; CTSCs, cardiac tissue derived stem-like cells; ECs, endothelial cells; MSCs, mesenchymal stem cells
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population with stem cell like characteristics that persists in the adult

heart of normal and aged animals.

3.2 | Proliferation, survival, migration, and
senescence alter with age in three CTSCs lines

The next set of studies aimed to characterize proliferation and survival

in three CTSC lines and alteration with age. Increased cell counts

(Figure 2A) in conjunction with significant decrease in population dou-

bling time (PDT) (Figure 2B) for nCTSC compared to CTSC while aCTSC

were the slowest. Similarly, nCTSC showed increased proliferation

(Figure 2C), metabolic activity (Figure 2D), and viability (Figure 2E) com-

pared to CTSC, while aCTSC showed lowest proliferation potential. Cell

cycle in three CTSC lines showed increased percentage of nCTSC in

S/G2 phases of the cell cycle with corresponding decrease in G0/G1

phase compared to CTSCs while aCTSC show inverse cell cycle phasing

(Figure 2F). To assess survival, all three CTSC types were exposed to

18 hours H2O2 induced oxidative stress followed by TUNEL staining.

nCTSC showed significantly reduced while aCTSC the highest TUNEL+

nuclei compared to CTSC (Figure S3A). Next, a wound healing assay for

all three cell types was performed to determine age-associated changes

in cell migration. Results showed that all three cell lines possess the abil-

ity to migrate but nCTSC have the most area covered while aCTSC have

the least, 24 hours postinjury (Figure S3B). Finally, senescence associ-

ated β-galactosidase staining showed nCTSC exhibit significantly lower

β-gal+ cells (1.4%) compared to CTSCs (11.8%) while aCTSC had the

highest number of β-gal+ cells (21.5%) (Figure S3C). Collectively, nCTSC

represent a highly proliferative cell type within the cardiac tissue possi-

bly due to minimal adverse effects of age and environment while aCTSC

exhibit adverse changes that are hallmarks of stem cell aging.

3.3 | Age-induced changes in secretome from
three CTSC lines

Cell-based therapy for cardiac repair shows increased benefit for car-

diac structure and function even though less few cells survive post

F IGURE 2 Increased viability, metabolic activity, and proliferation rate in nCTSC compared to other CTSC populations. A, Viability cell counts
show increased cell number in nCTSCs compared to CTSC and aCTSC over the course of 5 days in culture (n = 6). B, Decreased population
doubling time in nCTSC compared to CTSCs and aCTSC (n = 6). C, Increased metabolic activity in nCTSC compared to CTSCs and aCTSC at day 3
and 5 after culture as measured by MTT assay (n = 5) as well as Resazurin assay (n = 5) in (D). E, nCTSC exhibit increased cell proliferation at
day 3 and day 5 compared to CTSCs and aCTSC as assessed by CyQuant assay (n = 5). F, Flow cytometry-based measurement of cell cycle shows
decreased percentage of cells in G1 and a corresponding increase in percentage of cells in S/G2 phases in nCTSC compared to CTSC and aCTSC
(n = 3). nCTSC vs CTSCs *P < .05, **P < .01, ***P < .001, nCTSC vs aCTSC #P < .05, ##P < .01, ###P < .001, and nCTSC vs aCTSCs ΔP < .05,
ΔΔP < .01, ΔΔΔP < .001. See also Figures S3 and S4. CTSCs, cardiac tissue derived stem-like cells
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transplantation.26 Salutary effects of the transplanted stem cells have

been attributed to the ability to secrete pro-regenerative factors at

the site of injury. Therefore, secretome of three CTSCs was assessed

for secreted cytokines and chemokines and to determine whether dif-

ferences between secretome from neonatal and aged heart. Proteome

profiler array-based detection showed differential expression of vari-

ous growth factors, cytokines, and chemokines categorized as having

a role in inflammation, cell migration, cellular growth, cellular develop-

ment, or being antiangiogenic (Figure S4A). Interestingly, growth fac-

tors such as Amphiregulin, PDGF-AA, and IGFBP3 were either

exclusively or highly present in nCTSC while increased expression of

pro-inflammatory factors was found in aCTSC secretome. Addition-

ally, expression of growth factors such as SDF-1, HGF, VEGF, and

IGF-1 was validated by Western blot analysis. Results showed signifi-

cantly high expression in nCTSC compared to CTSCs and aCTSC for

all the growth factors assessed (Figure S4B,C). Taken together, secret-

ome in the three CTSC lines is diverse and unique and changes sub-

stantially with increasing age that may have influence on the

therapeutic efficacy of CTSCs lines for cardiac repair.

