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Aims

Methods
and results

Declining cellular functional capacity resulting from stress or ageing is a primary contributor to impairment of myocardial
performance. Molecular pathway regulation of biological processes in cardiac interstitial cells (CICs) is pivotal in stress and
ageing responses. Altered localization of the RNA-binding protein Lin28A has been reported in response to environmen-
tal stress, but the role of Lin28A in response to stress in CICs has not been explored. Surface Lin28A redistribution is
indicative of stress response in CIC associated with ageing and senescence.

Localization of Lin28A was assessed by multiple experimental analyses and treatment conditions and correlated to oxi-
dative stress, senescence, and ploidy in adult murine CICs. Surface Lin28A expression is present on 5% of fresh CICs and
maintained through Passage 2, increasing to 21% in hyperoxic conditions but lowered to 14% in physiologic normoxia.
Surface Lin28A is coincident with elevated senescence marker p16 and beta-galactosidase (B-gal) expression in CICs ex-
panded in hyperoxia, and also increases with polyploidization and binucleation of CICs regardless of oxygen culture.
Transcriptional profiling of CICs using single-cell RNA-Seq reveals up-regulation of pathways associated with oxidative
stress in CICs exhibiting surface Lin28A. Induction of surface Lin28A by oxidative stress is blunted by treatment of cells
with the antioxidant Trolox in a dose-dependent manner, with 300 uM Trolox exposure maintaining characteristics of
freshly isolated CICs possessing low expression of surface Lin28A and B-gal with predominantly diploid content.

Surface Lin28A is a marker of environmental oxidative stress in CICs and antioxidant treatment antagonizes this pheno-
type. The biological significance of Lin28 surface expression and consequences for myocardial responses may provide
important insights regarding mitigation of cardiac stress and ageing.

* Corresponding author. Tel: +1 619 594 8632; fax: +1 619 594 8635, E-mail: heartman4ever@icloud.com
© The Author(s) 2022. Published by Oxford University Press on behalf of the European Society of Cardiology. All rights reserved. For permissions, please email:
journals.permissions@oup.com.
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1. Introduction

Cardiovascular disease (CVD) prevalence in adults over 20 years old af-
fects nearly half of the global population." Although many CVDs can be
managed after diagnosis, congestive heart failure (HF) is a chronic con-
dition that develops with time and biological ageing. HF has a particularly
poor prognosis with a 5-year mortality rate of 68.7% and average sur-
vival of 2.4 after diagnosis in older adults.” HF is the most common cause
of hospitalization and leading cause of death in older adults within the
USA." These statistics are sobering and, when considered in the aggre-
gate, are a driving force behind cardiovascular research to blunt deteri-
oration and repair the myocardium. Ageing remains a primary causal
factor in loss of cardiac structure, function, and reparative capacity.?
Delineating fundamental biological processes of the ageing heart will ad-
vance prevention and management of HF.

Compensatory changes in response to normal biological ageing of the
heart lead to decreased tissue compliance, impaired contractile reserve,
and replacement fibrosis in the wake of cumulative myocyte losses.
Cardiac interstitial cells (CICs) perform a critical role in the ageing pro-
cess through regulation of myocardial structure, interaction with cardi-
omyocytes, and ongoing contribution to cellular renewal throughout
lifespan. Indeed, CIC activity mediates homeostasis and regulates pheno-
typic alterations of myocardial structure that typify the ageing heart.>™
Although the heart is characterized by barely perceptible myocyte turn-
over in adulthood, CIC proliferative capacity is retained throughout life
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even as senescence markers accumulate.®” Interventional approaches to
slow, stop, or reverse ageing cardiomyopathy depend upon understand-
ing regulatory mechanisms, influencing CIC proliferation, senescence,
and polyploidization.® Mitigation of the ageing process depends upon
greater understanding of stress and senescence markers that arise with-
in and identify cells with compromised biological properties. Our labora-
tory has been investigating biological responses of the CIC population to
acute stress and ageing. Evidence has been accumulating to demonstrate
that RNA-binding proteins such as Lin28 and nucleolin are involved in
cellular stress responses.”™"" Lin28 has been identified as a molecule
transported to the cell surface in extracellular vesicles to exert biological
effects'? and is associated with localization in stress granules and p-bod-
ies.'® Consistent with these observations, we found Lin28 expression on
the cell surface as well as intracellularly. Detailed characterization re-
vealed association between surface Lin28 (Lin28AS+) expression, oxida-
tive stress, and acquisition of ageing hallmarks such as beta-galactosidase
(B-gal) and polyploidization.

Lin28A is an RNA-binding protein typically associated with stem-cell
pluripotent state that has recently garnered attention as a regulator of
proliferation, metabolism, and regenerative potential."* Lin28/let-7 an-
tagonism controls development, stem-cell biology, ageing, and metabol-
ism through Lin28-mediated repression of heterochronic let-7 miRNA
biogenesis that, not coincidentally, reciprocally represses Lin28 expres-
sion.”®™2° However, the myocardial biology of Lin28 is relatively unstud-
ied. Several references have linked let-7 activity to cardiomyopathic
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effects.”’ > Specifically, inhibition of let-7 attenuates remodelling and
improves haemodynamic function after myocardial infarction and

. ' . 24-27
ischaemia-reperfusion

injury. Interestingly, one report links
hypoxia-induced Lin28 up-regulation in cardiomyocytes (but not cardiac
fibroblasts) to increased apoptotic susceptibility that can be blunted
by restoration of let-7g.%® Inhibition of let-7 is also associated with post-
natal hypertrophy in neonatal rats.”” Such superficially divergent
observations in the myocardial context are likely reconciled by cell type—
specific Lin28 functional consequences. In the case of cardiomyocytes,
Lin28 up-regulation could mediate switching from aerobic to glycolytic
metabolism that is a hallmark of HF and pathologic injury rather than
serving as a molecular mechanism for repair or regeneration.
Collectively, these findings suggest the Lin28/let-7 axis can be either
beneficial or maladaptive depending upon timing, cell type, and duration
of temporal expression as expected for a powerful heterochronic mo-
lecular regulator."**3%3" Lin28 in the context of myocardial ageing and
chronic stress has not been previously assessed.

Collective biological actions of Lin28 suggest a potential role for influ-
encing ageing and, consequently, ploidy state of the CIC population.
Fluidity of cellular ploidy in the cardiovascular system prompts diverse
interpretations as to the role for polyploid cells in adaptation, ageing,
and the healing process.> Prior research by our group revealed rodent
c-kit+ CICs (cCICs), compared with large mammal (human, swine, and
feline) cCICs, uniquely respond to environmental stress of cell culturing
in 21% oxygen through tetraploidization.® This aligns with the dogma
that polyploidy of the myocardium increases with age as cardiomyocytes
accumulate elevated DNA content from endomitosis (multinucleation)
or endoreplication (polyploid nuclei). Frequency of higher cardiomyo-
cyte ploidy levels also naturally increase in environmental stress, such
as diabetic compared with normal mice.*® Ploidy plasticity also occurs,
such as the human heart responding to infarction by reduction of tetra-
ploid cells and increased number of nuclei.** Polyploidization and in-
creased DNA content also occurs in end-stage cardiomyopathies.®®
Ploidy reduction also occurs in response to alleviation of chronic envir-
onmental stress in the human heart following left ventricle assist device
(LVAD) implantation.>® Vascular smooth muscle cells exist in multiple
ploidy states provoked by hypertension, oxidative stress, or senes-
cence.?”*® Although cardiomyocytes exist in conjunction with an exten-
sive CIC population that regulates function and response to pathologic
damage or stress,>** the significance of ploidy state in CICs remains an
understudied and underappreciated population contributing to the
health and function of the myocardium in ageing, environmental stress,
and disease.