3.4 | Bulk-RNA sequencing identifies unique
metabolic properties for CTSCs lines

Analysis of morphological and functional properties showed signifi-

cant differences in CTSC lines that become pronounced with age. In

order to identify mechanistic basis for functional differences, trans-

criptome from three CTSC lines was assessed by RNA-sequencing

followed by bioinformatics analyses (Figure S5A). Bulk RNA-

sequencing demonstrated a total of 19 303 genes altered between

the three cell populations. In comparison to CTSCs, nCTSC showed

24% significantly upregulated and 27% significantly downregulated

genes, in contrast to 27% significantly upregulated genes and 29% sig-

nificantly downregulated genes observed in aCTSC transcriptome

(Figure 3A). Volcano plot representation detailed genes that were not

only significant but also distinguished by a log fold-change threshold

of 1.5 (Figure 3B). Next, a PCA for all three CTSC lines was performed

that showed consistency within each sample transcriptome together

with identification of variance between each cell line (Figure 3C).

Using differentially expressed genes (DEGs) data sets, gene ontology

(GO) and gene set enrichment (GSEA) analyses were conducted. GO

analysis identified the top over-represented terms for biological pro-

cesses including significant alteration in metabolic processes within

nCTSC and aCTSC compared to CTSCs (Figure 3D). Moreover, com-

parison of nCTSCs with aCTSC identified GO terms significantly

altered with age together with GSEA analysis for changes in cell cycle

and fatty-acid metabolism signaling pathways (Figure S5H,I). Interest-

ingly, significant GO terms for nCTSC in comparison to CTSCs

included cell proliferation and cell migration while in addition to the

terms found in nCTSC, aCTSCs demonstrated significant representa-

tion of apoptotic processes and response to oxidative stress. Since

GO analysis showed metabolic gene alterations in CTSCs lines there-

fore expression of genes involved in various metabolic signaling

pathways was visualized using rlog-based expression values normal-

ized via row-z score. Genes involved in glycolysis, oxidative phosphor-

ylation, fatty-acid metabolism, amino-acid metabolism, glutamine

metabolism, and glutathione metabolism were expressed as heatmaps

that detail their expression in each sample. Increased expression of

glycolytic genes was observed in nCTSCs compared to CTSCs while

aCTSC had greater expression of metabolic genes involved in oxida-

tive phosphorylation and fatty-acid metabolism (Figure S5B-G). Using

ClusterProfiler package, a KEGG enrichment analysis was conducted

to identify over-represented signaling pathways present amongst the

CTSC lines. KEGG analysis revealed terms over-represented such as

fatty acid biosynthesis and cell cycle. Finally, GSEA was conducted to

identify gene sets present in nCTSC vs aCTSC. GSEA noted enriched

KEGG-based GSEA terms such as cell cycle, glycolysis, and fatty acid

metabolism (Figure 3E). Collectively, GO analysis and GSEA reveal a

unique profile present in both nCTSC and aCTSC when compared to

CTSCs and a significant enrichment of genes involved in regulation of

metabolic processes that were altered with age.

3.5 | Increased glycolytic flux and decreased
mitochondrial respiration for energy generation in
nCTSC

PSCs possess unique cellular metabolism that enables high levels of

proliferation and is altered by cellular differentiation.8,9 Therefore, it

was hypothesized that transition of CTSC from neonatal to aged heart

leads to significant metabolic alterations. To further validate metabolic

changes within CTSCs lines, OCRs and ECARs were measured for all

three lines. Results demonstrated increased ECAR and glycolysis in

nCTSC compared to CTSCs while aCTSC were the least glycolytic

(Figure 4A). In conjunction, OCR was increased in aCTSC and the low-

est in nCTSC compared to CTSCs (Figure 4B). Interestingly, nCTSCs

exhibit increased proton leak despite enhanced ATP generation

suggesting lack of mitochondrial respiration for energy production.