Our studies reveal a novel role for Lin28A in CICs corresponding to
surface expression in response to oxidative stress conditions such as
those typically present in damaged or aged myocardium. The relationship
of Lin28A%" to stress response of CICs including polyploidization, reduced
proliferation, and senescence reveals surface Lin28A as a novel marker of
cellular senescence. Lin28A%* expression serves as a phenotypic marker
for CICs possessing characteristics of aged cells and the expression of sur-
face Lin28A in conjunction with oxidative stress in this study advances un-
derstanding of molecular events in the ageing myocardium.

2. Methods

2.1 Human tissue
Samples of deidentified human heart were obtained from the National
Disease Research Interchange (NDRI; http:/ndriresource.org) and the

Cooperative Human Tissue Network (CHTN; https:/www.chtn.org),
including both paraffin-embedded tissue blocks for microscopy and
snap-frozen tissue chunks for western blot. Samples vary in age and eth-
nicity as determined by sample availability and each sample was deter-
mined as non-pathological (normal function) heart tissue by the NDRI
and CHTN.

2.2 Animal experiments

All animal protocols were approved by the Institutional Animal Care and
Use Committee of San Diego State University and conform to the Guide
for the Care and Use of Laboratory Animals published by the US National
Institutes of Health. Adult mice aged 6 months from gender-matched
mice of the same strain (FVB) were used for the study with the excep-
tion of the Canto flow cytometry ageing experiment that used available
young (3 months) and old (24 months) C57BL/6 mice.

2.3 Isolation and culture of adult mouse

cardiac interstitial cells

Cardiac interstitial cells were isolated from adult mice according to the
standard laboratory protocol as previously described.® Briefly, mice
were anaesthetized with a single dose intraperitoneal injection of
0.5 mg/mL xylazine(AnaSed, Santa Cruz Laboratories, Santa Cruz, CA,
USA)/12 mg/mL  ketamine(VetaKet, Akorn Pharmaceuticals, Lake
Forest, IL, USA) solution in a weight-dependent manner along with hep-
arin (100 IU/kg; Sigma-Aldrich, Burlington, MA, USA; H3393) to prevent
blood clots. Mice were sacrificed ~#5—10 min later using cervical disloca-
tion procedure. The chest was opened, and the aortic arch was exposed.
Curved forceps were used to push 4-0 suture underneath the aorta. A
small incision was made at the aortic branch and a cannula was inserted
into the aorta then tied securely with suture. The cannula was attached
to a Langendorff apparatus, and the heart was perfused until all blood
was cleared. The heart was then digested using buffer containing
Collagenase Il (230 lU/mL; (Worthington Biochemical Corporation,
Lakewood, NJ, USA); LS004147) for 12 min. Hearts were gently teased
apart using forceps and triturated until no large tissue remained. The cell
suspension underwent filtering through a 100 pm filter and centrifuged
(10 min, 600 g, 4°C) followed by filtering through a 40 pm filter and cen-
trifuged (10 min, 600 g, 4°C) in 5% foetal bovine serum in phosphate
buffered saline (PBS). Total CICs were plated in DMEM/F-12-based
media as previously described® and were maintained with media changes
every 3 days and outgrowth replating at approximately 70% confluency
to Passage 2 in either 1 or 21% oxygen. Fresh isolate experiments were
performed immediately after filtering step.

2.4 Immunohistochemistry

Mice were anaesthetized as described above and the heart was retro-
perfused, removed from the animal, and fixed in 10% formalin overnight.
Tissue was then treated with 70% ethanol prior to paraffin embedding
using a Leica eASP300 enclosed tissue processor (Leica Biosystems,
Buffalo Grove, IL, USA). Paraffin processed tissues were cut into 5 1 sec-
tion and slide mounted using an HM 355S Automatic Microtome
(Thermo Fisher Scientific, Waltham, MA, USA). Heart sections were de-
paraffinized and incubated with primary and secondary antibodies as
previously described.® Primary antibody Lin28A (PA1-096; Thermo
Fisher Scientific, Waltham, MA, USA) was applied 1:200, and p16
(1661; Santa Cruz Biotechnology, Dallas, TX, USA) 1:100 overnight in
4°C and secondary antibody 1:400 (Thermo Fisher Scientific,
Waltham, MA, USA) antibodies for 1.5 h room temperature. The tissue
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is then rinsed with PBS, DNA is stained with 1 nM 4',6-diamidino-
2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham, MA, USA)
1:10 000 in PBS for 10 min and Vectashield mounting medium is applied
(Vector Laboratories, Newark, CA, USA). Slides were visualized using a
Leica TCS SP8 confocal microscope (Leica Microsystems, Wetzlar,
Germany).

2.5 Immunocytochemistry

Total CICs were placed at a density of 10 000 per well of a two-chamber
permanox slide and grown for 48 h. For Lin28 surface analysis, live cells
were incubated with Lin28A (1:20) in wash buffer in the incubator for
30 min. Cells were washed and labelled with secondary antibody
(1:50) in the incubator for 30 min. Cells were then fixed in 4% parafor-
maldehyde for 10 min at room temperature. Cells are then permeabi-
lized using 0.03 M glycine for 5 min followed by 0.5% Triton-X 100/
PBS for 10 min to reduce non-specific binding. Cells were blocked
with 10% horse serum in PBS for 30 min at room temperature followed
by primary antibody in 10% horse serum in PBS overnight at 4°C. The
next day, cells were rinsed with PBS then labelled with secondary
antibody and/or phalloidin in 10% horse serum in PBS for 45 min.
Cells are then rinsed with PBS, DNA is stained with 1 nM DAPI
(Thermo Fisher Scientific, Waltham, MA, USA) 1:10000 in PBS for
(Vector
Laboratories, Newark, CA, USA). Slides were visualized using a Leica

5min and Vectashield mounting medium is applied

TCS SP8 confocal microscope.

2.6 Immunoblot

Cardiac interstitial cell samples were collected in 1X sodium dodecyl sul-
phate (SDS) sample buffer with protease and phosphatase inhibitors.
Cell lysates were boiled for 10 min and stored at —80°C. Proteins
were loaded into 4-12% Bis-Tris gel (Thermo Fisher Scientific,
Waltham, MA, USA) and run in 1X MES SDS running buffer (Thermo
Fisher Scientific, Waltham, MA, USA) at 150 V for 1.5 h on an electro-
phoresis apparatus (Invitrogen, Carlsbad, CA, USA). Separate proteins
were transferred to a polyvinylidene difluoride membrane in 1X transfer
buffer (Thermo Fisher Scientific, Waltham, MA, USA) then blocked with
Odyssey blocking buffer (TBS; LI-COR, Lincoln, NE, USA) for 1 h. After
blocking, membrane was incubated with primary antibody Lin28A
(1:100) and GAPDH (1:200) in Odyssey blocking buffer at 4°C over-
night. The next day, the membrane was washed with 1X TBST three
times at 15 min, room temperature on an orbital rocker. The membrane
was then incubated with secondary antibodies for Lin28A (1:500) and
GAPDH (1:1000) in Odyssey blocking buffer for 1.5 h at room tempera-
ture on an orbital rocker followed by three washes of 1X TBST for
15 min a wash, room temperature on an orbital rocker. The membrane
was then scanned using an Odyssey CLx (LI-COR, Lincoln, NE, USA).

2.7 Flow cytometry

To prepare CICs for flow cytometry using BDFACS Canto or Amnis
ImageStream, approximately 50 000 cells were disassociated, suspended
in media, then centrifuged at 200 g for 5 min at 22°C. For Lin28A surface
analysis, live cells were suspended and incubated with Lin28A (1:20) in
wash buffer (0.5% BSA/PBS) on ice for 30 min. For fresh isolate analysis
using the BDFACS Canto, CICs were additionally labelled using Vybrant
DyeCycle Ruby (Thermo Fisher Scientific, Waltham, MA, USA) as a
means to gate viable CICs, since the cytometer does not offer visual ana-
lysis. Cells were washed and resuspended with secondary antibody
(1:50) on ice for 30 min. Cells were either sorted or then fixed in 4%

paraformaldehyde. Following fixation, cells were either incubated with

senescence-associated f-gal according to manufacturer recommenda-
tions (CellEvent Senescence Green Flow Cytometry Assay;
Thermo Fisher Scientific, Waltham, MA, USA), or with 1 nM DAPI at
1:20 000 for 10 min. Cells were washed and imaged with flow cytometry
quantitation on a Luminex Amnis ImageStream using the Amnis Inspire
software (Luminex Corporation, Austin, TX, USA). Amnis data were
analysed using Amnis Ideas software (Luminex Corporation, Austin,
TX, USA) and BDFACS Canto (Becton Dickinson and Company,
Franklin Lakes, NJ, USA) data were analysed using Flowjo (BD,
Ashland, OR, USA).

2.8 Hydrogen peroxide analysis

Hydrogen peroxide is a known reagent to cause oxidative stress and is a
technique commonly used by our team.*' To confirm surface, Lin28A is
involved in a response to oxidative stress, Passage 2 CICs that were
maintained in 1% oxygen were plated in a 6-well plate at a density of
50000 cells per well in regular media overnight. After 24 h, cells were
then washed, and media was changed to either regular media or low ser-
um without growth supplements. After another 20 h, samples in low
serum without growth supplements had media changed to low serum
without growth supplements and 300 uM hydrogen peroxide for 4 h.
Live cells were then rinsed, suspended, and incubated with Lin28A
(1:20) in wash buffer (0.5% BSA/PBS) on ice for 30 min then washed
and resuspended with secondary antibody (1:50) on ice for 30 min.
Cells were washed and imaged with flow cytometry quantitation on a
Luminex Amnis ImageStream using the Amnis Inspire software. Data
were analysed using Amnis Ideas software (Luminex).

2.9 Reactive oxygen species and ROS/RNS
analysis

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are
a contributing factor leading to accelerated ageing®*™* and are involved
in cardiac reperfusion injury and reperfusion alteration of mitochondrial
and tissue function.*”*® To measure ROS and ROS/RNS activity, cells
from 1 and 21% oxygen content were plated at Passage 1 split on a
96-well plate at a density of 500 cells per well and left to settle overnight.
The following day, cells were stained with a cell-permeable fluorogenic
probe 2',7'-dichlorodihydrofluorescin diacetate (DCFH-DA), which is
diffused into cells, oxidized by ROS, and produces a fluorescence inten-
sity proportional to ROS within the cell cytosol, as described by manu-
facturers (Cell Bio Labs, San Diego, CA, USA). Similarly, ROS/RNS, to
detect total free radical presence, can be measured in a similar fashion
with the probe DCFH-DiOxyQ (Cell Bio Labs, San Diego, CA, USA).
Assays were performed according to manufacturer recommendations
and measurements were taken using a spectrometer.

2.10 Antioxidant treatment

Total CICs were isolated from 6-month-old FVB mice and were imme-
diately plated at the same density in either regular media or regular
media with Trolox (Sigma-Aldrich, Saint Louis, MO, USA) in a dose-
dependent manner. Media, with or without Trolox, was changed and
cells were expanded according to standard protocol for two passages,
with replating at the same density. At Passage 2, total CICs were then
studied for oxidative stress-related properties including proliferation,
cell size, surface Lin28A, senescence-associated [-gal, ploidy, and
nucleation.
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2.11 Single-cell RNA-Seq

Freshly isolated single-cell suspensions were loaded on a Chromium™
Controller (10x Genomics, Pleasanton, CA, USA) and single-cell
RNA-Seq (scRNA-Seq) libraries were prepared using Chromium™
Single-Cell 3" Library & Gel Bead Kit v3 (10x Genomics, Pleasanton,
CA, USA; Item 1000075) following manufacturer’s protocol.
Concentration and fragment size distribution of each library were tested
with Bioanalyzer (Agilent High Sensitivity DNA Kit, Cat. #5067-4626;
average library size: 450—490 bp). The sequencing libraries were quanti-
fied by quantitative PCR (KAPA Biosystems Library Quantification Kit
for lllumina platforms P/N KK4824) and Qubit 3.0 with dsDNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Sequencing li-
braries were submitted to the UCSD IGM Genomics Core for sequen-
cing (NovaSeq 6000, lllumina, San Diego, CA, USA).

2.12 Single-cell selection and quality

control

The raw data were processed with the Cell Ranger pipeline (10X
Genomics, Pleasanton, CA, USA; version 3.0.1, SF 1). Sequencing reads
were aligned to the 10x mouse genome mm10. Cells with fewer than
200 genes were filtered out to avoid inclusion of empty droplets in
downstream analysis. Based on UMI and gene detection distribution
droplets, multiplets were excluded using the Interquartile Range Rule
(values over the third quartile and 1.5 the interquartile range are consid-
ered outliers). Cell with >15% of mitochondrial gene UMI count and
genes detected in fewer than three cells were filtered out using Seurat
R Package (v4.0.2).49 The first eight principal components were found
to be significant to perform dimensionality reduction. Preparations
derived from Lin28 cell surface sorting yielded 7086 barcoded cells
for analysis, from which 4334 corresponded to Lin285_, and 2752
corresponded to Lin28%"(874 Lin28%/c-kit—, 1878 Lin28%"/c-kit+).
Final removal of unwanted sources of variation and batch effect correc-

tions was performed using Seurat R Package (v4.0.2).*

2.13 Dimensionality reduction and

unsupervised clustering

Approximately 2000 variable genes were selected based on their ex-
pression and dispersion. Prior dimensionality reduction, data were
scaled to mean expression equal to 0 and variance across cells equal
to 1. Principal component analysis (PCA) was performed on the scaled
data as a linear dimensionality reduction approach. The first eight most
significant principal components (PCs) were selected for non-linear di-
mensional reduction (PCA, t-distributed stochastic neighbor embedding
(t-SNE), and Uniform Manifold Approximation and Projection (UMAP);
see Supplementary material online, Figure S8) and unsupervised cluster-
ing using complementary methods, including supervised PC selection,
Jackstraw statistical and heuristic approaches. Clusters were validated
by concurrent expression of housekeeping genes (Gapdh, Actb,
Rplp0, B2m, and Ywhaz; see Supplementary material online, Figure S9).
Cell-type annotation of unsupervised clusters was based on cell known
markers. Clusters not expressing canonical cell markers were classified
using the clustifyr package®° using the Tabula muris data as reference set

for classification.””