Further validation showed highest ATP production in nCTSC com-

pared to CTSCs and aCTSC (Figure 4C). nCTSC demonstrated signifi-

cantly reduced pyruvate levels (Figure 4D) but higher pyruvate kinase

activity (Figure 4E) and lactate production (Figure 4F) together with

increased expression of PDK1 and reduced PDH compared to CTSCs

and aCTSC (Figure 5A,B) in concurrence with cells demonstrating high

glycolytic drive and cellular proliferation. Furthermore, nCTSCs exhibit

lower citrate synthase activity (Figure 5C) and mtDNA (Figure 5D)

together with lower mitochondrial membrane potential (Figure 5E)

indicating inefficient mitochondrial respiration in nCTSC compared to

aCTSC. Additionally, nCTSCs show increased glucose dependence,

capacity, and inability to utilize fatty acids as a substrate (Figure 5F).

Interestingly, a distinct mitochondrial morphology was observed by

TOMM20 immunostaining (Figure 5G) together with changes in

OPA1 expression (Figure S6D) in all three CTSC lines possibly linking

changes in mitochondria to bioenergetics. Taken together, nCTSCs

primarily generate energy through activation of glycolytic pathways in

contrast to aCTSC that rely on oxidative phosphorylation, thereby
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providing a possible explanation for higher proliferative rates in

nCTSC compared to aCTSC.

3.6 | UCP2 is essential for maintaining nCTSC
metabolism and proliferation

nCTSC utilize glycolysis for energy generation together with

increased proliferation rates, so the next question was to delin-

eate the molecular signaling responsible for maintaining unique

nCTSC metabolic profile. For this purpose, a screen for known

metabolic targets was conducted on nCTSC using qRT-PCR. As

expected, increased expression of glycolytic enzymes was

observed in nCTSC but interestingly, increased expression of

mitochondrial genes such as uncoupling proteins 2 and 3 were

observed compared to CTSCs and aCTSC (Figure 6A). Given the

recent report highlighting the role of UCP2 in maintenance of

pluripotency and energy dynamics,14 it was hypothesized that

nCTSC glycolytic phenotype and proliferative state may be regu-

lated by UCP2. Expression of UCP2 was validated by western blot

analysis confirming significantly high expression of UCP2 in

nCTSC compared to CTSC and aCTSC (Figure 6B). To validate the

UCP2 for maintenance of cell characteristics, nCTSC were sub-

jected to siRNA knockdown of UCP2 (Figure 6C) while aCTSC

were lentivirally modified to overexpress UCP2 followed by

assessment of ECAR by seahorse analysis. Results showed loss of

ECAR activity and glycolysis rather than a shift to oxidative phos-

phorylation (Figure 6D) in conjunction with significantly reduced

expression of glycolytic enzymes and genes (Figure 6E) in

siUCP2-nCTSC compared to scrambled controls. Conversely,

increased ECAR and glycolysis was observed in aCTSCs over-

expressing UCP2 (Figure S6C). Knockdown of UCP2 in nCTSC

F IGURE 3 Alterations in metabolic processes underlies CTSC transition from neonatal to aged animals. A, Global transcriptome visualization
of significantly upregulated, downregulated, or unchanged genes between nCTSC, aCTSC in comparison to CTSCs. A total of 19 303 genes were