2.14 Differential expression analysis
Differential expression analysis was done using Wilcoxon rank sum test
and selecting for a threshold of 0.05 for an adjusted P-value and a log

(FC) >0.25 was used to define statistically significant and differentially
expressed genes (DEGs).

2.15 Gene ontology analysis

Gene ontology(GO) enrichment analysis for DEGs lists derived from
Neonatal, LVAD, and Intermediate cells was performed using the
enrichGO and compareCluster functions of clusterProfiler (3.16.1) R
package.”? GO terms were selected with P-value cut-off of 0.05 using
BH method.

2.16 Statistical analyses

All data are expressed as mean + standard error of mean. Each dot for
each dot plot represents an experiment point, with at least three inde-
pendent experiments for statistical analysis (western blot consisted of
three independent blot runs with multiple samples per condition).
Statistical analyses were performed within and between-group compar-
isons, Student’s t-test, one- and two-way analysis of variance (ANOVA)
were applied with Bonferroni post-test, when applicable using Graph
Pad Prism v5.0 (GraphPad Software, La Jolla, CA, USA). A P-value of
<0.05 was considered statistically significant (¥P <0.05, **P <0.01,
*rkP < 0.001).

3. Results

3.1 Lin28A is expressed in human and

rodent cardiac tissue

Normal neonatal and adult ventricle cardiac tissues were immunola-
belled for Lin28A, myosin light chain, connective tissue, and DNA.
CICs and cardiomyocytes express Lin28A in adult normal and HF sam-
ples, whereas foetal tissue demonstrated fewer Lin28A-positive-stained
cells (Figure 1A). Lin28A protein level was significantly increased in aged
adult (1.445 + 0.2767), compared with control neonatal (1.00 + 0.1898)
samples (Figure 1B and C; #**P < 0.001). Heart tissue sections from adult
mice showed comparable Lin28A immunoreactivity (Figure 1D). Total
CICs were isolated from ventricle tissue of adult FVB mice of both
male and female mice in four experiments, stained for surface Lin28A
in fresh, live cells and sorted. Surface Lin28A expression between
male (5.760+2.916%) and female (4.393 +1.427%) samples showed
no statistical differences (Figure 1E). Surface Lin28A (Lin28A%")
frequency in freshly isolated CICs significantly increased in aged
(52.68 +1.897%) samples vs. young (7.717 +1.711%) from C57BL/6
mice (Figure 1F, **%*%P <0.0001). Tissue sections reveal presence of
Lin28A%* CICs in aged hearts frequently observed in clusters
compared with young FVB mice by confocal microscopy (Figure 1G).
Concurrently, Lin28A%" CICs were also positive for senescence
marker p16 (Figure 1H). After infarction injury, a significant number of
Lin28A%" CICs were present proximal to the injury and border zone
distinct from the c-kit population (see Supplementary material online,
Figure S2).

3.2 Oxidative stress promotes Lin28AS*
expression together with CIC senescence
phenotype

Lin28A%" expression was assessed relative to senescence-associated
B-gal (B-gal®) as well as cell area. Analyses were performed using initial
isolates of CICs or descendants minimally expanded in vitro by two pas-
sages in either 1 or 21% O,. Amnis ImageStream was used for flow
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Figure 1 Lin28A is expressed in human and rodent cardiac tissue. (A) Adult human cardiac tissue demonstrating Lin28A is endogenous to both cardi-
omyocytes and CICs, as shown by immunohistochemistry stain. (B) Protein quantity of Lin28A is significantly increased in aged normal heart tissue com-
pared with neonatal cardiac tissue. (C) Quantification of Lin28A, normalized to GAPDH, verifies aged human cardiac tissue has an increased amount of
Lin28A protein compared with neonatal human cardiac tissue (N =3 blots). (D) Adult FVB mouse cardiac tissue demonstrates Lin28A is endogenous
to CICs, shown by immunohistochemistry stain. (E) Lin28A%" is equally present in freshly isolated male and female FVB adult isolate CICs (N=3).
(F) Lin28A>" positive freshly isolated CICs significantly increases in samples derived from aged relative to young C57BL/6 mice (N = 6). (G) Lin28A%" posi-
tive CICs identified by confocal microscopy in cardiac sections from aged vs. young FVB mice. (H) Lin28A%" positive CICs frequently are also positive for
senescence marker p16 in aged vs. young FVB mice. Statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001) was determined by t-test (C, E, F).

cytometry visualization of CIC phenotypic characteristics in population-
based analyses (Figure 2A, see Supplementary material online, Figure S3).
Immunocytochemistry demonstrates that CICs in 21% O, are larger,
and more frequently, Lin28A%" relative to smaller spindle-shaped
Lin28A%~ CICs (Figure 2B). Oxidative stress increased frequency of
Lin28A* or B-gal" CICs expanded at 21% O, level (19.7 + 2.4%) vs. cells
at 1% O, (8.4 + 1.8%) or freshly isolated CICs (4.5 + 1.0%; Figure 2C; **P
<0.01). In vitro culture increased Lin28A®" expression at 21% O, (21.1 +
1.7%) vs. either 1% O, (14.1 +2.2%) or CICs direct from tissue without
culture (4.4 & 1.4%; Figure 2D; **P < 0.01). The role of oxidative stress in
promotion of Lin28A>* was confirmed by treatment with hydrogen per-
oxide (H,0,), which increased frequency of Lin28A%" CICs when ex-
panded in 1% oxygen (see Supplementary material online, Figure S2).

Cell area of Lin28AS* was consistently larger compared with
Lin28AS™ CIC whether assessed using freshly isolated (734.5+
258 pm? vs. 324.6 +9.138 pm?, respectively) or cells cultured un-
der oxygen levels of 1% (1261+439.7 ym? vs. 594.7 +55.7 ym?,
respectively) and 21% (1879 +182.7um? vs. 844.1+0.67.0 um?,
respectively; Figure 2E; *P<0.05). Similarly, B-gal® CICs were
more prevalent at 21% O, (17.78 +4.7%) relative to expansion
in 1% O, (6.30+3.7%) or in fresh isolates (1.640 +0.6398%;
Figure 2F, **P<0.01). Likewise, surface area of B-gal’ vs. p-gal”
CICs was highest in 21% O, (2050+94.5 um? vs. 601.0+
56.8um?), lower in 1% O, (173243308 um? vs. 5383+
444 pm?), and lowest in fresh isolates (12564459 um? vs.
32801290 pm?% Figure 2G; ***P<0.001). Lin28A°" CICs
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Figure 2 Oxidative stress promotes Lin28A%" expression together with CIC senescence phenotype. (A) Amnis ImageStream flow cytometry was used
to identify and count FVB total CICs for B-gal (Ch02), Brightfield (Ch04), Lin28A° (Ch05), side scatter (Ch06), organized as Lin28A%*/B-gal* (top left), B-gal”
(top right) Lin28A%~ (bottom left), Lin28A>~/B-gal™ (bottom right). (B) Immunocytochemistry of FVB total CICs Passage 2 stained for phalloidin and surface
Lin28A. (C) Fresh isolate CICs are mostly Lin28A%7/B-gal~, compared with 1 and 21% O, (D) The frequency of Lin28A%" CICs is significantly increased in
higher O, culture. (E) The size of Lin28A%* CICs is significantly larger compared with Lin28A%~ CICs, regardless of O, culture. (F) The frequency of p-gal*
ClICsiis significantly increased in higher O, culture. (G) The size of B-gal” CICs is significantly larger compared with B-gal~ CICs, regardless of O, culture. (H)
Of Lin28AS* CICs, B-gal” is more likely present in 21% O, culture. (I) Lin28A%*/B-gal" CICs are significantly larger in size, regardless of O, culture. Statistical
significance (*P < 0.05, #*%P < 0.01, **¥*P < 0.001) was determined by one-way ANOVA (C, D, and F), two-way ANOVA (E, F, G, and H)) for fresh isolates (N

=4) and cultured cells (N=3).

demonstrated senescence-associated characteristics of B-gal” and
increased cell area coincident with oxidative stress from culture
in 21% O, (Figures 2H; ***P <0.001). The majority of CICs from
freshly isolated or 1% O, culture were Lin28A%*/B-gal™ (68.65 +
14.8% and 64.83 +19.9%, respectively). In contrast, a majority of
CICs (64.9 +6.9%) from 21% O, cultures were Lin28A%*/B-gal*.
CIC surface area consistently increases with oxidative stress from
culture conditions (Figure 2I; **P <0.01). Comparison of Lin28A°
*IB-gal” vs. Lin28A%*/B-gal~ shows larger cell area whether in fresh
(1328 +459.8 um? vs. 487.7 +221.4 pm?), 1% O, (2167 +322.8
um? vs. 767.6 +147.6 pm?), or 21% O, (2571 +18.32 um? vs.
824.3 + 63.93 um?). The causal role for oxidative stress promoting
Lin28AS* was also demonstrated in the total unfractionated CIC
population treated with H,O, (see Supplementary material
online, Figure S4).

Additional analyses were undertaken to delineate whether acquisition
of senescence characteristics of B-gal” and/or cell area enlargement in-
fluence Lin28A%*. Lin28AS_/B-gal+ CICs were absent from freshly iso-
lated CICs with an increasing per cent of Lin28A%"/B-gal* CICs in 1
and 21% O, culture (5.3+1.9% and 15.3 +2.0%, respectively; see
Supplementary material online, Figure S5A; *#*P <0.001). Lin28A°
“/B-gal” CICs exhibit dramatic increases in surface area compared

with Lin28A%/B-gal™ in both 1% O, (1645 +191.9 pm? vs. 533.1 +
258 um?) and 21% O, (1977 £53.62 pm?® vs. 613.6 +29.14 pm?%
see Supplementary material online, Figure S5B; ***P < 0.001).

In reviewing B-gal* CICs, results show fresh isolates are rare for Lin28A™*
and are less frequently positive, compared with Lin28A>~ in 1% O, (84.23 +
3.06% vs. 15.51 + 3.284%) and 21% O, (89.38 + 1.412% vs. 10.28 + 1.363%;
see Supplementary material online, Figure 5C; ***P < 0.001). Surface area of
B-gal* CICs are slightly larger when also positive for Lin28A%", compared
with Lin28A™, in 1% O, (2172 +185.6 ym?* vs. 1651 +177.4 um?) and
21% O, (2523 +48.58 pm? vs. 2011 +43.37 pm? see Supplementary
material online, Figure S5D; *P <0.05). In reviewing B-gal~ CICs, results
show CICs are rarely Lin28A%" in fresh isolates (4.138+0.6901%) and
CICs at Passage 2 and expanded in 1% (2.147 +0.5949%) oxygen and
21% (1.515+0.0834%) oxygen (see Supplementary material online,
Figure S5E; ¥*¥*P < 0.001). Surface area of -gal~ CICs are consistently small
regardless of being positive for Lin28A%*, compared with Lin28A%~, in fresh
isolates (669.2 +121.3 um? vs. 325.1 +£4.102 pm?), 1% O, (6154 +£29.52
pm? vs. 533.3+25.18 pm? and 21% O, (85886329 um? vs. 7789+
95.33 pm? see Supplementary material online, Figure S5F; %P < 0.01).

Collectively, these results demonstrate acquisition of Lin28A%" in re-
sponse to oxidative stress that correlates with senescence-associated
characteristics of B-gal” and cell area enlargement. Conversely,
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Figure 3 Diploid content favoured by low oxidative stress conditions tracks with CIC phenotypes of Lin28AS~ and small size. (A) Amnis ImageStream
flow cytometry was used to identify and count FVB total CICs for DAPI (Ch01), Brightfield (Ch04), Lin28A° (ChO5), side scatter (Ch06), organized as
mononuclear diploid (top left), binucleated diploid (top right) mononuclear tetraploid (bottom left), binucleated tetraploid (bottom right). (B) The fre-
quency of Lin28A%* CICs is significantly increased in higher O, culture. (C) Lin28A* of total CIC expression is correlated with increased polyploidization.
(D) Lin28A%* CICs is correlated with increased polyploidization. (E) Lin28A%~ is correlated with diploid CICs. (F) The total CIC population is significantly
correlated with increased polyploidization in higher O, culture. (G) Diploid CICs are consistently small in cell size, regardless of Lin28A° or O, culture. (H)
Tetraploid CICs are of increased size, particularly when Lin28A%*, regardless of O, culture. (I) >Tetraploid CICs are of increased size, particularly when
Lin28A%", regardless of O, culture. (/) Total CICs demonstrate binucleation and Lin28A*, as shown by immunohistochemistry. (K) Zoom in region of
interest demonstrating binucleation and Lin28A%". (L) Binucleation increases in Lin28A%*, compared with Lin28A~ CICs, in 1% O,. (M) Binucleation in-
creases in Lin28A%", compared with Lin28A%™ CICs, in 21% O,. Statistical significance (*P < 0.05, ##P < 0.01, ***P < 0.001) was determined by t-test (B),

two-way ANOVA (C-, L, and M) for cultured cells (N = 3).

Lin28A5~ CICs exhibit diminished senescence-associated characteris-
tics. Therefore, Lin28AS* expression serves as a marker of CIC
senescence.