identified between cell lines. B, Volcano Plot is generated as visualization after differential expression analysis. Plot details fold difference
between log2 normalized expressions vs −log10(adjusted P value). Each dot represents a gene and is colored based on the threshold set for
log2 FC (±1.5) and −log10(adjusted P value) (>5). C, PCA plot details clustering of biological replicates of the same condition. Plot confirms
biological samples (n = 3) are of great similarity with differences greatest compared to aCTSC. D, GO plot identifies top significant biological
processes-based GO terms. Plot details −log10(adjusted P value) based in intensity of each bar fill and are ranked based on number of DEG/total
genes present in GO term (GeneRatio). E, GSEA-enrichment plots derived from the Broad Institute software identifies top enriched gene sets
based on MSigDB's KEGG curated gene sets, Cell Cycle, and Fatty Acid Metabolism. Plot is described in multiple portions. The running
enrichment score (top portion) for the gene set represents ranked list of genes. The leading-edge subset (middle) of the gene set are the genes
that contribute most to the ES. The bottom portion of each plot shows the value of ranking matrices as it moves down the list of ranked genes.
The colored horizontal bar changes from red to blue to detail a change from positively correlated genes (red) to negatively correlated genes (blue).
Positive ESs indicate enrichment at the top of the ranked list while negative ESs point out enrichment at the bottom of the ranked list. See also
Figure S5 and Tables S4 to S6. CTSCs, cardiac tissue derived stem-like cells; DEGs, differentially expressed genes; ES, enrichment score; GO, gene
ontology; GSEA, gene set enrichment analysis; PCA, principal component analysis
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impaired glucose flexibility thereby increasing fatty acid depen-

dence for energy generation (Figure S6A), suggesting a role for

UCP2 in maintaining glucose metabolism in nCTSC. The main

question was whether loss of glycolytic metabolism impairs

nCTSC ability to proliferate and survive and we observed a robust

morphological change in nCTSC that exhibited a rounded apopto-

tic morphology after UCP2 knockdown compared to control cells

(Figure S6B), making measurement of additional functional param-

eters challenging. Concurrently, loss of cell cycle progression and

increased apoptosis after UCP2 blunting was observed compared

to scrambled cells (Figure 6F) together with reduced metabolic

activity (Figure 6G) and viability (Figure 6H) in nCTSC. Collec-

tively, data suggest a critical role for UCP2 in regulating nCTSC

energy dynamics that in turn affects nCTSC ability to proliferate

and survive.

3.7 | Loss of UCP2 alters metabolic and
proliferative signaling pathways in nCTSCs

In order to provide a mechanistic connection with UCP2 knockdown

and impaired proliferation and survival, nCTSC with or without UCP2

silencing were subjected to RNA-sequencing. Results showed that

UCP2 silencing in nCTSC caused 26% genes to be downregulated and

24% upregulated while 50% remain unchanged (Figure 7A), further

represented in a volcano plot showing significantly altered genes in

siUCP2-nCTSC compared to control (Figure 7B). Principle component

analysis identified significant variance between siUCP2-nCSTC and

scrambled and UCP2 overexpressing nCTSCs (UCP2-GFP) control

cells (Figure 7C) together with GO analysis for over-representation of

biological processes using significantly altered DEGs present between

si-UCP2 and nCTSC. Over-represented GO terms were filtered out

F IGURE 4 Assessment of cellular energetics shows increased glycolysis in nCTSC. A, Measurement of ECARs in nCTSC, CTSCs, aCTSC by
seahorse bioanalyzer show increased ECARs, glycolysis, glycolytic capacity, and glycolytic reserve in nCTSC compared to CTSCs and aCTSC
(n = 15 replicates/line/three independent experiments). B, Analysis of oxidative phosphorylation (OCR) shows significant reduction of OCR in
nCTSC while aCTSC have the highest OCR compared to CTSCs together with measurement of basal respiration, ATP production, proton leak, and
maximal respiration (n = 15 replicates/line/three independent experiments). Data for ECAR and OCR were normalized to cell number and protein
content. C, ATP quantification assay shows increased ATP production in nCTSC compared to CTSCs and aCTSC (n = 4). D, nCTSC exhibit
increased intracellular pyruvate levels as compared to CTSCs and aCTSC as measured by pyruvate measurement kit (n = 4). E, Increased activity
of pyruvate kinase in nCTSC compared to CTSCs and aCTSC determine by pyruvate kinase assay kit (n = 4). F, Enhanced intracellular lactate
production in nCTSC compared to CTSCs and aCTSC as measured by lactate detection kit (n = 4). nCTSC vs CTSCs *P < .05, **P < .01,
***P < .001, nCTSC vs aCTSC #P < .05, ##P < .01, ###P < .001, and nCTSC vs aCTSCs ΔP < .05, ΔΔP < .01, ΔΔΔP < .001. See also Figure S5. CTSCs,
cardiac tissue derived stem-like cells; ECARs, extracellular acidification rates; OCR, oxygen consumption rate
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for redundancy and visualized as clusters representing various biologi-