3.3 Diploid content favoured by low
oxidative stress conditions tracks with CIC
phenotypes of Lin28A5~ and small size
Cellular polyploidization is influenced by environmental stress, can alter
cell cycle progression, and has been linked to senescence.®*® Since
Lin28A™ in CICs correlates with oxidative stress and senescence mar-
kers (Figures 1 and 2), polyploidization was evaluated as an additional

phenotype acquired with Lin28A%". Cellular DNA content was deter-
mined using DAPI stain in conjunction with Lin28A%" using Amnis
ImageStream (Figure 3A, see Supplementary material online, Figure S6).
Consistent with previous results (Figure 2), Lin28A%* was prevalent in
21%, compared with 1% O, (23.1+1.0% vs. 14.1 +1.3%) in the total
CIC population (Figure 3B; **P < 0.01). Increased ploidy level correlated
with Lin28A%* CIC cells in both 1% O, and 21% O, (Figure 3C; *P <
0.005). Polyploidization of Lin28A%* CICs correlates with higher oxida-
tive stress in culture conditions of 21% O, compared with 1% O,
(Figure 3D; *P < 0.05; see Supplementary material online, Figure S7A),
whereas diploid CICs were more frequent in 1% O, compared with
21% O,. Furthermore, diploid CICs were predominantly Lin28A% in
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1% O, with higher polyploid content associated with Lin28A%~ CICs in
21% O, (Figure 3E; ***P <0.001; see Supplementary material online,
Figure S7B). While diploid CICs were the majority population in 1%
O, (57.1 +£2.3%), polyploid CICs prevail in 21% O, (66.33 +1.56%)
(Figure 3F; *P < 0.05). Diploid content correlates with smaller surface
area relative to tetraploid CICs regardless of surface Lin28A expression
or culture O, level (Figure 3F and G; *P < 0.05). Although larger overall,
subsets of tetraploid CICs segregate based upon surface Lin28A expres-
sion with Lin28A%™ cells smaller than their Lin28A%* counterparts
(Figure 3H; **P <0.01). However, greater than tetraploid content re-
sults in the largest surface area regardless of surface Lin28A expression

or culture conditions (Figure 3I; #*¥P < 0.01). Taken together, these re-
sults demonstrate that diploid CICs are favoured under culture condi-
tions of low oxidative stress and display a phenotype of Lin28A%~ and
relatively small cell area.

3.4 Binucleation correlates with Lin28AS*
CICs

Nucleation level was determined as part of understanding CIC ploidy
status, since polyploidy occurs in both mononuclear and multinuclear
cells.? Binucleation is more frequently present in polyploid Lin28A%*
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Figure 5 Lin28A%" CICs up-regulate gene markers demonstrating a stress response. (A) GO terms results from GO analysis annotated by Biological
Process. Circle diameter represents the gene ratio from the 551/742 DEGs being expressed in the Lin28%"/~ cells, while significance level is colour-coded
according to heatmap scale. Dot plot representing expression of gene targets of stress-associated GO terms (B) regulation of DNA-templated transcrip-
tion in response to stress, (C) regulation of stress-activated MAPK cascade, (D) regulation of transcription from RNA polymerase Il promoter in response
to stress, (E) response to endoplasmic reticulum stress, and (F) cellular response to oxidative stress in both Lin28"'~ populations. (G) Senescence markers
up-regulated in Lin28%*'~ cells. Circle diameter represents the percentage of cells expressing a particular gene, while normalized average expression is re-
presented by colour intensity.

compared with Lin28A%™ CICsin 1% O, cultures (32.0+3.7%vs. 148+ - (39.2 £1.35% and 20.1+0.73%, respectively; Figure 3M; *P < 0.05).
0.65%, respectively; Figure 3L; *P < 0.05). Similar preponderance of poly- - Thus, multinucleation is more likely when Lin28A is expressed on the
ploid Lin28A%" vs. Lin28A%™ CICs was present in 21% O, cultures :  surface of polyploid CICs.
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3.5 Polyploidization of CICs occurs in

response to chronic oxidative stress

Causality of oxidative stress conditions to promote diploid to tetra-
ploid conversion was assessed by serial passaging of CICs in either
1 or 21% oxygen. Freshly isolated CIC stained for DNA content and
viability are evenly split between diploid or tetraploid live cells. This
50/50 percentage split between diploid and tetraploid CICs was main-
tained in 1% O, for up to 10 sequential passages. In contrast, ploidy
shifted to almost exclusively tetraploid CICs when subjected to the
same passaging protocol in 21% O, (see Supplementary material
online, Figure S8A; *P <0.05, see Supplementary material online,
Table S1). Cytosolic ROS measured at Passage 2 was significantly in-
creased in 21% O, compared with 1% O, (298.8+25.1 RFU vs.
230.5 + 5.6 RFU; see Supplementary material online, Figure S8B; *P <
0.05). Ratio of cytosolic ROS to reactive nitrogen species was similarly
elevated in the 21% O, compared with 1% O, (3167 +640.4 RFU vs.
1702 +58.09 RFU; see Supplementary material online, Figure S8C).
These results demonstrate polyploidization as a cellular response to
chronic oxidative stress.

3.6 Lin28A®* CICs are predominantly

endothelial and haematopoietic lineage

Single-cell RNA-Seq evaluated phenotypic differences of CICs based
upon surface Lin28 expression presence (Lin28A%") or absence
(Lin28A>; see Supplementary material online, Figures S9-S17).
Dimensionality reduction and unsupervised clustering revealed 14 clus-
ters segregated phenotype (see
Supplementary material online, Figures S10 and $11). Canonical cell mar-

according to transcriptional

kers identified four main cell types in the aggregated libraries: fibroblast
(Clusters 0, 4, and 5), endothelial (Clusters 1, 2,7, 11, and 13), haemato-
poietic (Clusters 3, 10, and 13), and myocyte (Cluster 12; Figure 4A and
see Supplementary material online, Figure S12). Clusters 6, 8, and 9 did
not express markers of the main four cell types. However, these clusters
appeared transcriptionally like haematopoietic (Clusters 6 and 9) and
endothelial (Cluster 8), consistent with the dimensionality reduction re-
sults. The similarity was verified by cross-referencing the transcriptional
profile with the reference single-cell transcriptome atlas Tabula muris>
(see Supplementary material online, Figure S13). Normalization to input
revealed fibroblast depletion in the Lin28A%" population with an enrich-
ment for endothelial and haematopoietic cell times (Figure 4B and C).
Lin28A%" were predominant in Clusters 6, 8, and 9 consistent with
analysis  (see
Figure S14). Differential expression analysis revealed transcriptional dif-
ferences with 590 DEGs identified on Lin28A%" and 777 DEGs on
Lin28A%™ (Figure 4D). Together these results confirm inherent differ-
ences in both transcriptional phenotypes and cell-type distributions in

cell annotation Supplementary material online,

the cardiac interstitial linked to presence of surface Lin28A.

3.7 Lin28A%" CICs up-regulate gene

markers demonstrating a stress response

Differentially expressed genes derived from differential expression ana-
lysis were used as input for GO analysis. GO term analysis of biological
processes revealed an enrichment of various ontologies associated with
cellular stress in Lin28A%" CICs and up-regulated genes overlapping in
multiple ontologies, such as Atf3, Hmox1, KIf2, Cited2, Cebpb, Cd36,
Bach1, and Jun among others (Figure 5A—F). Lin28A%" CICs also demon-
strate up-regulated senescence genes (Figure 5G). Lin28A%" DEGs
demonstrated to be involved in the regulation of DNA-template

transcription and RNA polymerase in response to stress, stress-induced
activation of MAPK signalling, response to endoplasmic reticulum, and
oxidative stress. Collectively these results demonstrate Lin28A%" cells
exhibit transcriptional profiles associated with response to cellular
stress.

3.8 Oxidative stress-induced phenotypic
changes in CICs are inhibited by

antioxidant treatment

Beneficial effects of antioxidant treatment to blunt cellular stress as well
as cardiomyopathic injury is well documented.>*>7 Among antioxidant
compounds, Trolox is a derivative of vitamin E previously used to lower
ROS in cultured cells.>*>” Therefore, Trolox was used to antagonize
oxidative stress in cultures of CICs exposed to chronic high oxidative
stress of 21% O, incubation conditions. CICs were treated with
Trolox in a dose-dependent manner (none, 2.5 uM 60 uM 300 puM) im-
mediately upon plating and throughout outgrowth in 21% O, until ana-
lysis at Passage 2. Surface Lin28A, B-gal, and cell size was analysed using
Amnis ImageStream and compared with no treatment baseline (see
Supplementary material online, Table S2). Frequency of Lin28AS* CICs
was reduced after Trolox treatment in a dose-dependent manner
(Figure 6A; *P < 0.05). Similarly, B-gal” CICs were significantly less preva-
lent after Trolox treatment, also in a dose-dependent manner compared
with no treatment baseline (Figure 6B; *P <0.05). Double-positive
Lin28AS*/B-gal” CICs were also significantly less frequent after Trolox
treatment in a dose-dependent manner (Figure 6C; *¥*P < 0.001). Cell
area of surface was significantly decreased for Lin28AS* CICs after
Trolox treatment in a dose-dependent manner, but cell area of
Lin28AS~ CICs was unchanged by Trolox treatment (Figure 6D; *P <
0.05). Cell area of Lin28A%" responded differently depending upon
B-gal activity, with high-dose Trolox promoting smaller cells in B-gal™,
whereas B-gal” CICs were consistently larger (Figure 6E; *P < 0.05).
Proliferation rate remained controlled but was consistently higher
when treated with Trolox (Figure 6F; *P < 0.05). Collectively, these re-
sults demonstrate inhibition of oxidative stress-mediated changes by
Trolox and confirm the parallel relationship between Lin28A%* and
senescence-associated characteristics of B-gal” and cell enlargement.

3.9 Trolox increases diploid population and

antagonizes conversion to higher ploidy
Polyploidzation is another hallmark of cellular response to stress and sen-

escence,3 3-38

so additional studies were performed to assess the impact of
Trolox upon ploidy state of CICs in relation to surface Lin28A expression
when cultured in 21% O, (see Supplementary material online, Table S3).
Diploid CICs comprise a significantly higher per cent of the total popula-
tion with Trolox treatment in a dose-dependent manner (Figure 7A; *P <
0.05). Trolox treatment reduced the frequency of Lin28A% in a dose-
dependent manner (Figure 7B, see Supplementary material online,
Figure S15 and Table S2) demonstrating antagonism of cellular stress.
Lin28A%" expression corresponds with increased presence of polyploidy
which was reduced by Trolox treatment in a dose-dependent manner
(Figure 7C; *P < 0.05). Cell size of Lin28AS* CICs correlated with both
higher ploidy and larger size, regardless of Trolox dosing (Figure 7D;
*P < 0.05). Lin28A%~ CICs exhibit significantly higher frequency of diploid
CICs, with a low percentage of polyploidy resulting from Trolox treat-
ment in a dose-dependent manner (Figure 7E; *P < 0.05). Cell size of
Lin28A~ CICs are smaller than Lin28A%* CICs within each ploidy group
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Figure 6 Oxidative stress-induced phenotypic changes in CICs inhibited by antioxidant treatment. (A) The frequency of Lin28A% expression in total CICs
cultured in 21% O, is significantly decreased when treated with Trolox. (B) The frequency of B-gal” expression in total CICs cultured in 21% O, is significantly
decreased when treated with Trolox. (C) The frequency of Lin28%"/B-gal* expression in total CICs cultured in 21% O is significantly decreased when treated
with Trolox. (D) The size of Lin28%" CICs is reduced by Trolox treatment in a dose-dependent manner. (E) The size of Lin28%*/B-gal” CICs is reduced by
Trolox treatment in a dose-dependent manner. (F) Proliferation rate is higher in total CICs treated with Trolox in a dose-dependent manner. Statistical sig-
nificance (*P < 0.05, #¥P < 0.01, ***P < 0.001) was determined by one-way ANOVA (A-F) for all groups (N =4).

and are consistent in size for each ploidy group, regardless of Trolox dos-
ing treatment (Figure 7F; *P < 0.05).

4. Discussion

The heterogeneous mixture of CICs includes fibroblasts, endothelial, and
haematopoietic cells that serve a critical role in both homeostasis and in
response to injury. Preservation of structural integrity and compensation
from normal biological ageing to maintain homeostasis comes at the price
of decreased tissue compliance, impaired contractile reserve, and replace-
ment fibrosis following accrual of lost myocytes. CICs contribute to

regulation of the ageing process through effects upon myocardial struc-
ture, interaction with cardiomyocytes, and ongoing contribution to cellu-
lar renewal throughout lifespan. Indeed, CIC activity mediates many
phenotypic alterations of myocardial structure that typify the ageing
heart>~ Although the heart is characterized by barely perceptible myo-
cyte turnover in adulthood, CIC proliferative capacity is retained through-
out life even as senescence markers accumulate.*” Understanding
regulatory mechanisms influencing CIC proliferation, senescence and
polyploidization provides essential insights for ageing cardiomyopathy
and reveal strategic interventional approaches to mitigate progression
of structural and functional degeneration, perhaps even in favour of
prolonging beneficial cellular replacement and tissue repair.
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Figure 7 Trolox increases diploid population and antagonizes conversion to higher ploidy. (A) The frequency of diploid total CICs cultured in 21% O is
significantly increased when treated with Trolox in a dose-dependent manner. (B) The frequency of Lin28° * CICs and polyploidization in total CICs cul-
tured in 21% O, is significantly decreased when treated with Trolox in a dose-dependent manner. (C) The ploidy of Lin28%" CICs cultured in 21% O, is
unchanged with Trolox. (D) The size of Lin28%" CICs treated with Trolox in a dose-dependent manner is significantly larger based on ploidy content. (E)
The frequency of diploid Lin28%~ CICs cultured in 21% O is significantly increased when treated with Trolox in a dose-dependent manner. (F) The size of
Lin28°~ CICs treated with Trolox in a dose-dependent manner is relatively unchanged based on ploidy content. Statistical significance (*P < 0.05, **P <
0.01, ***¥P < 0.001) was determined by one-way ANOVA (A, CF) for all groups (N =4).