cal processes using the online software REVIGO (Figure 7D). Addi-

tionally, top DEGs for cell cycle and survival pathways were

represented as heat map showing a significant alteration of cell cycle/

survival pathways in siUCP2-nCTSC compared to scrambled cells

(Figure 7E). Finally, to identify protein-protein interactions, DEGs of

si-UCP2 and nCTSC were uploaded onto STRING software to identify

protein-protein interactions, functional enrichment analysis and net-

work visualization through Cytoscape. With STRING's database and

our DEG list, we were able to generate a network of proteins involved

with UCP2 and the effect of UCP2 silencing on protein targets. Inter-

estingly, several mitochondrial proteins belonging to inner and outer

membrane were altered together with cell membrane receptors and

survival/proliferation genes in nCTSC after UCP2 silencing indicating

a critical role for UCP2 in maintenance of energy dynamics and cell

proliferation and survival (Figure 7F). In summary, UCP2 silencing in

nCTSC leads to impaired regulation of genes involved in energy

dynamics, proliferation, and survival suggesting a role for UCP2 in

maintenance of cellular function by modulating energy balance in the

nCTSC.

4 | DISCUSSION

Our findings here link cellular metabolic profile to functional proper-

ties of a novel stem-like cell population in the heart termed as CTSCs.

Additionally, our data identifies a role for UCP2 in maintenance of

enhanced cellular proliferation and survival exhibited by neonatal

CTSCs. Loss of UCP2 with age leads to compensatory changes in

metabolism and attenuation of cellular proliferation and survival in

aged CTSCs.

The neonatal heart possesses ability to repair and regenerate

after injury which is lost as the heart matures.4 Stem/progenitor cells

isolated from neonatal animals and young humans demonstrate strong

regenerative and secretory properties able to promote myocardial

repair after injury.18,27 Recent studies indicate that proliferative

capacity of neonatal cardiac tissue coincides with CMs undergoing

metabolic changes to support increased demands of cellular prolifera-

tion.5 Similarly, CPCs in the epicardial regions of the heart are known

to possess increased levels of glycolysis for energy generation pre-

serving stemness.13 CPCs activation leads to a shift toward oxidative

phosphorylation accompanied by reduced proliferation and

F IGURE 5 Decreased mitochondrial respiration in nCTSCs that alters with age. A, Decreased expression of PDH in nCTSC while aCTSC
exhibit the highest PDH expression compared to CTSCs along with quantification. B, nCTSC show increased expression of PDK1 while aCTSC
have the lowest as compared to CTSCs along with quantification. PDH/PDK1 (green), Phalloidin (red), nuclei (blue). Scale bar = 20 μm. C, Citrate
synthase activity assay shows decreased activity in nCTSCs while highest in aCTSC as compared to CTSCs. D, Decreased mtDNA in nCTSC while
aCTSC have the highest compared to CTSCs as measured by mtDNA content assessment (n = 4). E, nCTSC demonstrate low mitochondrial
membrane potential visualized by TMRM staining while aCTSC have the highest TMRM intensity. TMRM (red), nuclei (blue), Scale bar = 20 μm
(n = 4). F, Substrate flexibility, capacity, and dependence measurements in CTSCs using fuel flex assay (n = 6 replicates/line/three independent
experiments). G, Unique mitochondrial morphology in three CTSC types analyzed for TOMM20 (green), nuclei (DAPI). Scale bar = 10 μm. nCTSC
vs CTSCs *P < .05, **P < .01, ***P < .001, nCTSC vs aCTSC #P < .05, ##P < .01, ###P < .001, and nCTSC vs aCTSCs ΔP < .05, ΔΔP < .01,
ΔΔΔP < .001. CTSCs, cardiac tissue derived stem-like cells; DAPI, 40,6-diamidino-2-phenylindole; PDH, pyruvate dehydrogenase; TMRM,
tetramethylrhodamine, methyl ester, perchlorate