Biological ageing impacts both the structural integrity and the functional
capacity of the myocardium. Previous studies have shown Lin28 up-
regulation in cardiomyocytes to increase susceptibility to apoptosis.”® In
these studies, Lin28A also increased in response to cardiac ageing
(Figure 1). Molecular signalling studies have affiliated Lin28A activity with
downstream targets of cell cycle regulators (Myc, Ras, cyclins, cyclin-
dependent kinases, hmga2, and PI3K-Akt), ribosomal biogenesis, mTOR,
and insulin-dependent glycolytic metabolism." Cell cycle, among various
processes, becomes de-regulated during ageing™ CIC activity mediates
many phenotypic alterations of the ageing heart,®™ with this study identi-
fying Lin28A* as a marker of oxidative stress leading to senescent mar-
kers in CICs that would promote the ageing process.

The ageing heart is particularly impacted by oxidative stress.*®>’
Supplemental O, therapy (hyperoxia) is widely used in critical and inten-
sive care settings and associated with lung injury and higher risk for mor-
tality.*>¢" Hyperoxia also induces cardiac inflammation, toxicity, and
pathophysiology.*¢® These reports prompted speculation that stand-
ard cell culture of 21% O, tension recapitulates hyperoxia stress upon
CICs, since physiologic O, levels are closer to 5 or 1% in hypoxic
niches.®* In this study, Lin28A%* was identified endogenously in a subpo-
pulation of CICs, which frequency was found to increase in natural age-
ing and accelerated in response to injury (Figure 1 and see
Supplementary material online, Figure S2). Senescence marker p16
was frequency identified in Lin28A%* CICs (Figure 1). Intracellular ROS
production is an indicator of oxidative stress and is associated with bio-

2-46

: L4 65 .
logical ageing, polyploidy,” senescence, and loss of functional com-

petency.®® Increased ROS activity in response to oxidative stress

*274 and polyploidy®® undoubtedly negatively

impacts myocardial ageing
impacts myocardial biology, promoting senescence, and loss of function-

al competency.®® Consistent with these findings, our results show that

oxidative stress, through culturing in 21% O,, directly increases fre-
quency of Lin28A%" CICs in concert with senescence-associated B-gal*
and increased cell size (Figure 2). B-gal” CICs are larger in size regardless
of Lin28AS*, with B-gal~ CICs being significantly smaller. To our knowl-
edge, this is the first study identifying Lin28A%" as a marker of oxidative
stress. This finding corroborates our previous study demonstrating hu-
man cCICs exhibit increased frequency of senescence when culturing in
21% O, Results from this study also demonstrate that senescence
markers may be dampened when cultured at physiologic O, levels, re-
plicated with 1% O,.

Oxidative stress also influences ploidy of the CICs. Lin28A%" corre-
lated with increased cellular ploidy content, evident in CICs grown in
1 and 21% O,. Lin28A%~ CICs were mostly diploid in 1% O, vs. an
even mix of diploid and tetraploid when grown in the 21% oxygen at
Passage 2 (Figure 3). Serial passaging for 10 splits of CICs in 21% O, yields
a polyploid population, whereas a consistent mixture of diploid and tet-
raplopid CICs persists in 1% O, (see Supplementary material online,
Figure $8). Our findings establish CIC polyploidization in response to oxi-
dative stress with additional correlations to increased Lin28A%" and
higher ploidy content.

Cardiomyocyte polyploidization occurs during development, ageing,
and end-stage cardiomyopathies in conjunction with oxidative
stress. > Our group subsequently confirmed prior reports of car-
diomyocyte polyploidzation, extending this concept to tetraploidization
of murine cCIC population.? Polyploidization of CIC remains poorly in-
vestigated, and results of the present study advance the field by showing
chronic oxidative stress correlates with CIC polyploidization and
Lin28AS* (Figure 3).

Single-cell RNA-Seq offers unprecedented insights regarding cellular
heterogeneity by assessment of nuanced transcriptome variation.
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scRNA analyses reveal up-regulation of multiple gene families in Lin28A*
CICs associated with DNA transcription and cellular response to stress,
specifically oxidative stress (Figures 4 and 5). Fresh isolate Lin28A%* pref-
erentially typifies resident CIC lineage of endothelial rather than fibroblast
origin, whereas haematopoietic CICs of extra-cardiac origin are mostly
Lin28A%". The convergence of Lin28A%" with endothelial lineage is consist-
ent with endothelial biology in microenvironments of increased cellular
stresses including ROS.”? Freshly isolated Lin28A%" CICs demonstrate up-
regulation of genes associated with senescence-associated secretory pro-
tein (SASP) markers Cxcl10, IL1a, IL1b, and substantial up-regulation of
DNA damage markers ler5, Cdkn1a, and Btg2 (Figure 6). SASP represents
cell and tissue ageing’® and DNA damage markers Cdkn1a and Btg2 are
associated with p217% and p53,”* respectively. The p53-p21 bio-signal cas-
cade, similar to p16 and SA-B-gal*, is consistent with cellular senescence.”®
These markers up-regulated in Lin28A%*, compared with Lin28A%~, CICs
demonstrate the importance of Lin28A as a surface marker to identify cel-
lular senescence.

The cardioprotective role of antioxidant therapy via reduction of
ROS and oxidative stress is well established,54_57 consistent with blunt-
ing of CIC stress an lowering of Lin28A%* using the antioxidant Trolox, a
water-soluble analogue of vitamin E that has been tested in vivo.
Cardioprotective action of Trolox was reported with enhanced cardiac
recovery after ischemia/reperfusion of adult rats,>” and it is tempting to
speculate that this protective action rests in part with biological effects
upon CICs. Trolox prompted biological actions upon CICs exposed to
oxidative stress including suppression of Lin28A%", B-gal”, and polyploi-
dization (Figures 6 and 7). Trolox treatment also correlates with in-
creased proliferation, consistent with higher frequency of diploid CICs
with high Trolox dosing. Biological effects of Trolox upon CICs titrated
in a dose-dependent fashion highlighting ‘cause and effect’ of the com-
pound to inhibit phenotypic markers of stress and senescence. The cel-
lular mechanism of Trolox as a therapeutic treatment for oxidative
stress with salutary effects for CICs in vivo consequential to ageing or
pathological injury should be addressed in future studies.

The CIC population plays a critical role in the structure and function
of the myocardium. Lin28A%" expression provides a novel marker for
identification of cellular ageing and senescence. Exploiting Lin28A%* ex-
pression could yield further insights regarding regulatory pathways re-
sponsible for CIC stress and senescence consequential to oxidative
stress responses. The identification of Lin28A%" as a marker associated
with oxidative stress, senescence, and polyploidization may provide for
new therapeutic strategies to maintain a youthful phenotype in the non-
myocyte population. Surface markers acquired during cellular stress or
ageing such as Lin28A°" are valuable for future investigations intended to
either mitigate deterioration of these cells or target senolytic therapies
for slowing progression or elimination of myocardial pathogenesis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Cellular phenotypic changes occurring in response to oxidative stress provides critical insights into biological processes of pathological injury and
ageing. Surface Lin28A is novel surface marker of oxidative stress conditions that cause DNA damage and cellular senescence. Accumulation of
surface Lin28A was inhibited by antioxidant treatment with lowered indices of cellular stress and senescence, revealing the potential of surface
Lin28A as a diagnostic stress marker. Furthermore, therapeutic strategies targeted towards surface Lin28 expression set the stage for next gen-
eration senolytics to remove stressed or senescent cells and promote recovery from tissue injury or ageing.
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