152 KURIAN ET AL.



differentiation13 suggesting a role for cellular metabolism in regulating

cardiac cell function. Contrary to neonatal heart, aging cardiac tissue

exhibits impaired metabolic flexibility that increases sensitivity to

stress.28 Nevertheless, whether metabolic signaling plays a role in prolif-

eration and survival of cardiac cells in the neonatal heart and is altered

with cardiac age is not well studied. In this study, we have identified a

novel CTSCs in the neonatal, adult, and aged heart that exhibits stem

cell-like properties and expresses unique transcriptional profile when

compared to other cardiac cell types or embryonic, mesenchymal or c-

kit+ cardiac stem cells as determined by RNA-sequencing. Interestingly,

CTSCs express typical stem cell markers along with several embryonic

markers such as LIN28a highest expressed in the neonatal CTSCs with

low or no expression in aged CTSCs in accordance with a previous

study that provides evidence for an uncommitted progenitor cells popu-

lation in the adult heart expressing embryonic marker SSEA-1 and able

to repair the heart after myocardial infarction.29 Our cell isolation strat-

egy is novel and unique, and we chose to isolate CTSCs from a 2-day-

old heart with the rationale to identify a regenerative cell in the postna-

tal heart that is largely unaltered. Our finding that the heart harbors a

stem cell-like population is in conjunction with numerous studies over

the years describing multiple cell populations in the adult heart

expressing stem cell markers such as c-kit,30 Sca-1,31 Isl1,32 ABCG233

together with ability to enhance cardiac function after ex vivo expan-

sion and transplantation in myocardial injury model. Next, we compared

neonatal CTSCs transcriptome to a published database for six different

CPC populations identified in the embryonic heart.25 Our results identi-

fied similarities with one of the populations from AHF in accordance

with the published database, suggesting possible origin of the cells. The

next set of studies were designed to extensively characterize functional

properties of CTSCs isolated from neonatal and aged heart. Cellular fea-

tures such as proliferation and survival were increased in CTSCs from

the neonatal cardiac tissue and were significantly decreased in aCTSC

with the opposite effect on cellular senescence, in concordance with

numerous studies that report a similar change in other stem cell types

that have been isolated from young and old hearts.34-36 Interestingly,

nCTSC have a unique secretome comprising of various growth factors,

cytokines, and anti-inflammatory factors that are reduced in aCTSC

suggesting alteration of paracrine secretion in the CTSCs with age.

A unique aspect of the study is the finding that CTSC cellular

metabolism regulated neonatal cell proliferation and survival but is

largely altered with age adversely affecting aged CTSC functional

properties. Recent studies show that energy metabolism is uniquely

F IGURE 6 Identification of UCP2 as a regulator of nCTSC metabolic function and proliferation. A, Assessment of metabolic genes in CTSCs
populations by qRT-PCR analysis (n = 4). B, Increased expression of UCP2 expression in nCTSC while aCTSC have the lowest expression
compared to CTSCs as confirmed by immunoblot (n = 4). C, Validation of UCP2 knockdown by siRNA in nCTSC compared to scrambled treated

nCTSC by immunoblot (n = 4). D, Reduced ECAR, glycolysis, glycolytic capacity, and glycolytic reserve in siRNA treated nCTSC compared to
scrambled controls as measured by seahorse assay (n = 4 replicates/line/three independent experiments). E, Reduced expression of glycolytic
genes and enzymes in si-UCP2 nCTSC compared to scrambled nCTSC as measured by qRT-PCR analysis (n = 4). F, Flow cytometry cell cycle
assessment shows increased apoptosis and reduced cell cycle activity in si-UCP2 treated nCTSC compared to control nCTSC (n = 4). nCTSC vs
siUCP2-nCTSC *P < .05, **P < .01, ***P < .001. CTSCs, cardiac tissue derived stem-like cells; ECAR, extracellular acidification rate; qRT-PCR,
quantitative real time polymerase chain reaction; siRNA, small interfering RNA; UCP2, uncoupling protein 2
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adapted in PSCs to support high proliferation rates and self-renewing

ability and transitions from glycolysis to oxidative phosphorylation

upon differentiation and commitment of PSCs, invariably reducing cel-

lular proliferation.8,9 Similar studies on tissue resident stem cells show

that cardiac stem/progenitor cells in the heart reside in hypoxic niches

operating under glycolytic metabolism but as the cells undergo differ-

entiation, oxidative phosphorylation becomes the predominant energy

generating pathway.12,13 In accordance, our data using RNA-

sequencing and molecular assays for cellular metabolism shows

CTSCs from the neonatal heart to predominately operate under glyco-

lytic metabolism compared to CTSCs from adult heart. In contrast,

CTSCs from aged heart exhibit increased oxidative phosphorylation,

mitochondrial content, and activity (Figures 3 and 4). Interestingly,

nCTSCs show increased proton leak together with lower mitochon-

drial membrane potential (ΔΨ) suggesting immature mitochondria and

unique metabolic adaptations in nCTSC regulating energy dynamics

(Figures 4 and 5). Recently, it has been shown that PSCs possess

underdeveloped and inactive mitochondria together with increased

expression of UCP2 that primarily drives glycolytic metabolism by

preventing mitochondrial glucose oxidation and increased substrate

shunting, whereas, loss of UCP2 leads to PSC differentiation.14 In

concordance, our results identify increased expression of UCP2 in

nCTSC that progressively declines as CTSCs age and is found to be

the lowest in aCTSC. UCPs are members of the anion carrier protein

family and are present in the inner membrane of the mitochondria.15

UCP1 was first discovered in brown tissue to act as regulators of res-

piration couplings and are involved in thermogenesis.15 Other

isoforms such as UCP2 is more specific to the heart and skeletal mus-

cle and recently has been shown to be highly expressed in the murine

heart during embryonic stages together with reduction in the postna-

tal heart.16 UCP2 overexpression in the adult heart in known to pro-

mote cardioprotection by reducing ROS generation and preventing

mitochondrial Ca+ overload.17 Collectively, glycolytic energy metabo-

lism in nCTSC and high UCP2 expression together with the published

role for UCP2 in maintaining glycolysis, our data link metabolic signal-

ing to cellular features such as proliferation and survival in CTSCs and

concurs with recent studies that implicate cellular metabolism as pre-

lude and critical for various cellular processes.37-39

5 | CONCLUSION

In conclusion, we report here novel transcriptomic differences between

CTSCs from neonatal, adult, and aged heart. CTSCs possess a specialized

F IGURE 7 UCP2 silencing impairs nCTSC proliferation, survival, and metabolic signaling. A, Bulk-RNA sequencing identifies significantly
upregulated and downregulated genes in nCTSC after UCP2 silencing. B, Volcano plot representation of siUCP2 treated nCTSC compared to
control nCTSC. C, Principal component analysis defines variance between nCTSCs and si-UCP2-nCTSCs and clusters biological replicates of the
same condition while nCTSC overexpressing UCP2 were employed as a positive control condition. D, REVIGO analysis details significant GO
terms clustered together. Color of each dot (GO Term) is the log10 (P value) generated from the GO analysis with blue as low and red as high. Size
of the the dot is based on the frequency of the GO term. Broad based GO terms will have a larger dot size. E, Cell signaling pathways for cell
cycle and survival are significantly altered between siUCP2-nCTSC compared to nCTSC. F, Protein-protein interactions analyzed by STRING
software and visualized through Cytoscape shows the most highly upregulated, downregulated proteins in relation to UCP2 after knockdown in
nCTSC. See also Figure S6 and Tables S7 and S8. CTSCs, cardiac tissue derived stem-like cells; GO, gene ontology; UCP2, uncoupling protein 2
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metabolic profile when isolated from neonatal heart due to high expres-

sion of UCP2 that results in increased glycolytic flux and reduced oxida-

tive phosphorylation, immature mitochondrial phenotype. However, with

age UCP2 expression declines altering metabolism from glycolysis to oxi-

dative phosphorylation. Additionally, we identify a critical role for UCP2

in maintenance of neonatal CTSC characteristics that are altered with loss

of UCP2 potentially affecting mitochondrial proteins together with cellu-

lar proliferation and survival signaling pathways.
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